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PREFACE TO THE FIRST EDITION

My mtention in writing this book has been to give an ncco?nb of
certain of the simplest and most fundamental actions of X-rays
and other1omzng radiations on iving cells Thavenot attempted
to survey the whole field of the biologteal effects of radiations
Instead, I have thought that a useful purpose would be served
by gving a rather detailed discussion of the mechamsm of those
actions of radiation which are suffimently well understood for
such a treatment to be profitable at the present time
After mtroductory chapters descnibing the relevant physical
properties and chemical effects of 10mzing radwstions, the bulk
of the book 18 occupied by the discussion of the effects of radia-
tions on viruses, and on the genes and chromosomes of lgher
cells In the concluding chapter the killing of cells by radiation
18 discussed 1n so far as 1t can be understood in the hight of the
preceding chapters
One of the difficulties in writing the book has been to decide
what background to assume the reader to possess In an en-
deavour to make the book to some extent understandable by all
classes of reader, I have wrntten the physical chapter in an
elementary fashion, and where 1t seemed practicable, have pre-
faced my accounts of the various biological actions of radiation
by a brief description of the properties and method of handling
of the orgamsms concerned While 1n general these introductory
sections are brief, T have thought 1t advisable to provide a rather
detailed mtroduction to the chapter on the genetical effects of
radiation The rather techmeal vocabulary of the geneticist 1s not
well understood by non-specialists, snd 1n consequence many
workers studymg the biological effects of radation do not
adequately appreciate the very considerable contributions which
have been made to thus subject by geneticsts
The study of the action of radiations on viruses, genes, and
chro has reached a stage where the experments are
mamly quantitative, and the interpretations therefore neces-
sarily to some extent mvolve elementary mathematics When
developing such math tical mterpretations I have kept the
algebraie detail 1n the background as far as possible, and have
provided graphs and tables which enable the expertmentalist to







PREFACE TO THE SECOND EDITION

This book has been out of print for some considerable time  In
attempting to meet the demand for a second edition, 1t was con-
sidered desirable to make this challenging presentation of certain
aspects of radiolology avmilable again inats onginal form, which
bears on every page the mark of Lea’s clear mind and mausive
logic The textual revisions, and some of the additions which
Lea himself had written into s own copy of the book, have,
however, been incorporated These additions appear as Appen-
dix 1T, and the attention of the reader 1s directed to them by
a margmnal asterisk 1n the text

As o physicist Len was acutely anare of the concentrated dis
sipation of energy along the tracks of individual particles, which
18 a umque feature of the 1omzing radiations considered as cyto-
toxic agents, and was especially intercsted in exploring the
implications of this fact for radiobiology In his writings, how-
ever, at least as far back as 1941, he makes the distinction, which
18 exphoitly discussed m the opemng paragraph of Chapter 111,
between those forms of biological damage to which these con-
cepts can and cannot usefully be apphied In his treatment of
those forms of biological damage which he behieved to be imtiated
by individual 10mzing acts, he had the foresight to recogmize and
to allow for the spread of the energy absorbed within a molecule
over distances of a few millimcrons, and for the effects of energy
absorbed in the aquecus phase surrounding a hological structure

Had he hived, the present edition would undoubtedly have
been enriched 1n many ways, and particularly by a development
of s 1deas regarding the physical processes which underhe the
production of chemical change 1n aqueocus solution

As different forms of radiobiological damage yield one by one to
quantitative expenimental mvestigation, 1t 18 pertment, to enguire
what role, 1f any, the quantum nature of the primary physical
processes plays i determiung the reactions of the living cell to
radiation This book records how such an enquiry was carried
through by a bnlhant mind 1 relation to virus mactivation,
gene mutation, and the production of various forms of chromo-
some structural damage As such, T believe 1t 15 of permanent
value to the student of radiobiology, however far our knowledge



x PREFACE

mterpret his results along the hnes suggested without any
technical mathematical ability being required

I have been at pans 1n the physical chapter to provide an
adequate amount of numerical data concermng the amount and
spatial distribution of ronization 1 fassue exposed to the vanous
radiations, such numerical data being constantly required in
quantitative interpretations of the various biological actions of
radiation The tables in Chapter 1 and the Appendix have been
specially computed for this book While the physical prninciples
mvolved 1n the dussipation of energy by 1omzing radiations
thewr passage through matter are understood, numerical data of
the sort tabulated are not so accurately known as one would wish
The tables are likely, therefore, eventually to need revision in the
light of more exact information Itishoped that in the meantime
they will be found of value by workers 1 this field of research

I should not have been 1n a position to wnte this book had
I not, during the past ten years, been enjoyimng the collaboration
of a number of friends and colleagues 1n studies of various
biological effects of radiation I cannot adequately express my
ndebtedness to these collaborators, namely Dr D G Catcheside,
the late Dr R B Hames, Dr M H Salaman, Dr K M Smith, and
my colleagues at the Strangeways Laboratory I am especially
mdebted to Dr L H Gray and Pr F G Spear, 1n frequent dis-
cussions with whom, my 1deas on the subject have taken shape

For providing me with materal for the plates, or for permitting
the reproduction of published photographs, I am indebted to my
collaborators already mentioned, and to Dr J G Carlson, Prof
P I Dee,Drl Lasmtzki, DrR Markham, Dr A Marshak, DrCF
Robinow, DrJ E Smadel, Prof CT R Wilson, the British Insts-
tute of Radiology, the Radiological Society of North America, the
Rockefeller I for Medical Re: h, and the RoyalSociety
Plate ITE1s a photograph taken at the National Physical Labora
tory, and 1s reproduced by courtesy of the Director, Crown copy
right reserved I should hke to thank Mris D E Leaand Mr V C
Norfield for preparing the figures and the plates respectively
Funally, I acknowledge gratefully the support of the British
Empire Cancer Campaign and the Prophit Trust

DEL
BTRANGEWAYS LABORATORY
Cambndge July 1844
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This book has been out: of print for some considerable time In
attempting to meet the demand for a second edition, 1t was con-
sidered desirable to make this challenging presentation of certain
aspects of radiobiology avalable again in 1ts orgnal form, which
bears on every page the mark of Lea’s clear mind and 1nusive
logic The textual revisions, and some of the additions which
Lea himself had written mto s own copy of the book, have,
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between those forms of biological damage to which these con-
cepts can and cannot usefully be applhied In his treatment of
those forms of hrological damage which he believed to be imtiated
by individual :omzing acts, he had the foresight to recogmze and
to allow for the spread of the energy absorbed within a molecule
over distances of & few millimicrons, and for the effects of energy
absorbed 1n the aqueous phase surrounding a biological structure

Hed he lived, the present edition would undoubtedly have
been enriched 1n many ways, and particularly by a development
of hus 1deas regarding the physical processes which underlie the
production of chemical change 1 aqueous solution

As dufferent forms of radiobiological damage yeld one by one to
quantifative experimental investigation, 1t 1s pertinent to en quire
what role, if any, the quantum nature of the primary physical
processes plays in determining the reactions of the living cell to
radiation This book records how such an enquiry was carried
through by a bnlliant mind mn relation to virus inactivation
gens mutation, and the production of various forms of chromoi
some structural damage As such, I believe 1t, 19 1

of permanent
value to the student of radiobology,

however far our knowledge



x PREFACF

mterpret his results along the lnes suggested without any
techmeal mathematical ability bemg required
I have been at pains in the physieal chapter to provide an
adequate amount of numerical data concermng the amount and
spatial distribution of 10mzation 1n tissue exposed to the vanous
raciations, such numerical data being constantly required in
quantitative interpretations of the various biological actions of
radiation The tables 1n Chapter 1 and the Appendix have been
specially computed for this book Whle the physical pinciples
nvolved 1n the dissipation of energy by 1omzing radiations
their passage through matter are understood, numerical data of
the sort tabulated are not so accurately known as one would wish
The tables are hikely, therefore, eventually to need revision in the
light of more exact information It1shoped thatin the meantime
they will be found of value by workers 1n this field of research
I should not have been 1 a position to wnte this book had
I not, during the past ten years, been enjoyng the collaboration
of & number of friends and colleagues in studies of varous
biological effects of radiation I cannot adequately express my
mndebtedness to these collaborators, namely DrD G Catcheside,
thelate Dr R B Haimnes, Dr M H Salaman, Dr KM Smith, and
my colleagues at the Strangeways Laboratory I am especially
indebted to Dr LH Gray and Dr F G Spear, i frequent dis
cussions with whom, my 1deas on the subject have taken shape
For providing me with maternal for the plates, or for permitting
the reproduction of published photographs, I am indebted to my
collaborators elready mentioned, and to Dr J G Carlson, Prof
P1 Dee, DrI Lasmtzki, Dr R Marhham, Dr A Marshak, DrC F
Robwmow, DrJ E Smadel, Prof CT R Wilson, the Bntish Inst
tute of Radiology, the Radological Society of North America, the
Rockefeller Institute for Medical Research, and the Royal Soaciety
Plate I & 1s a photograph taken at the National Physical Labora,
tory, and 18 reproduced by courtesy of the Director, Crown copy
night reserved I should like to thank Mrs D E Leaand MrV C
Norfield for preparing the figures and the plates respectively
Finally, I acknowledge gratefully the support of the British
Empire Cancer Campaign and the Prophit Trust .
L

8TRANGEWAYS LARORATORY
Cambridge July 1944
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of the phenomena treated by Lea may transcend that which was
available to him

Tamindebted toDrJ W Boagand DrJ G Neary for correct-
g a small error which ran through some of the data presented
1n Table 10, and for the amendment of Lea’s treatment of the
overlapping factor F as it appears in Appendix I

L H GRAY

MOUNT VERNON HOSPITAL
NORTHWOOD -
MIDDLESEX
May 1854



Chapter 1

PHYSIQAL PROPERTIES AND DOSIMETRY OF
DIFFERENT RADIATIONS

Ionization, excitation, and ‘point-heat’

The radiations with which we are concerned are the a-, 8- and
v radiations of radioactive substances, X-rays, protons and
neutrons These may be grouped together as jomzing radiations
Occasionally we deal with ultra-violet light which 15 a non-
1omzing radiation  Since the term jomzation will be used very
frequently, we begin by explaiming its meaning  An atom con-
sists of a positively charged nucleus and a surrounding constella-
tion of negative electrons, the whole being electnically neutral
The principal means of energy dissipation by an wnizing radia-
tion 1n s passage through matter 1s the ejection of electrons
from atoms through wiich 1t passes An atom so tonized 18 left
poutively charged, and s referred toas anton It 13 possible that
some actions of radiation of biological sigmficance are due to this
separation of electrical charge, but m most cases 1t 13 more
planssble to attnbute 1t to chemical change resulting from the
1mzation For, when an atom 1s tonized the molecule of which v
1 a part almost certainly undergoes chemical change Knowing
that the chemical bonds which hold o molecule together are con-
stituted by electrons shared between the two atoms joined by
the bond, 1615 to be expected that the removal of such a bonding
electron from a moleculs will lead to its dissocation or other
chemical change The removal of electrons other than bondmg
electrons may also be expected to lead to chemical change, since
the energy mvolved 1n 10mzation, 10 electron-volts: or upwards
depending on the atom 10mzed and the level 1n 1t from which the
electron 13 ejected, exceeds the energy required to remove an
atom from the molecule 1
A second method by which radiations dissipate energy in tissne
18 by exeitation This means the raising of an electron 1n an atom
t The electron volt (6V )=1602x 10-* erg, 13 & umt of energy of
switable magnitude for dealing with energy changes 1n single atoms or
molecules 1eMV =10teV 1okV =106V 1oV per molecule =23 05
lalogram calories per gram molecule Thus the staterent that the ene:
of dissomation of the C——Hbondaa 94 kalocalories pergram moleculs mel;ig
‘that the energy required to dissociate a single bond 1s about 4 eV
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Chapter I

PHYSIOAL PROPERTIES AND DOSIMETRY OF
DIFFERENT RADIATIONS

Tomzation, excitation, and ‘point-heat’

The radiations with which we are concerned are the a-, - and
y-radiations of radioactive substances, X-rays, Jprotons and
neutrons These may be grouped together as 10mzing radiations
Occasionally we deal with ultra violet Light which 18 a non-
1omzing rachation Smce the term 1omzation will be used very
frequently, we begin by explaining 1ts meamng  An atom con-
sists of a positively charged nucleus and a surrounding constella-
tion of negative electrons, the whole bemng electrically neutral
The principal means of energy dissipation by an 1onizing radia-
tion 1n 1ts passage through matter 1s the ejection of electrons
from atoms through which 1t passes An atom so 0nized 18 left
posttively charged, and 1s referred to asan ton It 1s possible that
some actions of radiation of brological signuficance are due to thig
separation of electrical charge, but in most cases 1t 1s more
plausible to attribute 1t to chemical change resulting from the
1omzation For, when an alom 1s wonzed the molecule of whach 1
18 a part almost certanly undergoes chemical change Knowing
that the chemical bonds which hold a molecule together are con-
stituted by electrons shared between the two atoms jomed by
the bond, 1t 1s to be expected that the removal of such & bonding
electron from a molecule will lead to 1ts dissociation or other
chemical change The removal of electrons other than bonding
electrons may also be expected to lead to chemical change, since
the energy mvolved 1 10mization, 10 electron volts: or upwards
depending on the atom 1omzed and the level mn 1t from which the
electron 1s ejected, exceeds the energy required to remove an
atom from the molecule 1

A second method by which radiations dissipate energy 1n tissue
18 by excrtation This means the raismg of an electron m an atom

1 The electron volt (eV )=1 602 x 10-13
switable magnitude for (deal)mg with energye:i'nrl:;e: mhxn;{ee::;xgn}; ::
xll(ncnlecules 1eMV =10°eV , 1ekV =106V 1eV per molecule=23 05

ilogram calories per gram molecule Thus the statement that the energy
\:}f‘ dissociation of the C—H bondis 84 kilocalories per gram molscule means

at the energy required to dissociate & single bond 13 about 4 6V



2 PHYSICAL PROPERTIES OF RADIATIONS

or molecule to a state of higher energy, and 1s & less drastie
process than the complete ejection of an electron Ultra-violet
Lght, as well as 1omzing radiations, 18 capable of causing excita-
tion In simple reactions (e g inorgamic gas reactions) ultra-
viclet-nduced excitations are not much less effective than
X ray-induced tomzations in causmng chemreal change There 13
some evidence, however, that in the decomposition of large
organic molecules, an excitation 18 2 good deal less efficent than
an jomzation
In bological actions of radiation in which quantitative data
are avallable both for 1omzing radiations and for ultra-violet
Light, particularly the inactivation of viruses and the killing of
bactena, an excitation by ultra-violet hght 1s much less effective
than an 10mzation Thus 1t appears probable that when we are
dealing with an jomzing radiation, excitation may usually be
neglected as a cause of biological effect by companson wath
1onization
The electron which 1s ejected from an atom 1n the process of
1C 1 ntually b attached to another atom and
makes 1t a negative 10n  As far as the physical measurement of
1omization 1s concerned, the positive and negative 10ns are equally
smgmnuficant, and one usually speaks of the production of an ron-
pair But since the energy mvolved in the attachment of an
electron to an atom to form a negative 10n 13 usually even less
than the energy of exatation, 1t 15 probably safe to neglect
negative 1on formation as a factor of biological 1mportance
Thus when we speak of an 1omzation we refer to the production
of a positive 10n by the ejection of an eloctron This ejected
electron may have sufficient energy to 10mze on 1ts own account
before 1t 18 brought to thermal energy and finally attached, and
this secondary 1onization 1s important and will be discussed later
But agaun, 1t 18 the positive 10ns and not the negative rons which
are of biological 1mportance
Practically all the energy dissipated by radation i tissue
ultimately becomes degraded to heat energy Thus a dose of 10°
roentgens 18 sufficient to rase the temperature about 0 25°C
This small temperature nse for a large dose of radiation means
that temperature change 1s quite inadequate to explain the bro-
logncal effects of 10mzing radiations 1n the way 1n which tempera-
1 Cp Jordan P (1938a)




ULTRA-VIOLET LIGHT 3

ture nise accounts for most of the biological effects of, forexample,
short-wave wireless waves On the other hand, the highly
localized nature of the energy dissipation means that the energy
which eventually causes a rise of temperature of 0 25° C 1n the
tissue as a whole 13 imtially confined to a small proportion of the
atoms, and might be considered to produce a large rise m tem-
perature of these atoms This 18 the basis of the ‘point-heat’
theory r The concept of an 1onization as & hot spot 1s less satis
factory than the concept of an atom 1omzed leading to chemucal
change mn 1ts molecule However, m the course of the degrada-
tion of 10n1zation and excitation energy to thermal energy, the
posstbiity must be borne in mind of molecules pear to a high
concentration of iomzation suffering chemical change even
although not themselves 10mzed =

Ultra-violet light

In quantitative experiments 1t 1s necessary to use mono-
chromatic ultra-violet light, since the biological effectiveness per
umt of energy vanes very much with wave-length and in par-
ticular 1s very low above 3000A The physical measurement will
usually give the energy mncident upon the irradiated preparation
1n ergs per square centimetre If we are irradiating small objects
such as bacteria or viruses, and can obtain a suspension in a non-
absorbing medinm free from absorbing impurities, a satisfactory
procedure 15 to use a stirred suspenmon sufficiently deep or
sufficiently concentrated to absorb completely the incident
ultra-violet light The total incident energy may then be divided
etther by the total number of suspended orgamsms or by the
total volume of protoplasm in suspension to obtain the absorbed
energy either in ergs per orgamism or m ergs per cubic micron

In other cases we may arrange to use a thickness of inadiated
material sufficiently small to absorb only a small proportion of
the maudent rachation If we hnow the absorption coefficient of
the irradiated material, or better, the absorption coefficient of
that part of 1t absorption 1n which we beheve to account for the
biological effect, we may calculate the energy absorption in this
Part m ergs per cubic centimetre 1f I 1s the mncident ntensity m
ergsfem %, p the density of the abserbing substance 1n g /em 3, and
& the absorption coefficient m em -1 defined by the relation

T Dessaver, F (1923} 2 Jordan P (1938¢)
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p= i_ log, —Ili’= 2—: logy, ‘;-", where I 18 the intensity transmitted by
alayer # em thick, 7, bemng the imtial mtenmty, then g 18 the
energy absorption m ergs/em 3 and (u/p) I the energy absorption
mergsfg If (as happens, for example, in the irradiation of Droso-
phila sperm m the male) 1t 15 not possble to avoid excessive
absorption, either by too great thickness of the wrradiated
materal or of intervemng tissue, then quantitative experiments
are not possible unless measurement can be made of the intensity
of racdiation reaching the sp under the condit of the
experiment

To give some 1dea of the magmtude of the absorption co-
efficients, and the variation between different matenals, we hst
1 Table 1 the absorption coefficients: of a number of substances
for 25636A , this wave-length beng chosen since 1t 18 1n the
biologically most effective region, and also 18 readily obtamable
nearly monochromatic In the references cited the absorption
coefficients for other wave lengths may be found

Ultra-violet Light for biological experiments 1s usually ob-
tamed from a mercury Iamp If the efficioncy of dufferent wave-
lengths 1s bemng compared, then a quartz mercury aro in conjunc-
tion with a large-aperture quartz monochromator 1s the usual
equipment : An intensity of about 2 6x 104 ergs/cm 3fsec 13
possible with & lamp disaipating 1 kW If 2 monochromator 1
not available, or if one 18 not nterested 1 the relative efficiency
of dufferent wave lengths, the best type of lamp to use 18 the low-
pressure discharge lamps neon and emutting 86-959%,

1 If the of a subst, has beent d 1n sol then
the resuit will often be exp: d as the ) @ i the

formula logy, (Xo/I) =acz, ¢ bemg the concentration of solute 1n mg /em
Or 1t may be expressed as the molar extinction coefficient €1n the formula

logyo{Iy/I) = €cx, where ¢ 18 now the m gram per
Litre of a substance of molecular weight M In order fo r'aduce the absorp
tion toa ‘basis table for energy ab

sorption from knowledge of the ultra violet mtensity all have been
reduced to g or ufp the absorption coefficient of the pure =olute, by
assuming that the absorption coefficient of & solutzon 13 proportional to
the concentration of the absorbing solute Thus /p==2300x=2300¢/3
2 Op for example, Gates, F L (1929a), Benford, F (1936), Uber ¥ M
& Jacobsohn, S (1938), Uber, ¥ M (1940), Cannon, CV & Rice, O K
1942,
¢ 3 1\)xe1nue. HW (1938) Steacie EWR & Phillips, NWF (1938),
Hedt LJ (1939), Peel, GN (1939)
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of 1ts radiant energy m the hine 2536A The monochromatism
may be further improved, if deswred, by the use of gaseous filters
of chlorine and bromine,: or iqud filters,s or by using the radia-
tion from the Jamp to excite resonance radiation s A convenient
lamps takes the form of & 30 cm length of quartz tubing about
8mm drameter wound 1n a close spiral of about 2 5em diameter

Tasre 1 Absorption coefficients for wave length 2536 A

%% trans
Maternial cr: -1 g ‘[“/cpm s € {maslon Reference

Plant virus protein — 10 000 - _ 1
Tyrostne — 3,800 300 —_ z
Tryptophan — 36 000 3,200 — z
Bactenial protoplasm 3600 — el — 3
Bacteral nucleoprotemn — 32 000 — — 4
Bacterial nbose nucleic - 87,000 — — 4

ecid
Trypsin - 1,900 30000 — 5
Ribonuclease — 800 6,000 — 6
Maize pollen contenta 1900 — — —_ 7
Maize pollen wall — —-— — 30 7
Viteline membrane of — —_ - 8 8§

hen’s egg
Abdominal wall of Dro — — — 67 9

sophila

1 Bawden F( & Pine, N'W (1938)

2 Hohday EP (1936) 3 Gates F L (1930)
4 Lavin, G T, Thompson R H S & Dubos, RJ (1938)

5 Uber FM & McLaren A D (1941)

6 Uber FM & Ells V R (1941) 7 Uber FM (1939)
8 Uber F M, Havashi, T & Ells VR (1941)

9 Durand E Hollaender A & Houlahan M'B (1941)

At 10 W this gives an intensity of about 10% ergs/em 2/sec at
10 em distance, or about 5x 10% ergsfem %/sec on a specimen
side the spiral

It 19 1mportant to understand the difference 1 spatial distribu-
tion between the energy dissipation by ultra violet ight and by
an1onizing radiation such as X-rays With ultra violet hght, the
absorption coefficient depends on the molecular structure, and
1s, for example, different for nuclete acid and for proten The
dose 1n ergs/cm 3 absorbed energy may be very different, for

T Poskoff N' (1919) Oldenburg O (1924), Villars, D S (1926), Heidt
LJ (1939) Svedberg, T & Pedersen, K O (1840), Mitchell, J S (1942)

2 Aconvement filter 1s a quartz cell 1 em thick contaming an aqueous
solution of mickel sulphate (20%)and cobalt sulphate {6%) Houston,R A

(1911} Backstrom H L J (1940), Bowen EJ (1942), Lavin G I (1943)
3 Thomas LB (1941)

4 Procurable from the Thermal Syndicate Ltd » London
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ﬂ=£ log, {19= E; logy, II-—°, where I 1s the intensity transmitted by

alayer x em thick, J;, being the imtial intensity, then pf 18 the
energy absorption in ergs/om 3 and (u/p) I the energy absorption
wmergs/g If (a8 happens, for example, 1n the irradiation of Droso-
phile sperm 1n the male) 1t 18 not possible to avord excessive
absorption, either by too great thickness of the irradiated
material or of intervening tissue, then quantitative experiments
are not possible unless measurement can be made of the intenaity
of radiation reaching the specimen under the conditions of the
expeniment

To give some 1dea of the magmtude of the absorption co-
efficients, and the vanation between different materials, we hst
n Table 1 the absorption coefficients: of a number of substances
for 25364 , this wave-length being chosen smce 1t 18 1n the
biologreally most effective region, and also 1s readily obtamable
nearly monochromatic In the references cited the absorption
coefficients for other wave lengths may be found

Ultra-violet hght for biological expertments 1s usually ob-
tained from & meroury lamp If the efficioncy of different wave
lengths 15 being compared, then a quartz mercury arcn conjunc-
tion with a laxge aperture quartz monochromator 18 the usual
equipment s An mtensity of about 2 5x 104 ergs/om %fsec 13
possible with a lamp dissipating 1 kW If a monochromator 13
not available, or 1f one 18 not interested in the relative efficiency
of dafferent wave lengths, the best type of lamp to use 1s the low-

P duschetrge lamps cont; g neon and g 85-956%,
1 If the absorption of a sub has been d m sol then
the result will often be exp d as the «mn the

formula logyy{Z,/1) = acz, ¢ beng the concentration of solute in mg fem ¥
Or1t may be expressed aa the molar extinction coefficient £ the formula

loge (fo/I)=ecx, where ¢ 18 now the m gram les per
Litre of a substance of molecular welght M Inorderto reduce the absorp
tion to a basis ble for energy ab

sorption from knowledge of the ultra violet intensity, ell have been
reduced to x or pfp the absorption coefficient of the pure solute, by
assumung that the absorption coefficient of & solution 1s proportional to
the concentration of the absorbing solute Thus u/p=2300a =2300s/31
2 Cp for example, Gates, F L {1928a), Benford, F' (1936) Uber,F M

& Jacobsohn, S (1938}, Uber M (1940), Cannon CV & Rice, 0 K

1942

¢ 3 ]J(elvﬂle, HW (1936) Steacte EW R & Phillips, NWF (193g)

Hedt, LJ (1939), Peel, GN (1939)
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electrieity of ether sign’—is the umt of dose employed « It corre-
sponds to the hberation of 2 082 x 10° 1on-pawrs per cm 3 of arr
at 0° and 760 mm pressure, involving an energy dissipation of
01083 erg/em 3 of air (taking 32 5eV per 1on-pair as the mean
energy dissipation i aur) Since the roentgen 13 already a umt
of energy absorbed, there 1s no question of multiplying dose 1n
roentgens by absorption coefficient What 1s loosely spohen
of as “intensity’ In roentgens per minute 1s strictly dose rate,
being a rate of energy absorption and not a rate of energy
madence
For the convemence of the phy sical measurement the roentgen
1 defined 1n terms of energy absorption per umt volume of air
In the interpretation of experiments one 18 interested in the
energy absorption per unit volume of tissue, which for the same
mncident mntensity of radiation will be about 1000 times greater
on account of the greater density of tissue The actual factor
varies with different wave-lengths, since the ratio of the absorp-
tion coefficients of tissue and air vanes somewhat with wave-
length Tt also depends on the elementary analysis of the tissue
though not on the chemical nature of the compounds m which
the elements are combined The way 1n which one calculates the
amount of energy absorbed per gram of tissue per roentgen of
radiation 18 explamed 1n the Appendix, and m Table 2 the re
sults of a calculation of this sort are given for water, for dry virus
Protein, and for an undred soft tissue The percentage composi-
tion by weight assumed for the virus proteinis H17, C 49, N 16,
025, P 1,8 05and ash 1 5, the ash being treated as having an
average atomic number of 16 for the purpose of the calculation
The wet tissue 13 taken as having & percentage composmition by
weight H 10, C12,N 4,0 73, Na 01, Mg 004, P 02, S 02,
ClO1, K 035and Ca 001 With most expermmental matenals
1t wall be found satisfactory to use the figures given i Table 2,
either for water or for virus protetn or for wet tissue, according
to which approvimates best to the composttion of the tissue
actually being wrradiated Thus when wrradiating a dried virus
preparation the figures for virus protem will be used When
rradiating micro orgamisms 10 aqueous suspension the figures
for water are appropriate, while the figures for wet vssue may be
used when one 15 dealing with undried tissue in bulk .
T 0001293 g ofarr occupies 1 em ® at 0° and 760 mm Pressure
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example, m different parts of an wradiated chromosome de-
pending on the degree to which they are loaded with nucleie
acid, and at different stages of the division cycle No such duf-
ferences ewist with X rays, apart from an increased energy
absorption 1n and near to bone or other components contaning
atoms of elevated atomic number, since the absorption of X-rays
by atoms s not affected by therr chemical combinations
A further difference 1s that with ultra violet light the excited
atoms are distributed spatially at random 1n a homogeneous
tissue irradiated by a umform intenmty, with no tendency for
excited atoms to occur m groups, produced simultancously, or
concentrated 1n a inear path This 1 because each excited atom
18 produced by the complete absorption of a single quantum of
ultra-violet hght and the quanta are emitted independently
With 1omzing radiations the 10mzations are locahzed slong the
paths of 10nizing particles, and thus a number of 1omzations may
be concentrated 1n a cluster or a column of 10mzation

The energy of a single quantum of ultra violet hight 1s con-
nected with the wave length (1) m Angstroms by the relation
Energy in electron volts=12,400/A Thus the wave length
2536A has quantum energy 4 89 eV

X-rays

X-radiation like ultra violet light 15 an electromagnetic radia-
tion emitted 1n quanta, but the difference 1n wave length (0 05~
10A for X-rays agamst 2000-3000A for ultra-violet hight) re~
sults 1n there bemng httle sumilanty m practice The absorption
coefficient of X-rays depends not on the chemical combmnation of
the absorbing atoms but only on theiratomic number On account
of the greater penetrating power of X rays 1t 1s not usually con-
venient to measure the total energy ncident on a surface, but to
measure the energy absorbed m a given volume In practice the
energies involved are too small for a thermal method of measur-
1ng energles to be used and use 1s made of the fact that when the
absorption takes place m ar the latter becomes conducting and
the saturation current through a given volume of a1r 1 a measure
of the rate of energy absorption 1n that volume of air The
roentgen—defined as ‘the quantity of X- or ¥ radiation such that
the associated corpuscular emussion per 0 001293 g of air pro-
duces, 1n arr, 10ns carrying 1 electrostatic umit of quantity of
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If the material bemng studied can be prepared in films of a fow
microns thickness, as with viruses, 1t 1z conventent to ust long
wave length X-rays (1-10A ), since these may be obtamned in
igh mtensity from mexpensne apparatus, and have also the
considerable advantage from the pomnt of view of subscquent
calculations that they are obtmnable nearly monochromatic
The wave-lengths 15, 41 and 8 3A hsted i Table 2, are ob-
tamable 1n this way They are reduced to half thesr intensity by
passage through layers of water of thichnesses respectively
695, 34 6 and 4 9

If more penetrating radiations are required an X-ray tube of
the type manufactured for X-ray therapy will usually be used
Such X-ray tubes emt a range of wave-lengths The shortest
wave length emitted 1s related to the peak kilovoltage on the
tube by the relation wave length m Angstroms=12 4/kilo-
voltage, the quantum energy 1n electron-hilovolts of this shortest
wave length being equal to the kilovoltage on the tube The
wave length emitted at greatest intensity 1s usnally about twice
the wave-length of the short-wave imt, and the longest wave-
length emitted depends on the thichness of filter employed since
long waves have a igher absorption coefficient than short Thus
an X-ray tube operated at 160 kV with filters of 0 7mm Cu and
12mm Al emits a continuous range of wave lengths from 0 078
to about 0 4A , the ‘effective’ wave-length, conventionally de-
fined as that wave length which would, 1if monochromatic be
reduced to half value by the same thickness of copper absorber
a3 actually reduces the mixed radiation to half value, being
015A The corresponding quantum energies for the shortest
longest and effective wave lengths are 160 ¢kV , about 30 and
83 ekV :

The dissipation of energy 1n tissue wradiated by X rays of
fairly long wave length (e g 1 5A ) takes place as tollows Some
of the quanta which enter the tissue are absorbed by atoms
The energy of a quantum, 8 ¢kV for an X-ray of 1 5 A , 1s com-
pletely absorbed and results 1n the ejection of an electron The
mnermost electrons of the atom are most effective 1n this type

1 Fuller information on the effective wave lengths of X rays emitted
fm:!}xxtubea operating at vanious hlovoltages and filtrations may be found
n the article by Taylor LS mn Duggar B (19
o Rl y 28 (1936), Biological Effects
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mechamsm also contributes, this bemng the production of
Compton recoil electrons  In this process a quantum of radiation
18 scattered by an electron with reduced energy (1e mcreased
wave-length), the balance of energy being transferred to the
electron which 1s ejected from 1ts atom Depending on the angle
at which the quantum 1s scattered, the energy of the Compton
recoll electron may vary from zero up to a maximum which 18 a
fraction of the quantum energy depending on the wave length
(0327 for 01A, 0108 for 0 4A ) Thus when X rays of 01A
are irradiating tissue, 1n addition to a certain number of photo-
electrons of energy 124 ehV , there will be Compton electrons of
all energies between 0 and 40 ekV Remembernng further that
X rays of 0 1A cannot be obtained monochromatic (except by
means not usually practicable for biological experiments), 1t will
be seen that calculations based on experiments using these wave-
lengths are more complicated than expemments with longer
wave-lengths In Table 3 are Lsted the relative numbers of
Compton and photoelectrons hiberated mn tissue (here taken as
H,0) by different wave lengths of X-rays, together with the
energy of the photoelectrons and the maximum and mean
energies of the Compton electrons Plate IE shows recoil
electrons (the shorter tracks) and photoelectrons (the longer
tracks)

The atom from which the photoelectron or Compton electron
18 ejected 1s of course romzed there 1s no reason, however, to
attnibute any special virtues to an 1omzation caused by absorp-
tion of an X-ray quantum, and there are very many more
1omzations caused by the impact of recoil electrons or photo-
electrons Thus 1if an effect, e g breakage of a chromosome,
occurs at a particular pomt n a cell there 1s no reason to attr-
bute this to absorption of an X-ray quantum at that point,
though 1t may very well be due to the passage of a photoelectron
or recoil electron through the pomt

In using Table 2 the composition of tissue relevant 1s that of
the tissue mn which the electrons arise Thus when dealing with
Tmiero organisms suspended in water, the hnear dimensions of
the orgamsms being much smaller than the range of the electrons,
and therr total volume bemng only a small fraction of the total
volume of the water, most of the electrons which traverse the
orgamisms will have ansen 1n the water and not 1n the orgamsms,



10 PHYSICAL PROPERTIES OF RADIATIONS

of absorption (photoelectrsc absorption), and an appreciable
amount of energy 13 required to detach the clectrons, depending
on the atomic number of the absorbing atom It 1s 285eV for
a carbon atom, 528 ¢V for an oxygen atom, more for heavier
elements, and may be taken as about 0 5ekV on the average
for tissue Thus the photoelectron on leaving the atom has
energy 8—086="75ekV (orin general, 12 4/A—05¢kV ) This
ejected electron has a range of 1 54 1n tissue and enough energy
to produce about 230 1omzations Thus the 10mzation in tissue
wradiated by X-rays of 1 5A 18 not distnibuted at random but
18 Jocalized along tracks as in Plate Ir : This localization 18 very
mmportant m the theory of the biological action of radiations,
and will enter mnto a good deal of the subsequent calculations
The dstribution of 1omzations along the electron tracks 1s de-
scrtbed later

The energy of a few hundred electron volts needed to detach
an electron from the atom which absorbs the quantum of radia-
tion eventually appears as iomzation The mechamsm may
either be the emussion of & second electron from the same atom
(Auger effect), or, less frequently, the emssion of a long wave-
length X-ray quantum, which after travelling a distance of the
order of 14 1n the tissue 1 1tself absorbed by another atom with
the production of a photoelectron having practically the whole
energy of the long wave-length quantum Thus the absorption
of the original quantum of 8 ekV 1n the tissue gives nse usually
to two electrons, one of about 7 5ekV and the other of about
0 5 ekV This division of the energy of the quantum between two
electrons 18 rarely important, and we shall often, i Table 3 for
example, calculate as if the energy of the original quantum were
dissipated by a single photoelectron of the full energy 8 ekV

With shorter wave lengths, eg 0 1A, absorption still takes
place to some extent by the photoelectric effect, but a second

1 The photographs in Plate I are Wilson chamber photographs (from
Wilson, CTR 1923 Dee PI 1932 Curme P 1935} in which the ions
1n a gas have been made visible by the condensation of water drops upon
them The scale has been adjusted go that the photographs represent
appr ly the Lk of 1ons1n d tissue Thus
Plate I¥ may be taken to rep the of ma
section of tissue 15 x 12 x 1 thick arradiated byadoseof 10r of X rays
of wave length 1 5A  No significance 18 to be attached to the wrdik of
the tracks

'
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and hence one should use the columns of Table 2 appropriate to
water On the other hand, if having obtained the energy dissi-
pation 1n ergsfg we wish to convert to ergs/em 2 by multiplying
by the density, the density which 1s relevant 1s that of the tissue
n which the 1omzation 1s actually produced Thus if we have a
suspension 1n water of micro orgamsms of density 12 g fem 3,
we convert a dose measured 1n roentgens to ergsfcm 3 1n the
orgarusms by multiplying by 1 2 the figure given mn the second
column of Table 2 for the radiation concerned

It will be noticed 1 Table 3 that a change ir the wave-length
of X-rays from 0 15 to 0 4A does not make a great deal of dif-
ference 1n the mean energy with which the electrons are pro-
jected 1n the tissue This 13 due to the replacement of electron
recoll by photoelectron production as the principal means of
absorption as we change from 015 to 0 4A In consequence,
expertments designed to see whether there 1s a vanation of bio-
logical effect wath w ave-length should net be confined to wave
lengths 1n this range, which unfortunately 1s the range most
readily available with standard X-ray equipment of the therapy
type Ifthe nature of the experimental material permits, & much
more valuable test 18 & comparison of soft X-rays (1A or greater)
with medium X-rays (1e X-rays n the range 0 1-0 4A ), and
y-rays

Y-rays

The y-rays used 1n biological work are those of radium and 1ts
products, or sometimes radon and 1ts products, sealed 1n a closed
container with sufficient thickness of wall to absorb a- and £ rays
(atleast 0 5 mm platinum or equvalent) The radations, which
are natural X-rays of short wave-length, are emitted 1n a nuraber
of discrete wave lengths rangmg, with this filtration, 1n quantum
energy from about 0 2 to about 2 2 eMV

Absorption 1n tissue 15 practically entirely by Compton reconl,
and electrons of all energles from zero up to about 2 0 6MV are
thus produced

By the use of a lead filter between the radium and the irradi-
ated matenal 1t 15 possible to reduce the intensity of the longer
more easily absorbed, wave lengths, and so reduce the uver:ge,
wave length and increase the proportion of the 10mzation 1n the
uradiated tissue which 1s due to electrons of high energy In
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a pant source of 1 mg of radum filtered by 0 5 mm of platinum
the dose rate 1s 8 3 r /hr : The allowance to be made for absorp-
tion 1n 1ntervenng tissue hke matenal 1s from 2 6 to 5% per
cm , depending on the extent to which scattening reduces the
effective absorption coefficient z For accurate estimation of doso
an romzation measurement 13 to be preferred

The electrons which dissipate energy 1n a tissue irradiated by
y-rays may, on account of their high energy, have a range 1n
tissue of several milhimetres When irradiating small objects 1t 15
desirable that at least 3 mm of tissue like matenal should sur-
round the relevant part of the objects to serve as a source of
electrons

p-rays and cathode-rays

X-rays and y-rays produce their effects in tiSsue by the projec-
tion at hugh speeds of electrons already in the tissue The same
effects would be produced 1f electrons of similar speed could be
produced mn other ways In the case of expenmental materials
which are usable in thin layers, electrons may be introduced fiom
anexternalsource Either g rays, whichare fastelectrons emitted
from radioacttve materials, or cathode rays, which are artificially
acrelerated electrons,s may be used The most convenient source
of B rays 13 a thin-walled vessel contaiming radon gas, the £ rays
bemng emtted by RaB and RaC which deposit on the walls
A wall thickness of 0 05 mm of glass or aluminium suffices to re-
move the « rays, and the y rays which are also emutted produce
neghgible 10mzation by comparison with the # rays The distn-
bution of energy of the £ rays emutted by such a source 1s given
n Table 5, the figures in which are approximate only The second
Line of the table gives the relative numbers of g-rays of different
energies entering the tissue  1f one 1s interested in the proportion
of the total energy dissipat1on which 13 produced by f-rays of
various energies, the result 1s very different according to the
1 Ma;
e }erg:-:{(s\x‘\’f («!lzgsR_lc;berts, JE (1937} Gray,L H (1937) Kaye,
2 Cp Mayneord, W V & Honeyburne, J (1938)
3 Apparatus fox;\the production of cathode rays sutable for biological
expenments has been deseribed by Coohidge W D (1926) Cauchois Y
(1932) Haskins, C P (1838), Cooper F§ Buchwald CE Haslans,

CP & Fvans, R
CP (1841) D (1939), Mornungstar, O, Evans, RD & Haskins,
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Table 4: 13 given the energy distribution of the recoil electrons
produced 1n tissue by radim ¥ rays wath different degrees of
fltration It 13 sebn, for example, that with a filter of 0 5 mm

of platinum only, 22%, of the 1onization 18 produced by recorl
electrons of less than 0 26 eMV , but that when the filtration 1s
mereased by 25 em Pb, only 5% of the tomzation 13 8o pro-
duced The efficiency of a lead filter i removing the longer nave

lengths and so enabling the brological effecttveness of different

Tanre 4 Electrons hibersted 1n tissue by radium ¥ rays

The figures give the percentages of the total electron energy which are
dissipated by electrons liberated with the stated initial energy
Range of electronener 0~ 005~ 01- 025
gres (eMV ) 005 01 025 05 05-1 1-2 Total
Fulter 0 5 mm Pt 15 38 240 263 264 1000
05mm Pt+lem Pb 04 12 71 203 330 330 1000
08mm Pt4+25cm Fb 02 06 131 341 480 1000

< ray wave lengths to be compared 1s reduced 1f scattered or
secondary radiations from the filter contmbute much to the
radiation falling on the irradiated object, since such scattered
radiation 18 of longer wave-length than the pnmary In expen-
ments of this sort the diameter of the lead filter should be as
small as possible by comparison with the distance between the
source and the irradiated materal

y rays, like X rays, are measured iz terms of roentgens, and
the factors for converting doses In roentgens mnto energy dissipa-
tion1n tissue are given in Table 2 As analternative to measuring
the dose-rate, 1t may often be calculated from the known content
of the radium sources mahng use of the fact that at 1 em from

1 Table 415 calculated as follons By wntegration of the Klem Nishina
formula one can calculate the energy distribution of recoil electrons pro
duced by 7 rays of any specified wave length The mntensities of the
prineipal mes in the y ray apectra of Ra, Ra B and Ra C have been given
by Ellls CD & Aston G H (1930) and Stahel E & Johner W (1934)
By use of the absorption coefficients of these wave lengths m platinum
and lead which have been computed by $1z00 GJ & Willemsen, H
{1938) and Kaye, GW C & Bmks W (1840), one can deduce the in
tensities of the different lumes after any filtration Carrying through the
energy distribution calculation for each wave length mn turn and com
inmg 10 the proportions appropriate one finally arrives at the figures
given They do not allow for any scattered radistion from the filter

liated 1

hing the
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For wrradiation of thin films of matenal by x-rays emitted from
an external source, polonum serves as a convenlent source It1s
prepared from old radon seeds,: and emits «rays of energy
5298 eMV with practically no other radimtion a-rays of this
energy have a rangez of about 39z 1n tissue of umt density

Alternatively, ‘active deposit’® sources may be prepared by
exposing a metal disk to radon s A source made m this way de-
cays m & few hours and 1s only suitable therefore for short
exposures After the lapse of half an hour, required for the com-
plete decay of Ra A which emits less energetic « rays, the o rays
emitted are those of Ra ¢’ which have an energy of 7 680 eMV
and a range: 1n tissue of umt density of about 71 This source
emits S-rays and y-rays as well as « rays The ronuzation per untt
volume due to the £ rays s, however, only about 1%, of that due
to the a-rays and that due to the y rays 1s qute neghgible

Tasrr: 6 Ra ¢’ a particles
@ TRy energy at 3,

Total absorber between source depth 1n tissue Relative 10n denaity
and surface of tigsue mn eMV at 3z depth
lem air 677 100
lem sar+88u Al 552 113
lem ew+1768p Al 403 142
lem air-26 4p Al 198 209

Experiments on the dependence of the efficiency of a-rays on
therr energy are most converuently made by using an active de-
posit source 1n conjunction with screens of slurmmum foil+ By
passage through the foil the energy of the -ray 1s reduced and
the 1on density (1¢ number of jomzations per micron path)
increased Table 6 gives data for the 10n density and a-particle

1 For methods of preparation see for example, Rutherford, E
Chadwick, J & Elus CD (1930), Whitaker, M D, Bjorksteadt, W &I
Mitchell, AC G (1934), Kanne, WR (1937}

2 These ranges are calculated from the ly known mean ranges
mn a1r and the relative stopping powers of air and water given in Table 12,
P 26 The measured ranges n liqud water are lower and may be wrong,
viz Po32u (Michl, W 1914) and Ra C 60z (Plulipp, K 1023) Accord.mg'
to Philipp the range of Re C’ @ rays in water vapour corresponds to
874 at denaity 1 g jom ®

3 For apparatus for dong this see, for example, Rutherfor
Chadwick, J & Flls, C D (130}, Nawdu, B (1934 Hord, B,

4 Cp Zukls, RE (1036)
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thickness of the layer of tissue used If the layer 1s only a few
microns thick, then the total energy dissipation in the thin layer
1s divaded among £ rays of different energy n the manner shown
m Line 3, 1 which the effect of the slower £ rays 1s enhanced by

Taunte 5 Energy dmtnbution of 2 rays from Ra B4C

01- 025
B ray energy (e\MIV) 0-01 025 05 05-1 1-3 Total
Relative number of £ rays of stated 8 29 30 19 14 100
energy as percentage of total
number
Energy dissipation 1n thin layer of 21 40
tissue by # rays of stated energy
as percentage of total energy dis
eipation 1n the layer
Energy dissipation in thick layer of 1 10 22 27 40 100
tissue by 4 raya of stated energy,
as percentage of total energy dis
eipated 1n the layer

It
12
—
=3
-

100

the greater number of omzations they produce per micron path
If, however, a thucker layer 1s used, e g a layer of flud several
mm 1n thickness and kept stirred, the g-rays of higher energy
will become of more ymportance as shown in the fourth line

‘While the defimition of the roentgen does not contemplate 1ts
use for radiations other than X-rays and y-rays, an obvious ex-
tension would be to describe as 1 r of £ rays that dose which in
0001293 g of arr hiberates 10ns carrymg 1 esu of charge of
either sign Table 2 gives the energy dissipation in tissue corre-
sponding to 1 x of f rays defined 1n this way

a-rays

a-rays are the nucler of hehum atoms emutted spontaneously
by radioactive materials and also obtamable artificially with the
cyclotron Their range 1n tissue 1s very short and they are there-
fore generally only usable with materials obtamable in thin films
« rays produce many more 1omzations per micron path in tissue
than do electrons, and the comparison of the relative efficiencies,
per 1omzation, of electrons and a-rays 1s very valuable for testing
theories of the biological action of radiations Hence 1 experi~
mental work 1t 18 worth while going to considerable trouble to
overcome the expernnmental difficulties attendant upon the use
of this feebly penetrating radiation
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For irradiation of thin films of matenal by a-rays emitted from
an external source, polomurn serves as a convenient source Itis
prepared from old radon seeds; and emits c-rays of energy
5208 eMV with practically no other radiation a-rays of this
energy have a ranges: of about 39 m tissue of umt density

Alternatively, ‘active deposit’ sources may be prepared by
exposing a metal disk to radon s A source made mn this way de-
cays m a few hours and 1s only suitable therefore for short
exposures After the lapse of half an hour, required for the com-
plete decay of Ra A which emits less energetic « rays, the a-rays
emitted are those of Ra C’ which have an energy of 7 680 eMV
and a range: in tissue of umt density of about 71 This source
emits f-rays and y-rays as well as a-rays The 1omzation per umt
volume due to the £ raysis, however, only about 19, of that due
to the a-rays and that due to the y-rays 18 quite neghgble

Tapre 8 Ra C « particles
a ray energy at 34

Total ebsorber between source depth in tissue Relative 1on denaity
and surface of tissue n oMV at 3x depth
Iem aw 677 100
lem sir488u Al 552 113
lem awr4176px Al 403 142
lem ewr+26 41 Al 198 209

Experiments on the dependence of the effi y of a-rays on
their energy are most convenmently made by using an active de-
Posit source i conjunction with screens of aluminium foil «+ By
Passage through the foil the energy of the a-ray 1s reduced and
the 10n density (1e number of 1omzations per mucron path)
increased Table 6 gives data for the 1on density and « particle

1 For methods of preparation see for example, Rutherford, E,
Chadwick, J & Elhs, CD (1930), Whitaker, M D, Bjorksteadt, W &
Mtchell, AC G (1934), Kanne, W R (1937)

2 These ranges are calculated from the accurately known mean ranges
n awr and the relative stopping powers of air and water given in Table 12,
P 25 The measured ranges mn hquid water are Jower and may be wrong,
viz. Po 324 (Michl, W 1014)and Ra C 60z (Phulipp, K 1923) According
to Phalipp the range of R C’ « rays n water vapour corresponds to
67 at denuty 15 Jem 2

3 For apparatus for doing this see, for example, Rutherford, E,
Chadwiek, J & Ells, CD (1930), Nmdu, R (1934}

4 Cp Zukle RE (1935)
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energy after passage through various thicknessed of aluminium
foil

By an obvious extension of the defimtion of the roentgen, we
maydefine 1t of a-rays asthat dose which liberatesn 0 001293 g
of air 10ns carrymg 1 esu of charge of either sign Table 2
gives the energy dissipation 1n tissue corresponding to this dose

‘When the experimental materal 13 not usable 1n thin films,
two mothods exst for the hiberation of ¢ rays in the body of the
tissue, enabling o rradiation to be made without the necesaity
of employmng thin films The first method 1s to use radon gas
dissolved 1n the tissue by immersing the tissue n a solution of
radon 1n water enclosed n an air-tight vessel + The « rays are
emtted by the radon 1tself and by 1ts products Ra A and Ra C’
m equal numbers In addition, to every three a-particles
exmtted two £ rays are emitted, and 1f the tissue 13 thick enough
for therr complete absorption, as will ususlly be the case, the
total energy dissipation due to the f-rays 1s about 59 of that
due to the a-particlea -rays will usually add negligibly to the
energy dissipation Table 7 gives the data of the energies

TaBLE 7 ¢ and £ particles trom dissolved radon

Energy dieaipation in tissue contamning

1me of radon per g

Tomz
tron

Energy
Energy of particle plus ¢/ Ergs/g/ eV /10~ umts/ 10~
Particle Emutter  recod nucleusn oMV sec  sec = g fsec
aray Rn 5586
amy RsA 6 uo}

soc g

army RaC 7826

I
2

ray RaB 065 023
rey RaC 315 076

Max  Mean Mean
099 062 587 368 0630

The physical measurement will usually consist of the de-
termination of the radioactive content of the tissue i milheures
per gram Reference to Table 7 enables this to be converted
to energy dissipation i the tissue

A second methods of obtaiming a-particles liberated in the
bulk of the tissue 15 to impregnate the tissue with a palt of

1 See Grey L H & Read J (1942d) fora full account of this method

2 Cp Kruger PG (1940), Zahl P.A & Cooper, F 8 (1941)

[eer

19522 1059 1157 7223 1243 20 6

1L



PROTONS AND NEUTRONS 19

lithium or boron and uradiate with slow neutrons a-rays are
emitted as a product of the disntegration of the hthum or
boron by the neutrons Methods of dosimetry have not yet been
worked out

Protons and neutrons

Protons are hydrogen nucle: moving at high speed and are not
emitted by radioactive matenals but are obtamnable as a beam
from 2 cyclotron They have not as yet been used m biological
work, but should be usable with thin layers of tissue They grve
a number of 10mzations per micron path mtermediate between
electrons and a-rays, and should be valuable 1n the spme type
of experiment for which a-rays are used Defiming a roentgen of
protons as for a-rays the energy dissipation in tissue corre-
sponding to 1 r of protons 1s hsted in Table 2

In the same way that electrons already existing in the tissue
are projected at high speed when 1t 1s irradiated by X- or y-rays,
hydrogen nucle: already in the tissue are projected at hugh speed
ag protons when the tissue 1s wradiated by fast neutrons The
neutrons also cause the projection of carbon, oxygen and other
nuclel, and dissipate some energy 1n other ways, but most of
the energy they dissipate mn tissue 1s by the process of proton
projection

A roentgen of neutrons, if defined as the dose hberating n
0001293 g of air1ons carrying 1 e s u of charge, would not he a
very swtable umt for neutron dosimetry, since the mechansm
of 1onzation 1n air 1s by projection of nitrogen and oxygen, and
1 tissue mamly by projection of hydrogen nucler The factor for
conversion of 1 r defined 1n this way to energy dissipation
tissue would be several times greater than the factors for other
radiations, and would vary with neutron energy since the ratio
of the collmon cross sections of hydrogen and of the other gases
varies with neutron energy The disintegration of mtrogen by the
neutrons would also complicate the determination of the factor
These difficultres can be largely avoided by defining the umit of
neutrons mn terms of a material contaming a proportion of
hydrogen comparable to that in tissue To realize the unit ex-

penmentally 1t 15 y simply to the 1omuzation i
the air 1 & small chamber the walls of which have the appro-
priate content of hydrogen, the dimensions of the chamber bemng
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small enough, or the gas pressure low enough, to ensure that the
1omzation 1s almost entirely due to nueler projected from the
walls, and not to nucler onginating n the air

Actuited by these consderations, Gray: has proposed the
following umt for neutron dosimetry, provisionally designated
by the symbol 1v ‘The dose of neutrons at a point shall be v
when the associated corpuscular radiations produced in water
liberate in air 1 e su of charge of either sign per 0 001203 g of
air’ The energy dissipation m various tissues corresponding to
1v of neutrona has been set out 1 Table 2

The » umt used 1n Ameriea 13 an arbitrary umt based on the
reading given by a cc cial X-ray d ter (the Victoreen)
when exposed to neutrons It 1s believed that 1» umtequals25
v units, but the conversion factor varies shightly with different
instruments =

Neutrons used 1n biological work up to the present have been
obtamned from three types of generator

(a) A cyclotron employing the Be + D reaction with deuterons
of 8eMV or more

(6) An 10n tube employing the L1+ D reaction wath deuterons
of about 1 eMV

(¢) An 1on tube employing the D+ D reaction with deuterons
of about 0 3 eMV

Neutrons from any of these reactions liberate protons in tissue
with a vanety of energies The energy distributions given in
Table 8 are very approximate but may be used as a basis of
caleulation 3

A few expeniments have been reported m which biological
matenals have been rrradiated by slow neutrons  Slow neutrons

1 Gray L H (private commumcation) Gray L H (1944a}

2 Aebersold, PC & Lawrence J H (1942)

3 They are calculated as follows Smce the scattering of neutrons by
Pprotons 1s 150tropic 1 centre of gravity coordinates, 1t follows that of the
recoil protons produced by neutrons of energy o, the proportion which
are projected with energy between E, and B, 18 (Ex— Ey)/E,, while the
proportion of the total Tecail proton energy cartied by protons of this
range of energies 13 (K, — E3)/E,* The data of Bonner T W (1941) and
of Bonner, T W & Brubaker W 3 (1935, 1936) are used in caleulating
the various neutron energies E, ernitted by the different radiations The
D+ D neutrons are supposed observed 1n the direction of the deuteron
beam, the Li+ D and the Be+ D neutrons at right angles to the deuteron
beam
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have too little energy to 1onize by setting protons into motion
by sunple collision, which 1s the principal process by which fast
neutrons disuipate energy m tissue They are however captured
by the atomic nucler of vanous elements A nucleus which has
captured a neutron emuts an a-particle, a proton, an electron, or
a 7 ray depending on the element concerned From the theo-
retical pomnt of view there 15 not much mterest in studymg the

Tasre 8 Dustnbution of imtial proton 1 neutron

P

Deuteron Proton energy n eMV
energy  — “
Reaction meMV 0-1 1-2 2-3 3-4 4-6 6-8 8-10 10-12 12-14 Total

D+D 03 31 31 31 7

—_ = = — — 100
10 28 47 168 — — — — —_ 100

Li+D 09 51 19 12 4 [] 4 2 15 05 100
11 15 14 11 17 12 9 7 4 100

Be+D 8 12 12 12 12 22 19 9 — — 100
2 13 7 10 20 3l 16 —_ —_ 100

Of the two lines of figures given for each reaction, the upper hne gives the
percentages of the total number of protons which have mmtially the ndicated
energy and the lower line gives the percentages of the total proton energy
disgipated by protons of the indicated imitial energy

biologieal effect of slow neutrons, since the effects obtaned will
presumably be no different from those obtained when tissue 18
wraciated by « rays, protons, electrons or y-rays as the case may
be There may, however, be some practical importance attaching
to the use of slow neutrons, 1n that the tissue dose can be made
greater 1p one region than another by mmpregnating 1t with
Lthium or boron (see p 18)

Dosimetry

The roentgen 18 2 unit of dose mternationally accepted for
<y rays and X-rays, and capable of obvious extension to cover
most of the other 1omzing radiations, 1n the manner which has
been indicated separately for each radiation Tt 1s a umt chosen
primanly for convemence 1 physical measurement, and whils
1r of any radiation represents the same amount of romzation
in arr 1t does not always represent for different rachations the
same jomzation or energy dissipation in the tissue [t 13 neces-
sary therefore 1n companing the efficiencies of different radia-
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tions, to be able to convert roentgens into omization in tissue or
mnto energy dissipation 1n tissue There 13 no difficulty in principle
m converting roentgens into energy dissipation n tissue, and 1f
the elementary analysis of the tissue 18 hnown the conversion can
probably bé made with an error of less than 109,

The most obvious umt of encrgy to employ 1s theerg 11 of
v rays or X rays involves the dissipation of about 90 ergs/g of
tissue If we are concerned with the energy dissipated in a single
cell or smaller entity, an erg becomes an inconveniently large
umt, and 1t will be found more convement to emplpy the
electron volt, which1s 1 602 x 10-12erg Thus 1r of X-ory rays
18 about 60 eV /s of tissue Inview of the fact that 1t 1s common
physical practice to express energies of radiations i electron-
volts, this umt 1s probably the most convement to emgloy

Taste § Intercontersion of uruts of energy dissipation i tissue
1eV /10-1 g =1 602 ergs/g 5\
1 energy unit (Gray & Read
1 gram roentgen {May neord)==83 78 ergs
1 1omization per 10-1%
a ray proton or neutron=56 07 ergs/
X ray y ray or electron=52 07 ergs/g

As regards the expression of dosage mn terms of jomzation 1
tissue there 1s some uncertainty mn the conversion, since the
physical observations are in practice made on ronization of gases,
and 1t 13 necessary to assume without experimental confirmation
that the energy expended m the production of an 1omzation 1s
the same n tissue as m a gas The values we take to apply to
tissue are 32 6 eV per 1omization by electrons or X- or y-rays,
and 35 eV per mmzaf:lon by a rays, protons or neutrons, these
bemng the values commonly accepted for air

Gray and Read: suggest that when the effects of different
radiations are being compared, the doses be expressed in ¢nergy
units where by definition 1 energy-umit of any radation ds-
sipates the same energv n 1 g of the tissue concernedas 11 of
v rays dissipates in 1 g of water

Lhe gram roentgen: 1s the energy dissipated by 1t of y-rays
or hard X reysmn 1 g of arr

Tn most of what follows we shall express tissue dosage either
1n 1onizations or m eV /10-12 g of tissue (1072 g 18 the weight

t Gray LH Mottram JC Read J & Bpear F G (1040)
2 Mayneord WV (1940)
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of o cubie micron of water ) Table 9 makes clear the relation
between the vanous umts, and in Table 2 we have given factors
for convertmg doses measured 1n roentgens to any of the methods
of expressmg tissue dosage Likely to be employed It willbe
realized that although the factors are for convenience given to
four figures, the precision with which they are at present known
18 by no means so great

Primary fonization, ranges, and energy dissipation

The various 10mzing radiations we are considering all dissipate
therr encrgy by the passage through the tissue of either electrons,
protons or & particles These may be produced externally by a
radicactive or an artificial source, or they may be liberated in the
tissue as when the tissue 1s irradiated by X-rays or neutrons, or
18 impregnated with radon The pnncipal difference from the
theoretical point of view 1s that in the former case, when a film
of tissue thin compared with the range of the jomzing particle 1s
used, the efficiency of a particular part of the trach of the
1omzing particle may be determined, while in the latter case the
omzing particle 18 completely absorbed 1n the tissue and one
determines an average efficiency of the whole track

Electrons, protons and o particles pass through tissue 1n paths
which may be taken as straight for distances of a few microns,
though the bending of electron tracks as a result of scattering by
atoms 1s considerable over longer distances As the particle
traverses the tissue 1t loses energy as a result of collisions with
atoms, excitation or 1omzation of the atom struck resulting As
explained earlier, excaitation 13 probably of amall biological
importance compared with 1on1zation  As the 10omzing particle
slows down, the energy dissipation per micron path, and so the
number of jonzations per micron path (which we refer to as
ton density, or specafic tonszation), mcreases In Plate I are shown
Photographs: of electron, proton, and a-ray tracks showing that
the 1on-density1s greater for « raysand protonsthan for electrons,
and 1s greater for a slow electron than for a fast electron Thus
the 10n densmity mereases towards the end of an electron track

In Tables 10-13 ave given numerical data: of the range, energy

1 Seep 10,n 1 i

2 The sources of these and subsequent tabuluted data are deseribed
mn the Appendix
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tions, to be able to convert roentgens into 1onization 1n tissue or
nto energy dissipation in tissue There 18 no difficulty in principle
m converting roentgens into energy dissipation n tissue, and if
the elementary analysis of the tissue 15 known the conversion can
probably bé made with an error of less than 109,

The most obvious unit of energy to employ 1s theerg 1t of
y-rays or X-tays involves the dissipation of about 90 ergs/g of
tissue If we are concerned with the energy dissipated in a single
cell or smaller entity, an erg becomes an inconvenently large
unit, and 1t will be found more convement to emplpy the
electron volt, which 15 1 602 x 10-12 erg Thus 1 r of X~ or y-rays
1s about 60 eV [ of tissue In view of the fact that 1t 13 common
physical practice to express energies of radiations in electron-
volts, this umt 1s probably the most convenient to employ

Tapre § Interconveraion of umts of energy dissipation in tissue

1V jto-ttg =1 602 ergs/g BN
1 energy unit (Gray & Read) =93 12 erge/g
1 gram roentgen (Mayneord)=83 78 ergs
1 10mization per 10-U g
a ray, proton or neutron=>56 07 ergs/g
X ray ¥ ray or electron=52 07 ergs/g

As regards the expression of dosage in terms of 10mzation 1n
tissue, there 1s some uncertainty in the conversion, since the
physieal observations are m practice made on romzation of gases,
and 1t 18 necessary to assume without experimental confirmation
that the energy expended 1n the production of an jomzation 1s
the same 1n tissue as 1n a gas The values we take to apply to
tissue are 32 5 eV per 10mzation by electrons or X- or y rays,
and 35eV per mmzaf.lon by « rays, protons or neutrons, these
bemg the values commonly accepted for ar

Gray and Read: suggest that when the effects of different
radiations are being compared, the doses be expressed n energy-
unifs where by defimtion 1 energy umit of any radiation dis-
sipates the same energy in 1 g of the tissue concerned as 1t of
¥ rays dissipates mn 1 g of water

The gram roentgen = 18 the energy dissipated by 1r of y rays
or hard X-rays mn 1 g of air

In most of what follows we shall express tissue dosage either
1n 1omzations or 1n eV [10-12 g of tissue (1022 g 18 the weight

1 Cray LH Mottram J C, Read J & Spear F G (1940)
2 Mayneord W V (1940)
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of prumary
per micron of path m tissue of d

p! d by
ensity 1 g jom ¥

25

Pnmsary Electron  Pnmary Electron Primary
1008 Per A energy  10mS per 4 energy  10m8 per
1ons8/p ehV 10ns/p okV 1008/
1697 25 9501 275 1270
1208 325 81 82 35 10 38
780 1 375 7196 45 8452
5838 45 61 09 55 7 206
409 5 55 50 99 85 6332
3942 65 43 86 75 5 885
3406 78 38 64 85 5186
3006 85 34 41 95 4790
269 2 95 3190 105 4603
2441 106 2921 1156 4202
2145 115 26 96 135 31786
1851 125 25 06 185 3349
163 0 135 2343 195 3048
1459 145 2201 225 2 846
1321 175 1870 270 2 5692
1134 225 15 06 330 2382

380 2241
450 2166
xp xp xp

For tissue denaity p g fem ? multiply the figures given by p as indicated at
the foot of each column

Taere 12 Range energy dwsipation, and number of primary jonizations
produced per micron path mn tissue by « particles

Tissue path
equivalent to
1mm arat

ener; per  of tissue  0° & 760 mm
peri g oKV ju

« pa

Enes
rticle dxsslp;gm

1 2639
2 1761
3 1346
4 1101
& 9377
8 8201
7 7310
8 66 09
9 60 41

10 8571

5 298¢ (Po)

5 4860 (Rn)

59981 (Ra A)

76802 (RaC)

Xp
Above
should by

beam

—-P

igures apply to tissue of density 1 g fom
e multiplied or divided by p s.s{ndxgcnted

the curved
duced fro

Primary
Range m 10n1zations
tissue per g tissue
’ 10n8/p
53 5207
101 2883
168 2031
251 1582
352 1301
470 1109
603 968 0
7556 8605
916 775 4
108 4 706 4
389
411
470
708
-p xp

3 For density p g fem ? they
at the foot of each column

path 1s Bome 409, greater than the extrapolated range de
™ messurements on the pepetration o: foils by an electron



24 PHYSIOAL PROFFRTIES OF RADIATIONS

dussrpation, and number of omzations produced per micron path
by the three types of 10mzing particle, for vanious energies of the
particle None of these data are kmown as accurately as one
would wsh, and the uncertanty attaching to the number of

Tasre 10 Range and energy dissipation per micron by electrons m
tisaue of denmity 1 g ?:m :

Electron _Energy Electron _ Ene:
en dismpation Range enex‘-,gy dmmvt on Range
el ekV [u B ok okV [ »
01 3323 000301 9 2436 2089
015 3159 0 0045 10 2208 2517
02 2871 0006822 1 2133 2969
03 23 88 001005 12 1993 3455
04 2084 001455 13 1873 3972
(3 18 62 001983 14 1788 4 522
08 1684 002528 15 18674 5104
07 15 40 003150 20 1339 8484
08 1417 003828 25 1127 1255
09 1320 004589 30 0 9803 1732
10 1233 005344 40 07811 28 82
12 10 94 007068 50 06698 42 69
14 9 859 008998 80 0 5879 58 66
18 8991 01112 70 05280 7663
18 8218 01344 80 04824 98 47
20 7680 01595 90 04462 1180
25 6533 02304 100 04170 1412
30 5710 03124 110 03929 1880
35 5086 04054 120 03727 1921
40 4598 0 5089 150 03278 2781
5 3872 07488 180 02976 3743
8 3359 1025 210 02769 478 9
ki 2 9156 1342 240 02602 590 7
8 2678 1897 300 02381 8320
360 02239 1092
420 02142 1368
480 02073 16861
xp -p xp P

For tusue of denmty p g femn ¥ multiply or divide the figures given by p as
indicated at the foot of each column

primary 1omzations per micron 18 considerable, since one has
reelly very httle mnformation concerning the production of
10mization m solids and hiquids The range meant 13 the distance
travelled by & particle of energy ¥ 1n being ‘brought to rest, and
18 measured along the curved path s The energy dissipation 13
1 Inthe case of electrons the paths of which are by no means straight

tins range 19 not the same ay the maximum penetration of a sheet of
absorber According to Willams EJ (1930), the range measured along
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The range of a slow electron of + hundred volts or 5015 only & few
millimicrons (Table 10), and the secondary 10mzations produced
by this secondary electron are therefore produced close to the
primary 1omzation and with 1t form a cluster of 1omizations In
Plate In the larger droplets are condensed on unresolved
clusters of 1ons The relatiy e numbers of clusters of different sizes
are given 1n Table 14+ a-rays and slow protons produce their

TasLE 14 Frequency of 10n clusters containing various numbers of iomzations

No of 10omzations 1n the cluster 1 2 4 >4 Total
Frequency of cluster of thissize 043 022 012 0190 013 100

primary 1omzations at such close intervals that the successive
clusters overlap and lose their individuahty, forming a column
of ;onizations rather than a series of discrete clusters {Plate 14, B)

Occastonally the electron ejected at a primary 10mization has
an energy of several hundred or even thousand electron volts
It 18 then able to travel an appreciable distance and produce
large number of 1onizations vn 1ts own account The secondary
electron thus forms a separate track branching off the mam
track, and 15 called & ¢ ray Plate Ta shows & rivs branching
from an « ray track Nearly half of the total number of 10mza
tions produced by the primary particle, whether 1t be electron,
proton, or @ ray, are found in § rays of energy exceeding 100eV
The other half of the total number of 10mzations are distributed
among the 1solated primary romzations and the clusters of two
or three 10mzations

Since drays are slow electrons, they have an ion density
greater than that of a fast electron and less than that of an
a-particle It follows that the total range of all the 6 rays
branching from an « ray track actually exceeds the range of the
a-ray atself, but the total range of all the é-rays branching from
an electron track 1s only a small percentage of the total range of
the primary electron  In Table 15 are given numerical data of the
total range and total number of 10mzations produced by ¢ TRysa
of energy exceeding 100 eV

drays turn out to play a rather mmportant part in certamn
biclogical actions of radiation (see especially Chapters 11 and vir),

1 Experimental observations of Wilson, C TR (1923}
2 Including tertiary electrons, 16 & rays produced by & rays
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computed i electron kalovolts per micron path and refers to a
particle of the stated encrgy E, and 1s not the average over all
the energes between E and 0, thi average if desired can be
found by dividing the energy E by the range The number of

TABLE 13 Range energy dismipation, and number of prumary jonizations
produced per micron path in tissue by protons

Tissue path
Energy equivalent to Primnary
Proton dissipation  1mm awrat  Rangemn somzations
energy per g of tissue 0°& 760 mm tissue per g tissue
oMV ekV /. 3 " 10n8/p
1 2769 1088 23 3082
2 16 65 1100 73 2170
3 1220 1108 147 1518
4 9742 1109 241 177
5 8164 1112 355 06 56
8 7058 1113 488 8213
1 6236 1115 842 71 63
8 5 599 1116 813 63 62
9 5089 1117 1004 5731
10 4672 1118 1211 5219
xp -p -p xp

Above figures apply to tissue of density | g fom * For density p g fem ? they
should be multiplied or divided by p as indscated at the foot of each column

primary onizations per micron 1s similarly for the particle of
energy E and not an average for all energies between ¥ and 0

By prumary 10mzation 1s meant an 1omzation caused by a col-
Lsion of the primary particle (electron, proton or a particle) not
cluding secondary iomization produced by & rays, which we
shortly proceed to discuss The figures given 1n the tables are for
a tissue of density 1 g /om @ and need to be multiplied or divided
by p for a tissue of density p as indicated n the tables

Secondary ionization, clusters, and 8-rays

At each primary 1omzation an electron 1s ejected by colliston
of the primary particle (electron, proton or @ ray) with an atom
of the tissue Often thus electron 1s ejected with insufficint
energy to make any 1omzng collisions on 1ts own account, and
ultimately attaches stself to an atom to form a negative ion, the
attachment being, however, probably without any brological
significance (see p 2) If the electron 1s ejected with rather
more energy 1t may produce & few 1omzations onits own account
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0 4011
0 2657
01576
01113

008570
006942
005817
004984
004366
003871
003299
002743
002338
002029
001786
001467
001155
0009588
0007862
0006689
0004725
0003724
0003006
0002468
0002052
0001722
0001454
0001233
0001047
00008887
00007517
00004227
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02326
01546
009215
006543

005060
004117
0 03465
002987
002622
002334
002001
001677
001440
001259
001117
0009287
0007440
0008168
0005240
0004534
0003340

0001938
0001674
0001482
0001289
0001145
0001024
00009205
00008314
000006858
00004429
00002944
00001937
00001541

0 00003168

Xttt

192

01442
009600
005740
004087
003169
0025868
002182
001885
001859
001480
001274
001072
0009245
0008118
0007229
0006055
0004898
0004099
0003515

0 003069
0002313
0001919
0001632
0001413
0001242
0001103

0 0009600
00008945
00008140
00007449
0 0006850
0 0005865
00004195
00003158
00002457
00002186
00001422
000009512
000006294
000003890
000001929
000000172

IR

384 ekV

olo12

0006738
004036
002880
002236
001826
001543
001336

001177
001052

0 003065
0 007651
0006614
0005822
0005107
0004370
0 003356
0002992
0002570
0002264
0001728
0001448
0001243
0001086
00009631
00008636
00007818
00007129
00006544
0 0006042
0 0005595
00004883
00003648
00002871
00002338
00002130
00001537
00001167
000009152
000007334
6 00005962
000004495
000003678
000003010
000002450
000001971
000000837

xp
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Tasty 16 & rays exceeding 1006V energy produced by
! protons and a p

Electrona a particles Protons
A Al Ls A al r % 2l
5 M “
T B i
H ¥ g
& ig E7 g Lo &g a ? E.g &g g
g BE  ac§ g £ oast g8
g (o &n v Em- 8 g 8
g ds Ao i [ ol o ) oB )
Q Q o
3 ef 3 B mg °% 2 na sg
O I L I I B B
B oER %8E 8 «& Z8A wh AT
ekV M oMV 3 oMV B
05 0084 0225 1 252 0718 1 0392 0-905
18 0060 0504 2 201 0832 2 0308 0056
3 0048 0597 3 173 0879 3 0270 0-978
8 0038 0612 4 156 ¢ 907 4 0238 0981
12 0031 0734 5 144 0925 [ 0219 1008
24 0028 0780 [ 138 0939 8 0203 1013
48 0022 0802 7 129 0950 10 0193 1018
98 0022 0856 8 123 0059

TasLe 16 & ray production by electrons in tissus

The table gives the number of & rays of energy exceeding ¥ produced by &
primary electron of energy E per mucron path in tissue of denmty I g fem * For

tissue denaity p g /em ¥, multiply the figures by p as indicated at the fost of the
columns

E 06 15 3 6 12 ekV
ekV
1433

01 1850 8175’ 4 964 2662
015 7382 5191 3103 1712 09364
025 — 2475 1650 0 9809 08412
035 — 1380 1050 08448 03734
045 —_ 08203 07283 04723 02809
055 — 04668 05308 03643 02226
065 - 02131 03982 02910 01825
0176 _— — 041 0 2381 01534
085 — — 02343 01984 01314
085 — — 01799 01676 01141
11 — —_ 01167 01328 009432
13 — —_ 005328 009958 007532
15 —_ — — 007602 008165
17 —_ pu— — 005858 005137
19 —_ —_ —_ 004497 004339
2925 - — 002695 003300
— — —_ 000817 002327
g ;g —_ -_— e 001664
318 —_ - —_ 001202
425 _ — -_ e 0008466
55 —_ — — —_— 0002120
65 — — — - -
xp ®p xp xp xp
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It 13 also sometimes necessary to know the number of omzing
particles (electrons, protons or « rays) which cross each square
micron of tissue irradiated by a given dose, or what amounts
nearly to the same tlung, the total path length 1 microns of all
the 10mzing particles which are liberated mn 1z* of tissue, or
which traverse 142 of tissue This mformation 1s also provided
1n Table 18, the calculation utihzing the range energy and J ray
data given n the present chapter

TasLe 178 & ray production by protons in tissue

Number of & rays of energy exceeding W produced by a proton per micron
path 1n tissue of denmity 1g jem ? For denmity p g /em * multiply by p

W
ekV

oo
L

G o

AT B LILIRD 4D b et
Pepepes

-
R OO
it e Ao

e

175
195

o
s

Proton energy {in eMV )

1 2 3 4 6 8 10
30 58 15 66 1052 7921 5301 3984 3191
19 90 1032 6 959 5250 3 52 2648 2122
1135 6042 4110 3113 2096 1580 1267

7 085 4211 2889 2197 1485 1122 09011
5 650 31983 2211 1689 1146 08673 06976
4 355 2546 1779 1365 09304 07055 05681
3458 2097 1480 1141 07810 05934 04784
2 801 1769 1261 09764 06714 05112 (4128
2298 1517 1003 08507 05876 04483 03624
1901 1318 09810 07514 05214 03987 0322

1441 1089 08076 06364 04447 03412 02707
09923 08645 06582 05243 03700 02852 02318
06638 07001 05486 04421 03152 02441 01990
04122 05744 04648 03793 02733 ©212 01738
02137 04752 03986 03207 02402 01879 01540

— 03440 03112 02641 01985 01651 01277

— 02145 02248 01993 01533 01227 01018

_ 01248 01651 01545 01234 01003 00839

— 00591 01212 01216 01015 Q0838 Q0707

— 00088 00877 00965 00848 00713 00607

— — 00306 00538 00562 00498 004

— — 00007 00312 00413 00386 0 03322

— — — 00148 00303 00304 002801

— — — 00022 00219 00241 002298

— — - - 00153 00192 001901

- - —_ -— 00100 00161 001580

- - — _— 00055 00118 001314

— — — 00018 00090 001091

- - - - — 00067 000901

= - - - —~ 00046 000737

- - = - —~ 00028 000595

- - -~ — 000358

_ - - = — —_ 000171

_ _ - - - —_ 000053

xp xp xp xp xXp xp xp
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and 1t 18 necessary to have adequate data of their number
and energy Tables 16 and 17 give for varous energies of elec
trons, protons and a rays tho number of & rays produced per
mucren path in tissue of density 1 g fem 3 If the actual tissue
density 18 p g fem 3, then the number of & rays produced per
maicron path 1s p times greater than in Tables 16 and 17

Taste 174 & ray production by a rays in tisaue

Number of & rays of energy exceeding W produced by an & particle raicron path i
tissue of denaity 1g jem ? Fordenmty pg /cﬁl 4 multxplz byp pe per

W a particle energy {in eMV )
kv 1 2 3 4 5 ] 7 s 10
01 4164 2314 1595 1215 9815 8231 7087 6222 5001
015 2468 1466 1029 7908 8420 5401 4661 4099 3303
025 1108 7864 5789 4513 3703 31338 2721 2402 1044
035 5260 4963 3818 3057 2539 2167 1889 1874 1362
045 2026 3336 2740 2249 1892 10628 1427 1270 1039
055  — 307 2054 1734 1480 1285 1133 1012 8332
066 — 1585 1580 1378 1196 1048 9298 8343 8907
076 — 1072 1231 1117 9865 8737 7805 7037 5862
08  — 6720 0640 D173 8267 7406 6664 6038 5063
095 — 35756 7548 7596 7006 6354 5763 5250 4432
11 —_ — 5108 5768 5544 5136 4718 4336 370
13 - — 2735 3087 4110 3045 3701 3446 2989
15 — - 0993 2681 3074 3078 2954 2793 2468
17 — - 1682 2275 2412 238 2203 2067
19 - — — 0894 1644 1888 1633 1899 1751
226  — - —_ — 0810 lIsl 1337 1378 133
27— — - — — 0505 0749 0863 0923
325 — — — — — 0031 0342 0507 0638
375 —_ -_— —_ —_ —_ —_— 044 0246 (0429
425  — — - — — — — 0046 0269
55 — — - - — — — — —
xp xp xp xp xp  xp  xXp  xp  xp

Number and total range of jonizing particles per unit volume
of tissue

It 18 sometimes necessary to know the number of 1omzing
particles generated per umt volume of irradiated tissue, 1e the
number of electrons projected (by photoelectric or Compton
effect) m umt volume of tissue by a grven dose of X or y-rays
or the number of protons set mto motion per umt volume of
tissue by a given dose of neutrons Table 18 provides the neces-
sary data The calculations have been made for a ‘wet tissne’ of
the composition assumed on p 7, and are based on the numerzcal
data given m Tables 2, 3 and 8




Chapter II

CHEMICAL EFFECTS OF IONIZING RADIATIONS,
AND POSSIBLE MECHANISMS OF
BIOLOGICAL ACTION

The ionic yield

Experiments have been carmed out on the chemical effects of
10mzing radiations: on pure substances m the gaseous, iquid and
solid states, and also on solutions, particularly aqueous solutions
Gaseous reactions have usually been studied using e-rays, radon,
etther mixed with the gas or else sealed in a thin-walled bulb at
the centre of the gas, being the source of the rays Some expen-
ments have been made with X-rays, cathode rays and f-rays,
but there 15 much less information than one would hke on the
relative efficiency of different radhations, and this 1s at present
one of the most urgent requirements With the doses which 1t1s
practicable to give wath X-rays, the percentage of the reactants
which undergoes chemical change 18 usually small In the
absence of complications, such as back reactions, the amount of
chemical change then 1ncreases i direct proportion to the dose,
and the yield of the reaction 18 most convemently expressed as
the number of molecules of a specified substance formed or
destroyed per 10n-pair produced, a ratio conventionally repre-
sented as M/N

Other methods of representing the yield are sometimes
found mn the hiterature If the energy of the radiation absorbed
1 the irradiated material has been measured calorimetncally,
the yield may be given s gram-molecules reacting per klogram-
calorie If it has been measured by the complete absorption of
aknown number of romzing particles of known energy 1t may be
expressed as the number of molecules reacting per electron-volt
of energy absorbed If radon 1s used as the source of radiation
the y1eld may be expressed as gram-molecules reacting per milh-
curne of radon disintegrating, or as cm 3 of gas reacting per mili-
curie of radon disintegrating In X-ray experiments on dilute

:.l Sometimes referred to as radioch ! n dist
toch ’

from

P T d by wisble and ultre violet hght

Eeneral references to this subject are Lind, S C (1928), The Chemucal
flecte of @ partrcles and Electrone, Allsopp CB (1944)
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TAnLr I8 Numbera and ranges of jonuzing particles per 4 por 1000 7
n wet tissuo of umt denmity

Numberd of olectronst  Combined range in g of all

Wave length projected per the electrons (including
A #?per 1000 ¢ & rays) per uf per 1000 ¢
¥ raya 00152 oIn
Xrays 0 0800 196 360
01018 453 300
03033 431 362
04853 352 274
1564 670 1083
418 261 530
832 373 286

1 Recoil plus photoolectrons

Combuned range 1n s of all
the 1omzing particlea per
#? per 1000 v umts
Deuteron No of protons ———————A————\

ener projected per Protons

eMV p'per 1000 v units Protons  &rays -2 reys
Neutrons Li+D 09 00293 405 115 520
D+D 03 00364 227 085 312

Combined range m g of all the
1onizing particles traversing the
tisaue, per x4 per 10001

Energy & rays
eMV @ rmys & rays +8 rays

1 027 067 094

2 039 077 116

3 050 087 137

a ra.})l'! h(u’xl;&dmtmg thin layer wut 4 ¢ 61 a9s5 156
which the a rays are not com

pletely absorbed) H o 1os 4

7 091 116 207

8 100 123 223

Range in g per u* tissue
—

aays of Rn+RaA+RaC completely « rays
absorbed (1e radon in solution) @ rays & rays +8 rays

per 1000 r 056 092 148

per sec for 1 cune radon present per 59 97 156
em ? tiasue

forl g of radon disintegrated per em * 28 i6 74

tissue
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experiments), and of the probable fate of excited molecules (from
absorption spectra and photochemrcal studies) The following
account describes the processes contributing to the total yield in
typreal gas reactions
When an a-particle or a fast electron passes through a gas,
energy 18 dissipated partly by 1omzation and partly by excitation
or direct dissociation of the molecules with which 1t collides, the
energy dissipated 1n tomzation usually bemng of the order of one-
half of the total energy Inaddition,a small fraction s converted
directly into heat by elastic collisions  Excitation often leads to
the dissociation of the excited molecule, erther spontaneously or
when the excited molecule makes a collision with an ordinary
molecule Thus, following exatation, H, may dissociate nto
H+H, COinto C+0O These products, hiberated i atomic form,
are then likely to take part in chemucal reaction
The process of 1omzation of a gas molecule usually does not
directly cause dissociation Thus m CO, at low pressure the
positive 1on CO? 1s more coprously formed than CO* or C*, and
m hydrogen the 1on H 1s more copously formed than HY
When the positive 10n 1s neutralized by colhision wath either an
electron or a negative 1on, a large amount of energy 15 set free,
and this almost always results 1n dissociation : The final result
of posttave 10n formation 1s thus the dissociation of the romzed
molecules, the free atoms hberated probably taking part in
subsequent chemical reaction
The electron which 1s projected from the molecule when
1omzation occurs may be fast enough to 1omze and excite on its
own account, and the chemical changes so caused will not differ
from {hose following 1omzation and exeitation by the primary
particle  Some electrons will be ejected with nsufficient energy
for 10n1zation or excitation, and all will eventually be slowed
down In some gases, eg pure mtrogen, carbon monoxide
carbon dioxide, neutral gas molecules have very little electron
affimty, and the slow electrons therefore remamn free until they
collide with and neutralize o positive 1on  In other gases such as
oxygen the electrons form negative 1ons, e g O; The energy of
1 If, however, the positive 1ons are neutrahized on a surface, as when
an electrically charged plate 1s mtroduced into the hamb.

then the molecule can get rid of the energy set free at, neutralization, andt
dissociation may be avoided (Smth, C & Essex, H 1938)
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aqueous solutions the yield 1s sometimes expressed in terms of
micromoles reacting per 1000 r per litre of solution

To convert these units into molecules reacting per 1on-parr, 1t
18 necessary to know the mean energy dissipation per 1onization

Tasre 19 Cc factors for yields in radioch \

reactions as M/N values (molecules per 10n pair)

Molecules per jon pair

X rays f rays
« Tays cathode rays
1 gram molecule per kilogram calone= 807 749
1 molecule per elsctron volt = 5 25
1gram molecule per milhcurie of radon
disintegrated = 580x10' —
1 m] gss at TP per millicune of
radon v:lmu'negl'tmadpe = 259: —
1 micro mole per 1000 r per kitre 1n
dilute aqueous solutions '
Soft X raye 03-05A = -— 038
Hard X rays and y rays = —_ 034

T Assuming that the & rays and £ rays and recoi! nucle: from the dimintegra.
tion of Rn, Ra A, Ra B Ra C, Ra C are all completely absorbed in the rescting
system This will be sufficiently nearly true when the radon 1s dissolved 1n &
liqud p ding 18 made for th of the radon between the
Lqud and any gas space ;n communication with 1t For gas reactions the

1 1 Bince B prop of the a particles are
absorbed in the walls, either of the radon bulb or of the ges contamer, thus
causing the factor to be greater than that given For the method of caleulation
1 these cases see Lind 8 C (1928}

In Table 19 this has been taken to have the value vahd for air,
viz 35eV per 1on pair for « rays and 32 5eV per 1on parr for
electrons If the actual figure 13 known for the substance being
used, say W eV per on pamr, then the conversion factor given
1n the table should be multiplied by W/35 for a-rays and W/32 5
for X-rays, cathode rays and £ rays

Gas reactions:

The reactions which are best understood are simple gas reac-
t1ons 1 which either the decomposition of a single gas 1s studied,
or the combination of two gases The interpretation of gaseous
reactions s helped when information 1s available of the types of
positave and negetive tons formed (from the mass spectrograph),
of the 1omzation and excitation potentials (from electron impact

t The of the induction of ch 1 change in gases
o d by 1omzing rad d in this section was proposed

by Eyring M Hirschfelder J O & Taylor HS (19364 b)
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1s hisble to occur, and m wlich therefore the yield obtaned 1s
Iikely to depend upon the experimental conditions

Tasrr 20 Tome yields (V/DM) 1n gas reactions

Cathode Ultra violet
Reaction arays X rays orfrays light
NH, decomposition 1377 — 1204 02-0318

0802 — —_ —
1163 — — _
NH, synthesis (including 02-033 — ~0 26 -—_
hydrezine) 0283 — — —
N,0 decomposition 1 7; — 397 119
44 — —_ —_
HBr synthesis {great excess H,) 2910 269 — —
HI decomposition ~f1 802 — 2w

C,H, polymenzation 2073 — 2012 9o
0, from O, 2251 — 2213 231
H,0 vapour drcomposition 00397 1316 — _
€0, decomposition 00z —_ 0041 123

1 Smith ¢ & Essex, H* (1938)

2 Wourtzel, E (1919)

3 Jungers J C (1932)

4 Gedye G R & Allibone T E (1930)
5 Lind § C & Bardwell D C (1928)
6 Gedye G R & Allibone T E (1932)
7 Gedye GR (1931)

8 Kolumban A D &Essex H (1940}
9 Gunther, P & Lewhter, H (1936)
10 Ling, 8 C & Livingston R (1936)
1I Brattam K G (1038)

12 Mund W & Jungers JC (1931)
13 Lind, 8 C, Bardwell D C & Perry

JH (1926)

14 Lind S ¢ & Bardwell D C (1929)

15 Busse W F & Damels F (1928)

16 Gunther P & Holtzapfel, L
{1939a) {excess of xenon present)

17 Duane W & Scheuer O, (1913)

18 Wug F O (1935)

19 Noyes W A {1937)

20 Lewis B (1928)

21 Lind 8 C & Laivingston R {1932)

2z Vaughan W E & Noyes, WA

(1930)
23 Groth VW (1937)

Ligmds and sohds

Radiochemcal actions 1n liquids and selids and solutions are
less well understood than n gases, but are of more importance
biologically  As regards pure liquids and solids, data are rather
meagre Kailan: has determined the 10nie yield for a number of
organic hquids exposed to # and y rays and finds values ranging
from 0 1 to 8, that 1s to say, much of the same order as for gas
reactions Lind and Ogg: state that the 1onie yield for decom
position by a-particles 1s approximately the same 1n hgud and
n gaseous HBr

Enzymes irradiated in the dry state by X-rays are mactivated
Fig 14 shows the proportion of ribonuclease remaining active as

5
an:i Et;:c;l;sie Nan Lnd S C (1928) The Chemucal Effects of & particles

2 Lind 5C & Ogg EF (1931)
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A number of photochemical decompositions have been
tudied in both the hquid and gaseous states: In some cases
eg decomposition of H1) the yield per ultra-violet quantum
s approximately the same, but cases are hnown (e g the decom-
bosition of ammoma) 1n which the yield 18 much less i the
1quid state

Solutions

As regards reactions n solutions, analogy between photo-
chemical and radiochemical reactions 1s not very profitable In
studying photochemical reactions, a solvent 13 usually chosen in
which the absorption of ultra-violet light 13 neghgible by com-
panson with 1ts absorption 1n the solute, so that the energy of
the radiation 15 pnmanly liberated 1n the solute molecules only
In such solutions 1t 13 often found that the quantum yield for
decomposition of the solute 1s rather less than for the decom-
position of the same substance in the gaseous state This 1s
Plausibly explained: either by recombination of the atoms or
radicals resulting from the dissociation being facilitated by the
caging effect of the solvent molecules, or by collisions between
solvent molecules and excited solute molecules removing from
the latter sufficient vibrational energy to prevent decomposi-
tion

With 1omzing radiations, however, 1t 1s not possible to use a
non-absorbing solvent, and to a first approximation the relative
amounts of energy dissipated 1n solute and solvent are propor-
tional to the masses of each present Consequently mn a dilute
solution the number of molecules of solute directly 10mzed or
excited by the radiation 1s very small compared with the number
of solvent molecules 10nized or excited There 18 thus the poss1-
bibity of an indirect effect on the solute, either due to trans-
ference of energy from excited or 1omzed solvent molecules, or
due to chemical change occurring 1n the solvent and the products

affecting the solute Photochemical reactions are hnown in

which a non absorbing component suffers chemical change as a

result of the absorption of the Lght m an absorbing substance,

which may itself be unchanged and merely hands on the energ;
I Cp Dickinson RG (1935 1938)

2 Fi ¢
-y (T'.!Tll; J & Rabmowitsch E (1934), Atwood, K & Rollefson
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a function of the dose of radiation + The 10mic yield 1s approxi-
mately unity

It appears, therefore, from the somewhat himited amount of
deta available, that, as in gas reactions, the typical result of

Percentage unchanged
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Dose of \ rays

Fio 1 Linear and exponential dose relations A 1nactivation of nbonuclease
(dry Lea Gemith Holmes & Markham) B oxidation of ferrous sulphate
(10-3 M Fricke & Morse) C of 4
(12x10-4 M Freke & Petersen)

wrradiating substances mn the solid and hiquid states1s decomposi-
tion at the rate of about 1 malecule per romzation It 1s notable
that this ssmple result holds as w ell for a protemn molecule as for
a simple morgame gas molecule

1 Les DE Snuth h M Holmes B & Markham, R (1944)
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A number of photochemical decomposttions have been
studied 1n both the hqud and gaseous states: In some cases
(eg decomposition of H1) the yield per ultra-violet quantum
18 approvimately the same, but cases are known (e g the decom-
position of ammonia) 1 which the yield 1s much less m the
hquid state

Solutions

As regards reactions 1n solutions, analogy between photo
chemical and radiochemical reactions 1s not very profitable In
studying photochemical reactions, a solvent 1s usually chosenn
which the absorption of ultra violet hight 1s neghgible by com-
panson with 1ts absorption in the solute, so that the energy of
the radiation 18 pnimanly liberated n the solute molecules only
In such solutions 1t 18 often found that the quantum yield for
decomposition of the solute 15 rather less than for the decom-
position. of the same substance 1n the gaseous state This 1s
plausibly explaned: either by recombination of the atoms or
radicals resulting from the dissociation bemng facilitated by the
caging effect of the solvent molecules, or by collisions between
solvent molecules and excited solute molecules removing from
the latter sufficient vibrational energy to prevent decomposi-
tion

With romzing radiations, however, 1t 1s not possible to use a
non-absorbing solvent, and to a first approximation the relative
amounts of energy dissipated 1n solute and solvent are propor-
tional to the masses of each present Consequently in a dilute
solution the number of molecules of solute directly 10mzed or
excited by the radiation is very small compared with the number
of solvent molecules 10nized or exaited There 1s thus the possi-
bility of an indirect effect on the solute, either due to trans-
ference of energy from excited or 10mzed solvent molecules, or
due to chemieal change oceurning in the solvent and the products

affecting the solute Photochemical reactions are hnown in

which a non absorbing component suffers chermecal change as a

result of the absorption of the Iight 1n an absorbing substance,

which may itself be unchanged and merely hands on the energy
! Cp Dickinson R G (1935 1938)

2 Franck J & Rabmowitsch, E (1934), Atwood K & Roll
GK (1041 s clefeor,
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1t absorbs We shall not bo surprised to find thst mosz radio-
chomical reactions in difute solution are b 1
change i the solute occnrring as the result of wmzation and
excitation n tho solvent molecules Direct exaitation or iomza
tion of the solute, when it oceurs, will no doubt also Jead to
chemcal change, but since the number of direct solute somza-
tions and excitations mn a dilute solution 1s very small compared
with the number of romzations and excitations of golvent mole-
cules, direct action wail be neghgible unless the probability of an
tonized or exaited solvent molecule causng change in a solute
moleculo 13 small The evidence 13 that tins probability 1s qute
hagh when water 18 the solvent

Decomposition of water

There nre still some obscunties coneernipg the production of
1 ge by radiations in water tself There 13
agreement that i 1ce at hquxd awr temperature the 1ome yield 13
low Tt 18 not clear whether appreciable decomposition occurs
n the vapour state (cp Table 20) As regards the hqumd state,
1t 18 agreed that the irradiation of ordmary water not specially
fied and de-aerated leads to d posstion with the produc
hon of H, and O, gases and the formation of some H,0, With
moderate doses of radiation not much oxygen 19 hiberated as 1
to be expected in view of the H,0, formation The concentration
of H,0, does not, h , increase indefinitely, and with larger
doses of radiation the reaction proceeds according to the equat
2H,0 = 2H,+ 0O, Theonic yreld of the reaction, estimated as the
ber of molecules of H, produced per ron-pasr, 13, for both
o rays: and X-rays, about 10 The ywld of H,0, dunng the
early stages of the reachon wth X-raysis about 1 raolecule per
wn-pare + If & small y of a reducible subst, 18 t
m solution, oxygen but no hyd.rogen wiil be evolved, while 1f an

I 005, the products of decomposstion bemng 2H,+0.. Mcordmg to

Duane, W & Scheuer O (1913 sl p g
to Gdnther P & Holtzapfel, L (19396)
2 The of H,O, by tion 18 rapid, and meteases with

Hy!
mereasng }!.0, concentration (Fnckn H {19350))
3 Lenmng, F C & Land, S C (1938) give 0 87, Nurnberger, CE (1934)
gives 678 Dusne W & Hicheuer, O (1913} give 106
4 Fricke, H (1834a) gives 0 8 molecule por 1on parr af acid pH, 0 4
at n‘kllma pH Clark,GL & Cos WS (1837 gwe 08 at acid pH
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oxidizablo substance 1s present, hy drogen and no oxygen will be
evolved

The behaviour of carefully punified water freed from dissolved
oxygen 13 different from that of water not free from oxygen, and
the various experiments which have been reported are difficult
to reconcile It has been stated= that no hydrogen and oxjygen
are produced when gas-free water 1s uradimted by X-rays
A recent experiments with X-rays, however, reports a yreld of
about 1 hydrogen molecule per 1on-parr Experiments with
« rayss and g-rayss, nsing larger doses, also give an evolution of
gas, but the yield appears to be lower than 1 molecule per ton-
pair

It seems to be established that the production of H,0, m
mradiated water requires the presence of dissolved oxygen This
was reported by Risse,s and Frickes found that the yield of
H,0, dimimished on reduang the oxygen tension from 70 to
4cm of mercury, and was undetectable in gas free water A trace
of iodide or brommde 10ns 1n gas free water catalyses the produe
tion of H, and H,0, to the extent of 0 2 molecule of each per
1on pair, which 18 less than the yield in aerated water, while
traces of oxidizable or reductble substances lead to the evolution
of gas, as already mentioned

1 Lannmng, FC & Ling, SC (1938)

2 Risse O (1929), Fricke H & Brownscombe, ER (19335)

3 Gunther, P & Holtzapfel, L, (1939b)

4 Numberger, CE (1934, 1936a) The yield mn the experiment usmg
883 froe water can be calculated from the data given to be 0 06 assuming
that the radon 18 distributed between liqud and gaseous phases in the

pected ratio The L of radon 13 hiable to disturbance by the
evolution of gas which occurs leading to there being less radon n the
solution than calculated It seems umprobable however, that this cor
rection could rawe the yzeld to the order of 1 molecule per 1on paw

Nurnberger, however, reports his experiments as consistent with a yreld
of umty

5 Kernbaum, M (1909) This early experiment appears to have been
made with de serated water If all the £ rays reached the water the
¥eld can be calculated from the data given to be 0 015 molecule per 10n
perr A conaiderable proportion of the # ray energy would be sbsorbed
10 the wall of the vessel and some ges would remamn dussolved 1n the
solution It seems improbable that these could rase
the yeld to the order of 1 moleculo per 1on parr

6 1;,&!;;, 0 (1929)

7 Frncke H & Brownscombe ER (1933
Frike T & oy o7 frrssa { 8) Fricke, H (1934a),
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1t absorbs  We shall not be surpnsed to find that most radio-
chemical reactions in dilute solution are wndirect, ck )
change 1n the solute occurring as the result of jomzation and
excitation 1n the solvent molecules Direct exeitation or roniza
tion of the solute, when 1t occurs, will no doubt also lead to
chemical change, but since the number of direct golute 10miza-
tions and excitations n & dilute solution 1s very small compared
with the number of 1omzations and excitations of solvent mole-
cules, direct action will be negligible unless the probability of an

d or ted solvent molecul g change 1n a solute
molecule 13 small The evidence 13 that this probability 13 quite
high when water 1s the solvent

Decomposition of water

There are still some obscurities concerning the production of
h hange by g radiations 1n water itself Thero s
agreement that n 1ce at hquid air temperature the ronuc yield 1s
low « It 18 not clear whether appreciable decomposition occurs
1n the vapour state (cp Table 20) As regards the hquid state,
1t 18 agreed that the yrradiation of ordinary water not specially
purtfied and de aerated leads to decomposition with the produe-
tion of H, and O, gases and the formation of some H,0, With
moderate doses of radiation not much oxygen 18 hiberated as 18
to be expected 1n view of the H,0, formation The concentration
of H,0, does not, h , increase indefinitely,s and with larger
doses of radiation the reaction proceeds according to the equation
2H,0=2H,+ 0, The tonic yzeld of the reaction, estimated as the
number of molecules of H, produced per 1or parr, 1s, for both
o« rayss and X-rays, about 10 The yield of H;0, dunng the
early stages of the reaction with X-rays 1s about 1 molecule per
10n pair + If a small g y of a reducible subst: 13 present
1m solution, oxygen but no hydrogen will be evolved, while if an

1 005 the products of decomposition bemg 2Hy+0,, according to
Duane W & Scheuer O (1913) Decomposition undetectable according
to Gunther P & Holtzapfel L (19395)

2 The decomposition of H,O, by rachation 18 rapid and increases with
increasing H,0, concentration (Fricke H (1935a)}

3 Lanning ¥ C & Lind 8 C (1938) give 0 87 Nurnberger, CE (1934)
gives 078 Duane W & Scheuer O (1913) give 106

4 Fricke H (1934a) gives 0 8 molecule per 10n pair at acid pH 04
at alkaline pH Clark G L & Coe W S (1937) give 0 6 at acid pH
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radiation, but therr reaction follows excitation or 1onization of
the solvent molecules 1 This conclusion 1s based principally on
the results of experiments in which a given substance 1s wradiated

3 s 5 g S
1 1 \ 1 I
(J

(J

2
1

Micromolos of Hy hberated per litvs of sylution

i 1 I |
B

0 5 20 5
e 2 30

Dose of X rays

Fia 2 The independence of gbaolute yield upo:
1 n concentr;

@ 10-* M formue ad O 101 M fon?me nﬂg(Fn(ke,e;l{a::?zns::\st;o)luw
m solutions of different concentration In such experyments 1t
13 found that the weight of solute reacting as a result of a given
n?mbcr of roentgens given to the solution 1s, over a wide range
o X concentrations, independent of the concentration of the
solution Thus Fig 2: shows that 25 meromoles of hydrogen gas
! Solute molecules winch have been excited or 1omzed directly by the

raiation probab)
y react also but these usu
. . . ! usually constitute a mnute

L4
2 Fricke H Hart EJ & Smuth H P {1938)
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The reported production of H,0, mn gas free water irradiated
by « rays: or #rayss 18 not necessanly inconsistent with the
X-ray results, since 1n these expenments higher doses were used
and sufficient oxygen was probably Iiberated to serve in the
production of H,0,

We draw the following conclusions which, however, are to be
considered surmuses hable to correction when the experimental
contradictions aro resolved Pure gas freo water 1s decom-
posable by tomzing radiations, though the tonic yield 1s low and
may be due to restdual tmpurities In the absence of dissolved
substances no appreciable amount of H,Q, 1s produced By the
use of considerable doses wluch are usual 1n experiments using
- and f rays, but not m experiments using X rays, sufficent
oxygen accumulates 1n solutton to lead to the production of
H,0, If oxygen 1s present mn the water at the start of the
expeniment, then production of H,0, with an rome yreld of the
order umty, and evolution of hydrogen and eventually of
oxygen also, begmn immediately

Indirect action in aqueous solution

A number of authors have studied the chemical changes pro-
duced by X rays and radioactive radiations in dilute aqueous
solutions Among the principal researches may be mentioned
those of Frickes using inorgame and simple organic compounds,
and of Dales using enzymes Inorgamec reactions which have
been studied are mamly oxidations and reductions The change
induced n a simple organic compound 18 usually oxidation to
CO,, and 1s accompamed by an evolution of hydrogen The actual
chemical change occurnng when enzymes are irradiated has not
been studied, the effect observed 1s the loss of enzyme activity

All these actions of radiation on dilute aqueous solutions are
sndirect actions, that 1s to say, most of the molecules of solute
which react have not been excited or iomzed directly by the

1 Numnberger C B (19368)

i ;‘{s:c:m;;" &TﬂPé:lez:x B W (1927), Fricke H & Morse & (1927,
1929) Fricke H & Brownscombe E R (1933a b) Eriche H (1934a b
19352 & 1938) Fmeso H & Hart EJ (193¢ 1935a b ¢ d 1936)

Hart EJ & Smith HP (1938)
Fr;dguxl: WAL (1040 1942 1943a b) Dale WM Meredith, WJ &

Tweedic MC K {1943)
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ongmal solute for the activated water, we should expect the
amount of the first solute reacting per uit dose to be dumimshed
This expectation has been confirmed which gives further sup-
port to the view that the chemical changes in question 1mvolve
an mtermediary

Providing that there 1s no reverse reaction, and that the pro-
ducts of the reaction do not compete for the actn ated water, the
quantity of the solute remaimng unchanged dimmshes hinearly
with the dose, as illustrated 1n Fig 1B : If, however, there 1s a
protective agent present which secures most of the activated
water, or 1f the products of the reaction themselves compete for
activated water, then the gradient of the curve becomes less
steep as the percentage of unchanged solute duminishes, owing
to the solute secuning a continually smaller proportion of the
total amount of activated water available s A curve of this ty pe
1sshownn Fig 1c+

Tonic ylelds in aqueous solution

In Table 21 are collected values obtained for the 1ome yield,
1e the number of molecules of solute reactmng per 10n-pair i the
solution, for a number of reactions investigated in dilute aqueous
solution Many of the reactions are oxtdation or reduction reac
tions, and 1n these cases the number of equivalents reacting per
10n pair hasg been listed as well as the number of molecules Some
of the reactions could be caused by H,0, But the 1onic yields
are not consistent with this bemg the whole explanation of
oxidation and reduction in irradiated solutions, and some reac-
tons (e g reduction of KI0;) tale place which do not occur with

19;3Fncke, H Hart, EJ & Smuth HP (1938}, Dale, W M (1942,
a}

2 Fricke, H & Morse, S (1929) The reaction studied was the oxidation
of FeSO, (10-* M n 0 8 N H,80,) The departure of the points from the
curve when the oxidation 13 90 9; complete 1> probably due to the back
Teaction also occurring under the irradiation

3 Cp Dale, WM, Meredith, WJ & Tweedie MCK (1943)

4 Fricke H & Petersen, B W (1927) wradiating haemoglobin The
€urve 1s exp ! Appr ly exp 1 curves have also been
obtamed by Dale, W M (1940, 1942), irradiating enzymes Probably
this 13 the usual result when a large organic mole:

cule such as a protein 15
irradiated, since the products of the reaction will doubtless be usually

captable of further reaction, and so will compete tor the actinated
water
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are liberated per hitre of a solution of formie acid given 10,000 r

of X rays, irrespective of whether the solution contains 10~ or
10~ gram molecules of formic acid per hitre This emission of
hydrogen corresponds tn either solution to the decomposition of
25 micromoles of formic acid per itre  In the more dilute solu

tion this represents a large percentage change (25%), 1 the less
dilute solution 1t represents a minute percentage change
(0 025%,)

Sinularly, 1t has been shown: that to produce comparable
percentage 1nactivations 1n carboxypeptidase solutions of dif-
ferent concentrations, much smaller doses of X-rays suffice for
the more dilute solutions than for the less dilute solutions The
dose required to inactisate & given ueght of the enzyme s,
liowever, approximately the same 1n the different solutions

In expermments of thus sort the total energy dissipated by the
1omzng radiation per gram of solution 13 practically the same in
solutions of different concentration On the other hand, the
energy dissipated by the radiation directly 1n the solute per gram
of solution 1s proportional to the concentration, and with dilute
solutions 1s only & minute fraction of the total energy dissipated
per gram of solution Thus we see that the weight of solute
reacting 13 proportional not to the energy disipated directly n
the solute alone, but to the energy dissipated wn the solution
altogether This result strongly suggests that energy dissipated
1n the solvent 13 eventually handed on to the solute, a conclusion
which 15 strengthened by the fact that the 1ome yield caleulated
as molecules of solute reacting per-lomzation m the solution 13
of the order unity, while an 1onie yreld caleulated as molecules
of solute-reacting per molecule of-solute-directly 1omzed would
he very much greater than unity (and would depend upon the
concentration)

Evidently the 1onization or excitation of a water molecule by
an 1omzing particle causes the production of an mtermediary

body of fimte hife, capable of causing reaction 1 many solutes
The nature of this intermediary was for some years obscure, and
1t 18 usually referred to in the literature as actirated water The
probable nature of activated water 13 discussed later

By the addition to a solution of a substance capable of re-
acting with activated water and go of competing with the

1 Dale WM (1940)
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globin to methaemoglobin 1s stated to be independent of X-ray
wave length from 0 25 to 0 76A The 10nic yields obtamned with
a-particles and X rays i the reduction of KMnO, agree The
results for the rradiation of FeSO, suggest that the iome yield 1s
lower with & particles than with X-rays, but thisisa compheated
reaction 1 which the yield depends upon the pH, the FeSO,
concentration, the dose, and the degree of oxygenation of the
solution, and no reliance can be placed upon a comparnson made
by different authors under different conditions The most
stniking difference 15 that reported for the decomposition of
tyrosine by & particles and X rays alsoin the direction of 2 rays
being less efficient

Inspection of the table shows that almost all the 1ome yields
lie between 01 and 20 It appears probable that actiated
water 1s formed at the rate of about 1 molecule per 1on parr, and
that reaction yields smaller than this are due to a proportion of
collisions between reactant molecules and activated water lead-
mg to deactivation without reaction, or to other causes which
are discussed later

Chemical mechanism of the indirect action 1n aqueous solution

Woeussx has suggested that activated water consists of free H
and OH radicals To convert a water molecule into H and OH
radicals requires 5eV (1e 115 kilocalores per gram-molecule),
and two mechamisms may be suggested to account for this con
version by an 1omzing radiation, following 1omzation or excita
tion of water molecules respectively

If an electron 1s ejected from an H,0 molecule, the mole-
cule may spht nto a hydrogen 10n and a hydroxyl radical
H,0* - H*+ OH, thus producing & hydroxyl radical at the site
of the 1omzation The electron which 1s ejected will travel a
distance determined by the energy with which 1t was ejected,
and eventually become attached esther to a hydrogen ton or to
2 water molecule, in either event giving mise to a hydrogen
radical H* +e - H, or H,0+¢— H+OH~ The H radical will
thus be produced at an appreciable distance from the OH radical

1t 13 possible that some of the H,0 molecules which are excited
;)l'] the radiation decompose directly mto H and OH radicals

e radieals in this case will be produced close together

1 Wewss J (1044) That H atoms and OH radi
cals are involved
suggested tentatively by Risse, O (1929) and Fricke H (1938) es
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H,0, As pomted out by Allsopp,: the asgumption that H,0, 1s
wnvolved would not avoid the necessity for mvoking the hypo
thess of activated water, since the formation of H,0, 1tself
requires this hypothesis

Taptz 21 Jonc yields in dilute aqueous solution
V1eld per fon parr

Mole-  Equ
Reacton Radiafion cules  valents Relerence
HBr decomposiion am 12 -
HI decomposition ' i 19 = laomeg, F,c b Lind, B (1933
KMa0, reduction o 0509 2545 " .s';:
O, reduction ravy 014 3 7)
CelSOS rednetion 95 3] owko L8 cor, 1.8 1030
KIO, reduction o1 062 N
Nitrate reduction . G087 0187 Clark, G b & Prckeit LY (1030)
Nutaite oxidation " 02 04 Prcke, H & Hart, E.J (19334)
Ferrocyanide oxidation " 04 04  FPncke, Il & Hatt, E.J 51935:)
Selemte oxidation " o2 04 "
Anerute ondation ) 02 04 } N
, oidationd ) 33 3" Pucke H & Hut, EJ (19350)
FeSO, oxidation 6 . ~10  ~10 Gy LH k“l:'gelt ¥ (umpublished)
FeS0, oxidation3 amays 08-17 0B8-1T “umberger, GE (1934)
Pey(S0y); reductions lnys ~085 ~10  Gny, ﬁ; & Weigert, F (unpublished)
K,Cr,0, reduction3 \ rays 02 12 Fncke, H & Brownscotbe E R (1933a)
Oxyhaemoglobm to ' o8 —  Fncke H & Petersen, BV (1927)
rethaemoglobin
Vanious orgamie acids to ' 0412 —  Fncke H Hat, EJ & Snuth HP
Hy and CO, H, yield (1938)
10+C0to 8, C0,, HCHO 15 . . ' "
d amno-acid oxidase
nachavation
Prosthetic group " 01 —  Calculated from Dale, W.M (1942)
¢ protein " [ C—— . »
Tyrosine decorposition N o1 —  Stenstrom W X Lobmann, A (1928)
Tyrosne decomposition @ fays 00033 —  Numberger, CE (1937)
Glutathione Xrays 04-1T —  Kinsey, VE (1935)
Ascorhic acid 07 —  Anderson RS & Harrison, B (1943)
Rubonucleass " 003 — Lea DE & Holmes B (unpublished)

1 Recaleulated The authors report a yield of 0 2-0-3 molecule per 10n parr but thrs appears to be
based on  misconception of (1o felabion betwen, enerey absorpiion ‘and dose m roentgens

zIn cxyﬁu free golutions The yeld 1S abaut doubled 1 exygenated solution

3 In 08 & sulphunc aad

4 In Dale’s preparation approuumately 20 %, of the protein was enzyme proten The calculatron
of ‘homic yreld Las been ymade on the sssamption that the 80%, of non-enzyme protem has equal
xﬂin:gnllor activated water as the enzyme protein o im & private communication) quggests that
the affimty mught be lower In that event the 1ome yield for the specific protein could be as low
83

002
s This 13 the figure gven by Nurberger Radon was used as the source of  particles and sbout
59, of the total 1omuzation would thus be due to§ rays Accepting Stenstrom and Lobmann s
for X rays as also applymg to 7 rays st follows that the whole of Nurnberger's yaeld can be accounted
for by the B rays, with no decomposition a all produced by the « rays
exrous or ferme ammonium sulphate 110~ H,S0, The reactions are comphcated, the yrelds
given are the imtzal yrelds

There are very few data bearng on the relative efficiencies of
different radiations mn promoting reactions m solution, and work
on this subject 1s nrgently needed The conversion of oxyhaemo-

1 Allsopp, CB (1944)
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globin to methaemoglobin 15 stated to be independent of X-ray
wave length from 0 25 to 0 76 A The ronic yields obtained with
a-particles and X rays m the reduction of KMnOQ, agree The
results for the rradiation of FeSO, suggest that the 1omie yield 1
lower with & particles than with X-rays, but this1sa complicated
reaction 1n which the yreld depends upon the pH, the FeSO;
concentration, the dose, and the degree of oxygenation of the
solution, and no reliance can be placed upon a companson made
by different authors under different conditions The most
striking difference 1s that reported for the decomposition of
tyrosine by & particles and X rays also in the direction of a rays
being less efficient

Inspection of the table shows that almost all the 10nic yields
lie between 01 and 20 It appears probable that activated
water 1s formed at the rate of about 1 molecule per 10n pair, and
that reaction yields smaller than tiis are due to a proportion of
collsions between reactant molecules and activated water lead-
ing to deacttvation without reaction, or to other causes wiich
are discussed later

Chemical mechanism of the indirect action 1n aqueous solution

Weiss: has suggested that activated water consists of free H
and OH radicals To convert a water molecule into H and OH
radicals requires 5V {1e 115 lalocalories per gram-molecule),
and two mechanisms may be suggested to account for this con
version by an 1omzing radiation, following 1onization or excita
tion of water molecules respectively

If an electron 13 ejected from an H,0 molecule, the mole
cule may split mto a hydrogen ton and a hydroxyl radical
H,0* - H* + OH, thus producing a hydroxyl radical at the site
of the iomization The electron which 1s ejected will travel a
distance determimed by the energy with which 1t was ejected,
and eventually become attached esther to a hydrogen 1on or to
a water molecule, i either event giving mise to a hydrogen
radical H*+e¢—H, or HO+e—>H+O0H™ The H radical will
thus be produced at an appreciable distance from the OH radical

It 13 possible that some of the H,0 molecules which are excited
by the radiation decompose directly mnto H and OH radicals
The radieals in this case will be produced close together

T Weiss J (1944) That H atoms and OH radicals are
mvolved
suggested tentatively by Risse, O (1929) and Fricke H (lQ;;)ve s
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The peculinrities noted earher concerming the decomposition
of water by i1omzing radiations can largely be understood 1n
terms of the production of H and OH radicals The low yield in
pure gas free water 18 duo to the back reaction H+OH-H,0
For decomposition, 1t 13 necessary for collisions to oceur between
two hydrogen radicals or two hydroxyl radieals, H+H—H, or
OH+OH->H,0+0 followed by 0+0-0, Proximty will
favour the H + OH combination in the case of radicals produced
by the decomposition of an excited molecule, though not so
much n the case of radicals produced following an 10mization

If dussolved oxygen 1s present the reaction 18 H 4 0,->HO,,
followed by 2HO,-H,0,+0, The removal of the hydrogen
radicals by the oxygen reduces the rate of recombination of H
and OH The OH radicals which accumulate combine to give
oxygen as before

The oxidation of morgame 10ns by OH radicals, or their reduc-
tion by H radicals, explains most of the inorgame reactions
which have been studied Thus Fet*4+OH->Fe*tt+0H,
Cett** 4+ H>Ce™* +H* Since oxidations remove OH radi-
cals, the H radicals accumulate 1n the solution and combine with
the evolution of gaseous hydrogen Simlarly, reductions are
accompanied by the evolution of gaseous oxygen, resulting from
the combmation of OH radicals, which accumulate in the solu
tion when the H radicals are removed

The oxidation of simple orgame compounds, accompamed by
an emussion of hydrogen, 1s explamed 1 & sumtlar fashion

The OH radical 15 highly reactive as an electron acceptor
(OH+e—~>OH™ +3 7 eV ), and 1t 18 this which probably accounts
for the fact that almost all organic ye are d
by wradiation 1 aqueous solutions Conversely almost any
organic compound, if present in sufficient concentration, 1s able
to act as a protective agent, by reducing the concentration of
OH radicals mn the solution by the above reaction The H radical
reacts with solutes which are oxidizang agents, but 1s probably

less reactive than the OH radical with most orgame mole-
cules

Spatal distribution and recombination of the active radicals

In typical chemical reactions mnduced by lomzing radiations
1n agueous slution, the 10nie yield 1s independent of the concen-
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tration over a wide range of concentrations It has been shown,
however, with some solutes, and 1s probably true in general, that
at sufficiently low concentration the iomie yield 13 no longer
constant but dirmmishes with diminution of concentratton s The
explanation 1s presumably that m suffimently concentrated
solutions the H and OH radicals react with the solute before they
have time to colide with each other, while in sufficiently dilute
solutions the H and OH radicals colide with each other and
combine before they have time to react with the solute mole-
cules =

A quantitative treatment requires a knowledge of the spatial
distribution of the radicals, which distmbution 15 far from
umform When a solution 18 wradiated, 1omzing particles pass
through 1t (fast electrons in an X-ray experiment, a-rays in an
a-ray expenment), and the H and OH radicals are produced
along the paths of these 10mzing particles The OH radicals (re-
sulting from the postive 10ns) are imtially localized along the
path of the 10omzing particle, the H radicals (resulting from the
attachment to an H,0 molecule or an H+ 10n of the electron
ejected at 1omzation) are produced at a distance away de-
pending on the distance travelled by the ejected electron before
1t 18 attached The 1mtial distribution of the OH and H radicals
15 thus the same as the 1mtial distribution of positive and nega-
tive 1ong 3 This latter distribution can be studied 1n gases by the
Wilson chamber method + It can also be studied 1n gases and
mnsulating iquids by a less direct method depending on the com-
panson of observed 10mzation currents with caleulations of the

1 Stenstrom, W & Lohmann A (1928) using tyrosine, Kinsey, VE
(1935) using glutathione Fmcke, H, Hart, BEJ & Smath, HP (1938)
using formic acid oxalic acid, formaldehyde and methyl alcohol
Lanning, FC & Lind, S C (1938) using KMnO,

2 We are assuming that there 13 nothing in the diluting fluid wath
which the active radicals can react Frecautions should be taken in
experiments of this sort to use gas free water free from traces of organic
mpurity capable of acting as protective agents It 18 not certain that

B wem1 leq 1{:1 all the exp we discuss

3 e are neglecting in tine treatment any H and O .
duce?{ 'by rather than Y H yadiosla pro

4 p » O (1927) pt hed « ray tracks m h
at & presaure of one tenth of an atmosphere a’.’nd found tha)tdtrl:eg ::d%::

of the column of 10n8 was 1
e oolur P,mur; qt t to 0002¢em of arr at
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proportion of 10ns which escape 1onic recombrnation, these cal-
culations mvolving the il dwstribution of the 1ons: It 18
concluded that tho number (r) of 1ons per cm 3 of each aign
at a distance r from the awus of the romzing particle can be
represented initiallys by the formula

n= 1%% e~ (IL-1)

N, 1s the number of tons of each sign produced by the 1omzing
particle per em path, and b 18 & measure of the radms of
the column of ions & has been found to have the values
179%10-* e 1 o (densmty 00012) and 234x10-% cm
1n hexane (density 0 677) We shall teke the value b=1 5x 10-%
for water {(donsity 1) We shall suppose formula (1) to represent
also the mmtial distribution of OH and H radicals

The radicals rapidly chffuse away from the path of the 1omzing
particle, and after time £ 1t can be showns that the number of
radicals of each sort per cm 3 at o distance r from the path of the
1omzing particle 1s

N o .
n_ﬂ(iDH»b’) g-rMDIY {11-2)

where D 1s the diffusion constant, whuch for the purpose of our
calculation we shall assume to be 2x 10~8 em 2 sec -1 at room
temperature for both X and OH radicals, though 1t may be
higher for the former: The radws of the column 13 now
(4Dt +b?) mnstead of b NV 18 the total number of 1ons per cm
length of path of the omzing particle, and progressively di-
munshes from 1ts imtial value N, as a result of recombination of
the radicals or their reaction with any solute present

t Jaffé, G (1913) Cp also Kara Michailova E & Lea D E (1940)

2 Strictly, not imtially, but after the very short tume interval needed
for the positive tons which are to begin with closer to the axis of the
ronizing particle then the negative ions to diffuse to a comparable
distance

3 Here and elsewhere 1 this section the treatment of Jaffé, G (1913}
18 followed Jaffé worked out his calculations for the diffusmon and
recombmation of 1ons, but the mathematics apply equally well to the
D and t of radicals pr dmg the p: values
of the copatants are used

3, hvds 4,

tor 1a

4 The of Y m wa
2x 10-% cm * seo ~1 at 15° (Orr, WJ C & Butler, JLAV 1935)
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After a short time (a fraction of a second) diffusion has
broadened the columns sufficiently for adjacent columns to aver-
lap Whle the radicals are daffusing, their number 1s dimimshing
owing to combination with each other and reaction with any
solute which 13 present  If, by the time adjacent columns over-
lap, most of the radicals in a column have disappeared, then each
column may be considered an wolated entity, and the concentra-
tion of radicals we have to consider 1n ealculating reaction rates
13 the concentration given by equations (1) or (2) But)f, by the
time the columns overlap, only a small proportion of the radicals
have disappeared, then the imtial localization of the radicals in
columns can be neglected and we can consider the reaction to
oceur in the hquid as a whole, and tale as the concentration of
radicals not the values m the column given by equations (1) or
(2), but the much lower average values obtamned by dividing the
total number of radicals by the total volume of the solution
It 18 necessary therefore to determine whether reaction oceurs
watnly before the columns mingle, or manly after the columng
mingle

If the dose-rate 1s I roentgens per second, approximately
2x 102 It yon-pairs (and therefore pairs of radicals) wall be pro-
duced per em ® 1n ¢ seconds There being N, 10n pairs per cm
path, 210" It/N, 1omzing particles will cross each square em
m ¢ seconds Now 1n ¢ seconds the radius of the column 1
J14Dt+b?), and 1ts area 15 therefore 7 (¢D¢+52) Thus for the
columns to overlap 1n ¢ seconds we must have

(4Dt +b%) x 2x 1012 It{N =1
In practice 40382, and we deduce that
t=10"% J(No/8nDI) and J(4Di+b%)=10-%x (2N,D/n])t

These expressions give respectively the tune required for the
columns to overlap, and the radius of a column when adjacent
coluruns overlap

To work out typical numerncal values we msert m these for-
mulae =10t per second, D=2 x 10-5 em 2 sec ~1, Ny=3x107
lomzations per em for a-rays or Ny=6x105 jomzations
per em for Xrays We deduce that w X Tay expen-
ments adjacent columns overlap after 001 second when the
column radis 1s 0 601 cm , and that 1 a-ray experiments the



52 CHEMIOAL EFFECTS OF IONIZING RADIATIONS

columns overlap after 008 second when the column radius 1s
00025 em

In the absence of a solute, the radicals disappear by the reac
tion H+ OH—H,0 The number of pars of radicals disappeanng
per cm 2 per second will, according to the mass action law, be
an?, where n 1s the number of radicals of each kuind per em 3 and
a 18 & constant the value of which can be calculated on the
lanetie theory assuming (provisionally) that every collision be
tween H and OH 1s effective The value used: 18 ax == 4 x 10-1°

The number N of pairs of radicals which remain uncombined
after & time ¢, during which the column diffuses to & radws
(4Dt +b%), 1s related to the onginal number N, by the formula:

2
NN 14500 g $D 1D s

Using the values of &, b, Ny, and D already quoted, we find that
by the time the columns overlap the proportion of rad:cals re-
mamnmg uncombined 15 0 3% 1n an a-ray column and 139% 1n
an X-ray column

If & solute 1s present the radicals will disappear still more
quickly We conclude therefore that the reaction takes place
independently 1n the paths of the indindual 1omzing particles,
and that the radicals produced by different romzing particles do
not mix appreciably

We can calculate from formula (3) the time required for half
of the radicals to combine, the times obtamed being 1 2 x 10~°
second 1n an « ray expermment and 2 x 10-7 second 1 an X-ray
expeniment These times will be reduced if a solute 1s present

Kinetics of indl in aq

Fig 3 shows the calculated number; of collisions per second
undergone by a (specified) H or OH radical with solute mole-
cules, the solute being of molecular weight M and present 1n

1 6x10%a 15 the n grem mol units of the
reaction H+OH->H,0 a 1s caiculated from formulae given by
Moelwyn Hughes, E A (1933), Kinetics of Reactions wn Solution

2 Jaffé, G (1913)

3 The calculation can be made only approximately and assumes that
the d of a molecule of molecular weight A 18 1 33 x 10-° Afi em
Cp Moelwyn Hughes E A (1933), Kinetics of Reactions m Solution
Hinshelwood CN (1940), Kunetscs of Chemucal Change




KINETICS OF INDIRECT ACTIOMNS 53
concentration either of 1 gram molecule per hitre (curve A and
left hand ordinate scale) or 1 g per litre (curve B and nght-hand
ordinate scale) For equal molar concentrations the colhsion
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M =molecular weight of solute

Fro 3 Number of collisions
per second made by & (specified) act:
Xrt:uﬁm: molecules, the solute being of moleculynr w;ght pig a)n;cplr::emd;:n:
ration of A, 1 gram molecule per itre B 1g per litre
:ate ;vzth different solutes increases with mereasing molecular
;exg t, but for equal concentrations 1n grams per litre the col-
15101 rate decreases with increasing molecular weight We shall

call Z the collson fre
molecule per htre quency for a concentration of 1 gram-
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A collision of an active radical and a molecule of a solute
capable of reacting can result in ono of the following alternatives

(a) Elimination of the active radical and chemical change m
the solute moleculo

(b) Elmmation of the actrve radieal without chemieal change
m the solute molecule

(¢) Change in netther radical nor solute

That not all collisions between a solute molecule and an active
radical which eliminate the latter lead to reaction i the solute
18 1nferred from the fact that the romic yield 1n many reactions
18 less than umity under eircumstances when radical recombina
tion 13 not suspected Where large molecules such as enzymes aro
concerned, 1t 15 possible that change in the solute molecule may
occur which 1s not made evident by the method of estimation
used In most of the reactions histed 1n Table 21 1t appears that
of those colhsions 1 which the active radical 18 elimunated, a
proportion between 0 1 and 10 result sn change mn the solute
molecule This proportion we designate by P

That the probability of eltmination of an active radical at
colhision with a solute molecule 1s zero or very small 1n the case
of many solutes, particularly morganic substances, 1s evident
from the fact that these substances conld be present i Dale’s
expeniments in high concentration without exerting appreciable
protective action on the enzyme We have no guarantee that this
probability, which we shell call p, attains unity even with the
most reactive solutes, but umty 1s at any rate 1ts highest possible
value

‘When the concentration of solute 18 ¢ gram-molecules per htre,
the probability that in time d¢ a (particular) active radical shall
suffer a collision m which 1t 18 ebtmunated 1s cZpdt 1If there are
n active radicals per em 3, neZpdt active radicals will be elimi-
nated m time dt, and ncZpPdt solute molecules will suffer
chemical change m time d x If two solutes are competing, the
concentrations being ¢, and ¢,, the number of molecules of solute
1 reacting will be 76,%,p,P1/(6,Z1, + €%, 12), and of solute 2,

16,20, Pof (012101 + 0o ZxPa) (I1-4)

1 In these lae we are 3] the pr that an active
radical shall be elimnated by combination with another active radical
Thus 18 ble p ding ¢ 18 suffi ly high We discuss later the

9
case of low solute concentration



COMPETITION BETWEEN SOLUTES 56

Competition between two solutes, pratective action

The concentration ¢, of solute 2, at which the reaction of
solute 118 reduced to 50 % of 1ts value mn the absence of solute 2,
18, from equation (4), given as

=6 2P whence pulp =il (11-5)
Zypy

Fricke, Hart and Smith: have wradated mixtures of formc
acid with caproic acid, methyl alcobol, formaldehyde, oxalic
acid or acetone, plotting the yields of H, and CO, as a function
of the relative concentrations of the formic acid and the other
solute From therr curves we can read off the ratio ¢/e; of the
concentrations of the formic acid and the other solute at which
the activated water appears to be equally shared between the
two solutes The values of Z for the different solutes bemng taken
from Fig 3, we are able to deduce that the values of p for the
81x solutes caprorc acad formic acid methyl aleohol formalde-
hyde oxalic acid acetone are in the ratios 16 10 044
022 0067 0024 respectively The expermment 1s an 1llustra
tion of one method by which relative (but not absolute) values
of p may be determined A vanant of this method 1s to compare
the efficiencies of different substances in protecting the same
solute

Dales hists the concentrations (c,) of a number of solutes which
suffice to reduce to about 509, the number of molecules of
alloxazmn-adenime-dinucleotide reacting with a given dose, the
dinucleotide 1tself bemng present n a concentratton of
¢;=61x 10-* gram-molecule per itre With the aid of equation
(8y and Fig 3 we can deduce the rat10s p,/p, from these experi-
mental values, p, refernng to the dinucleotide The values of
P./p, 80 obtamed are given mn Table 22, column 2

Dale also gives sumilar though less extensive data for the pro-
tection of the specific protemn component of d-ammo-acid-
oxidase, and the values of p,/p,, where p, now refers to ths
Pprotein, are given m column 3 5 Comparson of columns 2 and 3

1 Frcke, H, Hart, E.J & Srmth, HP (1938)

2 Dale, WM (1942)

3 Dale’s preparation contamed 204g of active protein to 105, tatal
protemn we have assumed that from the pomnt of view of competing for
activated water all the protemn and not merely the enzyme protein 1s to
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A collision of an active radical and a molecule of a solute
capable of reacting can result 1n one of the following alternatives

(a) Eimination of the active radical and chemical change in
the solute molecule

(0) Elmination of the active radical without chemical change
m the soluto molecule

(c) Change n neither radical nor solute

That not all colisions between a solute molecule and an active
radical which ehminate the latter lead to reaction in the solute
18 nferred from the fact that the 1onie yield 1n many reactions
18 Iess than umty under circumstances when radical recombina
tion 18 not suspected Where large molecules such as enzymes are
concerned, 1t 18 possible that change in the solute moleculo may
oceur which 15 not made evident by the method of estunation
used In most of the reactions hsted 1n Table 21 1t appears that
of those collsions mn which the active radical 18 ehiminated, a
proportion between 01 and 10 result in change n the solute
molecule This proportion we designate by P

That the probability of eltmnation of an active radical at
colhsion with a solute molecule 13 zero or very small 1n the case
of many solutes, particularly morganic substances, 1s evident
from the fact that these subst could be p t i Dale’s
expeniments in high concentration without exerting appreciable
protective action on the enzyme We have no guarantee that this
probability, which we shall call p, attamns umty even with the
most reactive solutes, but unuty 15 at any rate 1ts highest possible
value

‘When the concentration of solute 1s ¢ gram molecules per hire,
the probability that in time d? a (particular) active radical shall
suffer a collision 1n which 1t 1s eiminated 1s ¢Zpdt If there are
» active radicals per em 3, neZpdt nctive radicals will be ehmm
nated in time d¢, and ncZpPdt solute molecules will suffer
chemical change m time df s If two solutes are competing, the
concentrations being ¢; and ¢,, the number of molecules of solute
1 reacting will be nc,Zyp, Py /(6,Z,py + ¢ Zp,), and of solute 2

10, Z,p, Pof (612,03 + CoZP2) (11-4)

1 In these lae we are the bility that an active
rad.zca) shall bo ehmmnted by combmation with another active radical
Th g c1s ly high We discuss later the

case cf Jow solute concentmnun
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should almost completely protect the dinucleotide, and not be
noticeably protected by 1t This was in faet found by Dale If
however, the concentration of the dinucleotide were to be in-
creased ten times or more without changing that of the protemn,
some protection of the protemn by the dinucleotide shoutd be-
come noticeable according to the present calculations

As regards the absolute values of p, these experiments give no
information Since the dinucleotide has the largest value of p
for all the substances mvestigated by Dale and since this cannot
exceed umty, the figures m the second column may be tahen to
be maximum values of p for the corresponding solutes We shall
give evidence later that the actual values are not very different
from these maximum values

Reduced yreld in dilute solutions, and with densely iomzing
radiations

Providing that the solute concentration 1s sufficiently gh for
nearly all the active radicals to be elimmnated by collisions wath
solute molecules rather than by collistons with each other, the
tonic yield will be independent of the solute concentration If,
however, the solute concentration 1s so low that an appreciable
proportion of the total number of active radicals combine with
one another rather than react with solute molecules, then the
1onic yreld will fall The determining factor 1s evidently the ratio
of the number of solute molecules per em ® to the number of
active radicals per em 3 Since the latter number 1s much bigher
i an g-ray track thann the track of a fast election, 1t 38 evadent
that the dimimshed 10n1€ y1eld due to combmation of radicals
will become appreciable 1n « 1ay experiments at higher con-
centrations than i X-ray expeniments Tlus effect probably
accounts for the 1onic yields in certamn of the reactions hsted in
Table 21 being less for « rays than for X rays

It 18 possible to make calculations of the rate at which active
radicals disappear by the two processes of combmation of
radicals and reaction with the solute,: during the diffusion of the
radicals aw ay from the axis of the column In Fig 44 the results
of th?be caleulations are guven 1 the form of graphs showmg the
Pproportion of radicals which are elimnated by collision with the
solute as a function of c¢Zp cZp s a measure of the concentra

1 By an extension of the calculation given on pp 49-52
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of Table 22 eunables us to determine the ratio of the values of p
for the dinucleotide and the protemn The ratio nferred from the
glucose data appenrs to be anomalous The others agree fairly

TasLE 22 Relative deacti ation efficiencies of difforent solutes

Relative affimities for
activated water of solu

Po/p;, where pg1s Inferred ratio tiona contating
value for of p values

1g mol Ig
Specific dinucleotide per litre per litre
Bolute 2 Dinucleotide  protein proton Zplp, Zp/pM

(&) ) (3) [ (8} (8)
ilycine 18x10-¢ 8B8x10-4 48 46x107 82x10
Ta oxalate 15x10-¢ - — 46x10" 34x10¢
Te mtrate 18x10-+ - — 46x10"  55x10*
eucylglycmne 13x10-2 21x10- 15 468x10" 23x100
Janine 17x10-* 26x10- 15 46x100 52x10°
{ ferncyande 10x10- — — 46x10°  l4xlot
{ ferrocyamde 10x10-3 — — 4Bx10% 13x10°
la hippurate 13x10- - - 48x10° 23x107
Hucosa 43x10-t 21x10- 0005 15x10° 81x10?
uerose 32x10-t —_ _— 15x10% 43x10
{ thiocyanate 52x10- —_ — 15x100  15x100
{a formate 59x19-2 — - 15x10% 22x10
"ructose 14x10-* - — 4 8x 101" 26x10
Ta nitrite 18x10-t - — 46x10®  67x10%
Va nucleate 58x10-t — _ 4 8x 10" 42x107
ipearfic protein of d 04 — — 3Bx101  54x10

emwno acid oxidase

Mloxazin ademmne di 10 —_ 76x101 83x10*

nucleot:de

well and suggest that the value of p 15 about 2 5 times as great
for the dinucleotide as for the protem, 1e the probability of an
active radical being deactivated on colhision 1s somewhat greater
for the dinucleotide than for the protein The large size of the
protem molecules more than p for the smaller value
of p, and taking the values of Z from Fig 3, Zp 1s found to be
five times greater for the protein than for the dinucleotide Thus
whenirradiating a mixture contamnmg approximately equal molar
concentrations, as 1n one of Dale’s experiments: the protemn

be ellowed for If however the affimity for the active radicals of the
non enzyme protem 1s smaller than that of the enzyme protemn the
figures 1n the third and fourth columns of Table 22 will need to be re
duced by some factor between one and five and the value of p for the
enzyme protemn might thus become equal to or shightly m excess of that
for the dinucleotide
t The molar of the 1! de was 2 2x 10-7 grain

molecule per litre of the active protem 11x10~7 gram molecule per
Iitre or of the total protemn about five fimes this
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for X-rays It 19 seen that the theory satisfactonily fits the ex-
penmental results In fitting the theory to the expenments, p
18 treated as an arbitrary constant Expeniments of ths sort
thus serve to determme p, and values of p deduced 1n this
manner are given i Table 23 The values of p for methyl
aleohol and oxalic acid are in the same ratio (7 1) as was
deduced on p 55 from a dufferent expeniment

Tasre 23 Values of p deduced from the dimnution of
reaction yield at low solute concentrations

Substance P
Oxalic acid 0037
Methyl alcohol 025
Glutathione 0018
Tyrosine 0037

The absolute values of p given m Table 23 are subject to
considerable numerical uncertainty, owing to the fact that any
errors 1n the values assumed for Ny, @, D and & will result 1
rather serious displacement of the scale of abscissae in the X-ray
curve of Fig 4a Also, we have assumed throughout that a
colhsion between an H and an OH radical will alnays result m
combination If this 13 not so, the values of p 1n Table 23 will
be too high

It 13 unfortunate that no substance occurs in both Tables 22
and 23 Companson of the values of p in Table 23 with the
values of p,/p, for chemically related substances in Table 22
suggests that the former values are probably somew hat too high
They also suggest that p, in Table 22 cannot be much less than
umty, so that the figures in column 2 of this table can be tahen
as values of p for the corresponding substances

Having deduced the value of p for tyrosine from consideration
of the manner m which the X-ray 1ome yield vares with solute
concentration (Fig 4x), 1t 18 possible to predict the 1ome yreld
with « rays by making use of the a-ray curve of Fig 44 Inthis
way 113 caleulated that the 10me yield in 2 2 2 x 10-¢ Af solution
of tyrosme should be 18 times smaller to & rays than to X rays
Experimentally 1t has been found to be about 30 times smaller «

I Nuncx:etrger CE (1237) found that the ronic yield in & 2 2 x 10-4 21

T @ Ayrtﬁl;x;a by a rays was 00029 Stenstrom W &

B 5x 10-5 2 solut ), using X rays found 1omic yelds of 017 n &

elonati ution, and 008 1n & 1 1x 10-* M solution Numberger s
Wwas m principle the same as we have given
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tion of the solute, and the graphs show, as antieipated, that the
proportion of the active radicals which react with the eolote
dimtauskes with dimirushing solute concentration, and (for con-

centrations such that ¢Zp<10%) 18 less for o rays than for
X-rays

10F
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Fi1a 4 Dmuunution of reaction yield at low solute concentrations A caleu
lated curves for X rays and @ raya B E, companson of caleulated curves and
expermental results (X rays) B oxalic acid (Fricke Hart & Smith) € methyl
alcohol (Fricke Hart & Smith) D glutathione (Kmsey), E, tyroams (Stenstrém
& Lohmann)

InFigs 4B, 0, D, & a companson 18 made between the results
of experiments: 1n which the 1ome yield has been studied as a
function of the solute and the th 1 curve

© Stemstrom W & Lohmann, A (1928) using tyrosme Kunsoy V E
(1935) umng glutathione Fricke H Hart EJ & Sraith, HP (1938)
using oxalic scid and methyl aleohal
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fraction of solute 1 reacting 1s proportional to the dose ncrement
dn and 13 independent of the solute concentration ¢;, 1€

—deyfey=dn Zyp Py ciZops, (11-7)
or ¢ oc e,
where 1= o2, 05) Zopy Py (11-8)

In other words, the concentration of solute ¢, dimimshes from
its 1mtial value as an exponential function of the dose of radin-
tion, nstead of as a linear function

It1s not always necessary for there to be an excess of a second
solute for the curve to be of this type, for, as ponted out by
Friche, and 1n greater detal by Dale, Meredith and Tweedie,
it may happen that the products of the reaction are also capable
of deactivating activated water, and f they are of approsimately
the same efficiency as the ongmal solute, ¢, 1n the brachet term
of equation (6) will need to be replaced by 1ts constant 1mtial
value, and so the bracket will remain constant without the
necessity for the solute 2 to be in large excess, or even to be
present at all Fig 1c1s an example of an exponential curve
explamed 1n this way

When, as in the present case, the amount of solute surviving
a given dose dirunishes as an exponential function of the dose,
1t 13 convenent to indicate the rate of reaction by speafying the
dose which reduces the amount surviving to a fraction e1=37 9/,
of the ;mtial amount, 1 e by the dose referred to as ng1n equation
(8) As can readily be seen from equation (8) this 37 %
dose s mncreases approximately 1n proportion to the concentration
of the protecting solute 2, and at large concentrations of pro-
tective solute would become very large However, 1n addition
to reacting with activated water which may be termed the
wndirect action of the radiation, there 15 little doubt that a moje
cule of solute will undergo chemical change 1f 1tself durectly
1onmzed by the radintion Normally in dilute solutions a dose
which suffices to cause a considerable proportion of a solute to
react with the active 1adicals will only suffice to 1omize directly
a neghgble proportion of the solute molecules In the presenc.e

£ Fricke H {1934b)

2 Dale WAL, Merodith W J & Tweedie, M C K (1943)

3 Alternatively referred to as the tactivation dose or mean lethal dose
where these terms are appropriate
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The low 10me yield with « rays 15 thus faurly satisfactonly ac-
counted for by the present calculation It1s lughly desirable that
the interpretation offered should be tested by wradiating more
concentrated solutions with « rays, when (according to Fig 44)
the tonic yield should 1ncrease to values approaching those mn
X-ray experiments

It 15 of interest to see whether, with solute concentrations of
the order found mn hiving cells, any appreciable difference be
tween the 10me yields of X ravs and e rays 18 to be antieipated
on account of the mechanism we have been discussing By in
spection of Table 22, column 6, 1t appears hikely that there will
be proteins, sugars and other cell constituents having values of
Zp|M as high ag 108 If such constituents are present in & con-
centration of 10 g per litre, cZp=10° Fig 4a shows that for
this value of cZp the 1onic yield with « rays 1s two thirds a3
great as with X rays It appears not impossible therefore that
chemucal changes nduced 1n cells by the indurect action via the
water may have smaller vields in « ray expenments than n
X-ray expeniments

Direct and indirect actions of radiation

We have mentioned that one of the charactenstics of the 10
durect action 1s that, in the absence of complications, the yield 18
directly proportional to the dose Fig 1B, for example, shows
how the percentage of ferrous sulphate decomposed increases
with the dase, the curve 1s linear from 0 to 90 %, decomposition
A back reaction probably accounts for the reaction not pro
ceeding to completion Back reaction between the products of
the primary action 1s one cause for a reaction curve being non-
linear Another cause 15 the presence of protective agents If we
are estimating the proportion of a given solute I which survives
iwrradiation with various doses 1 the presence of an excess of
solute 2, then we see, from equation (4), that the number of
gram-molecules of solute 1 ting tor a dose mcrement corre
sponding to the production of dn gram-molecules of activated
water 1s

— dey=dneZyp Pol(erZypy + 62 P0) (1L 6)

With a sufficiently large excess of rolute 2 the term n ¢, 1n the
bracket can be neglected, and so we get the result that the
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By deactivating efficiency per umt mass we mean Zpf3f,
relative values of which may be read off from column 6 of
Table 22 for the substances investigated by Dale Sohd content
meludes the protective agent y/I" refers to the solute being
mvestigated

We see from equation (9) that as the congentration of the
solute beng investigated 1s increased, the 37 %, dose m solutton
mcreases, and tends as a hmiting value to the value for direct
action only, which 18 presumably the value to be expected when
the solute 13 uradiated dry «

In the event of the 1omc yreld for the indirect effect bemng
considerably less than for the direct effect, 16 y/I'<1, then the
lLimt wall be approached for concentrations of solute a good deal
less than 1009,

Broda has recently published figures for the decomposition of
ammomum persulphate 1 glycerme, the persulphate concentra-
tion varymg from 0 04 to 0 13 g fem 3 The 37 9, dose appears to
be independent of concentration over this range, and 1t 1s 1n
ferred that there 18 no indirect action 1n glycerine solutions such
as occurs 1n aqueous solutions It 13 unwise, however, to mahe
this deduction on the basis of observations which do not extend
to low concentrations of the solute, and Broda’s expeniments do
not prove more than that the 1onc yield for the indirect action 1s
less than one-tenth of the tome yield for the direct action

As the concentration 18 dimmshed, the 37 9, dose dimmishes,
but owing to recombination of radicals 1t does not do so 1n-
defimitely If the solute 13 one for which the 1onic yield for the
mdirect action () 18 considerably less than for the direct action
{I"), there may not be a great deal of difference between the 37 %,
dose for the direct action (1e the 379, dose when the solute 15

utadiated dry, or in concentrated solution, or mn the presence
of sufficient protective agent), and the 37% dose m dilute
solution This happens with virus protems, which appear to

1 Brods, E (1943), d g P Ipt finds that the
yield dry 15 much less than 1n concentrated solution glycerine The
doses of radiation he used are not stated in roentgens but making an
estimate from the data given, 1t appears that the lonic yield 1n sofution
18 of the order of 25, suggesting a chawm reaction of some sort The
negative result when the persulphate 13 wradiated dry probably means
that the chain reaction ¢annot occur I1n the dry state The results do not

rule out an 10me y1eld of the order of umty 1n the dry state
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of & protective agent however, reducing the efficiency of the
indirect action via the water, 1t 18 clear that the relative m
portance of the direct action mcreases

From the foregoing theory the relation betweon the 379, dose
1n golution, when both direct and indirect effects occur, and the
379% dose which would be obtaned when direct action only
occurred, can readily be determined In a solution contamning
only the one solute, the reaction producta of which are supposed
to have an affimty for activated water equal to that of the un-
changed solute, we obtamn

379 dose for direct action only 142 ‘water content arg
379% dose 1n solution I\ sold content

7 18 the 10mc yield for indirect action, 1e the number of solute
molecules reacting, per 1ontzation mn the solvent, under condi-
tions in which only the solvent contnbutes to the deactivation,
wlnle I‘ 18 the 10me yield for direct action, 1e the number of
reacting per 10r directly produced in the solute,

under conditions i which 1omzations not directly in the solute
do not appreciably contnbute to the yreld The term (water
content/solid content) simply means the ratio of the weight of
water to the weight of solute in a given quantity of solution,
eg 1s 90/10 for a solution contamung 10% by weight of
solute

If the sohd content 15 low encugh for the 10mc yreld of the
mdurect actron to be appreciably reduced by combination of the
radicals, ¥ must be reduced by multtplying by the factor read
from Fig 44

If the solution contamns the solute being mvestigated at low
concentration, and m addition contains a protective agent 1m
much higher concentration, then we obtamn

37 %, dose for direct action only
379, dose n solution

Y (waber content)

=1 +7‘ sohd content
deactivating efficiency per umt nlass of solute
* (des.chvatmg eficiency per umt mass of protective agent,
(TI-10)
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accomphshed by a moderate dose of radiation Thus dilute
solutions of enzymes may be largely mactivated by doses of a
few thousand roentgens which would have practically no effect
upon & concentrated solutton or a dry preparation Enzymes are
present 1n cells in low concentration, and since their destruction
would produce marked effects 1t 13 natural to suspeet that
enzyme destruction 18 of importance Tins argument has been
developed by Dale : The low concentration of the enzyme n the
cell does not in 1tself necessanly lead to a large percentage
destruction by moderate doses, since other cell constituents
present in larger amounts will protect 1t In fact, referring to
equation (10) we see that the dose required to inactivate a given
percentage of an enzyme present in concentration small com

pared with that of the other cell golutes 1s independent of the
enzyme concentration, and 18 determmed principally by the
value of Zp/M As may be seen from column 6 of Table 22,
enzymes have the largest Zp{}M values of any substances in

vestigated by Dale It 1s quite possible, however, that other
Protems are equally effective 1n this respect It seems therefore
that while the sensitivity of an enzyme 1 a cell will be higher
than that of the enzyme mn concentrated solution, 1t may not be
28 much higher as 18 sometimes supposed =

Direct action on large molecules

As will be explained 1n greater detail in Chapter 111, the dose
required to produce chemical change 1n & given proportion of the
molecules of a substance by direct action 1s inversely proportional
to the molecular weight, supposing that the 10mc yield (number
of molecules affected per 1on pair) 15 constant As a rough
working rule, a dose of 10% r will produce chemical change 1n
half the molecules of a substance of molecular weight 10% (if the
lome yreld 15 about umity) Now the smallest viruses appear
simply to be proteins of very high molecular weight, and 1n v1ew
of their high molecular weight the dose required to produce
chemical change in a given proportion of the virus molecules 1s
much smaller than 1s required to produce chemical change
& comparable proportion of a chemical of lower molecular
weight We shall find 1n Chapter Iv that the mactivation of these
small viruses can be explamned adequately on the view that

T Dale, W M (1940, 1942) 2 Forssherg A (1945, 1946)
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have ¥ much Jess than umty, and will be discussed further ;
Chapter 1v

From equation (10), we see that the 37 % dose 1n solution ma
approach the 379%, dose for direct effect even 1n a solution ¢
quite low sold content, in the event of the protective agen
having a deactivating efficiency per umit mass much higher tha
that of the solute bung investigated (or of y/I" being much les
than umty)

POSSIBLE MODES OF BIOLOGICAL ACTION

OF RADIATIONS
We shall take 1t for granted that the biological effects of 10mzin,
radiations are due 1n some way to the chemical changes induce:
by the radiations We are immediately faced with the problen
of explaiming why marked biological effects are produced by
doses of radiation which produce only a small degree of chemca
change Marked biologcal effects in different materials are pro
duced by doses ranging from about 50 r to about 5x 105 r The
number of 10omzations produced 1 & cubic micron of tissue by ¢
dose of 5x10% r 13 ahout 10%, and judging from the results of
chemical expeniments the ber of mol ting wall be
of this order The number of atoms 1n 14315, however, about 101t
Thus even the very large dose of 5x10% r produces & rather
small percentage chemcal change, and the dose of 50 I seerns
quite negligible from this pomnt of view There are several ways,
however, 1n which a small overall percentage chemical change
may be imagined to be effective, and these we now proceed to
discuss

Celi polsons

The products of decomposition of proteins and other cell con-
stituents by radistions have not been much investigated, but 1t
18 quite possible that they may be mjurious in quite low concen-
tration It 1s possible that there are some biological effects due
to this cause There 18 not much one can say, however, about their
mechanism, and they will not be discussed 1n this book

Activated water reactions
As we have seen, by the use of a sufficiently dalute solution
a large percentage of chemical change 1n the solute can be
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accomplished by a moderate dose of radiation Thus dilute
solutions of enzymes may be largely mactivated by doses of a
few thousand roentgens which would have practically no effect
upon a concentrated solution or a dry preparation Enzymes are
present i cells 1n low concentration, and since thewr destruction
would produce marked effects 1t 15 natural to suspect that
enzyme destruction 18 of importance This argument has been
developed by Dale : The low concentration of the enzyme in the
cell does not n itself necessarily lead to a large percentage
destruction by moderate doses, smee other cell constituents
present 1 larger amounts will protect 1t In fact, referring to
equation (10) we see that the dose required to mactivate a given
percentage of an enzyme present in concentration smalil com-
pared with that of the other cell solutes 1s independent of the
enzyme concentration, and 18 determined prmerpally by the
value of Zp/M As may be seen from column 6 of Table 22,
enzymes have the largest Zp/M values of any substances m

vestigated by Dale It 18 quite possible, however, that other
protemns are equally effective in this respect It seems therefore
that while the sensittivaty of an enzyme 1n a cell will be higher
than that of the enzyme in concentrated solution, 1t may not be
as much higher as 18 sometimes supposed z

Direct action on large molecules

As will be explained 1n greater detail in Chapter m, the dose
required to produce chemical change 1n a given proportion of the
molecules of a substance by direct action s mversely proportional
to the molecular weight, supposing that the 1omc yeld (number
of molecules affected per 1on-pair) 13 constant As a rough
working rule, & dose of 105 r will produce chemical change 1n
half the molecules of a substance of molecular weight 10% (if the
1wme yeld 1s about umty) Now the smallest viruses appear
simply to be proteins of very high molecular weight, and in view
of therr high molecular weight the dose required to produce
chemical change mn a grven proportion of the virus molecules 1s
much smaller than 1s required to produce chemical change 1n
& comparable proportion of & chemcal of lower molecular
weight We shall find i Chapter 1v that the mactivation of these
small viruses can be explamned adequately on the wiew that

T Dale W M (1040 1942) 2 Forssberg A (1945 1946)
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fecule occurs whenever one or more

h 1 change 1n one
1omzations are produced 1n 1t
"There are some effects of radiation on higher cells which are
believed to be due to the direct 10mization of large molecules 1n
the cell These are reactions whick may be included under the
general heading of gene mutation, and will be diwscussed
Chapters v and 1x

Localization of ionizaton

While the overall dose of radiation may be such that only a
minute proportton of chemical change occurs mn the solution as
a whole, 1n the immediate neighbourhood of the path of an
1omzing particle, particularly a densely 10muzing particle such as
an « ray, practically every solute molecule may be affected
This will be no less true for direct actions not depending on
active radicals Thus, while the overall chemical change mn the
cell may be small, 1t may be high locally 1n the particular struc-
tures through which the 10mzing particle passes If effects 1n
these structures are microscopically observable, or if the strue-
tures are sufficiently vital for changes 1n them to affect the cell
a3 a whole, then a biological effect will be recorded The best
example of this type of action so far studied 18 the breakage of
chromosomes by radiation, discussed i Chapters v1 and vir, m
which & chromosome 13 broken by the passage through 1t of an
1omzing particle, providing the latter 13 densely 1omzing and can
produce (in the case of Pradescantia) somethung like 20 romza-
1008 1n 1ts passage through the chr thread of d t
01z These breaks are microscopically visible

The target theory

‘When the biologieal effect observed 1s due to the production
of 10nzation m some partreular molecules, as n the mduction of
gene mutations, or 18 due to the p of an g particl
through some particular structure, as 1 the mduction of chro-
mosome breakage, 1t 1s posaible to calculate the size of the mole
cule or structure involved from a knowledge of the proportion of
the organisms uradiated which are affected by a given dose of
radiation 1t 15 further possible to predict the vanation of jome
efficiency of uffe t radiat; n prod g effects of this sort
The mterpretation of biologeal effects of radiation along these
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lines has become known as the farget theory or Treffertheorie
When making calculations 1n general terms one often speaks of
the molecule or structure m which 1omzation has to be produced
a8 the ‘target’, and the production of 1omzation m 1t as a ‘hit’
This mechamstic approach has been found unplausible by some
workers 1n this field, but the successes of the theory 1n explaiming
m particular the different 10nic efficiencies of different radiations
make 1t evadent that the model 1s not too crude to represent the
facts adequately in the cases which are discussed m this book

Spread of the effect of an ionization

When a chromosome 13 broken by radiation, a phenomenon
briefly referred to above, and which 18 discussed 1n detail 1n
Chapter vit, the evidence 1s that the passage of a densely romizing
particle, e g a proton or slow electron, anywhere through the
chromosome thread causes a break Now the chromosome thread
being (in the case of Tradescantia) of a diameter of about 0 1y,
1t must be made up of a very large number of chain molecules,
end only & small fraction of these chains will be broken by the
direct 1omzation or excitation of bonding electrons by mmpact of
the omzing particle Some spread of the effects of 1omization or
exartation must therefore occur Transference of energy from one
part of a molecule to another 13 a process known to occur,
and capable of interpretation on current quantum-mechameal
theory A cruder representation 1s to regard the column of
lomzation preduced by a densely 1onizing particle as a hno
source of heat, and to consider effects produced at a finite dis-
tance from 1t as due to temperature rise calculable n terms of
thermal conductivity and specific heat Jordan: has developed
this point of view 1n a revival of the old ‘point heat’ theory of

essauer s

Stll & thyrd mechamsm, suggested by Gray,s takes account of
the fact that 1omization produced n the water mnude and 1m
meduately outside the chromosome leads to the production of
8ctive radicals, and that the active radicals are capable of pro-
ducing chemical changes, mcluding presumably the disruption
of bonds, at a fimte distance from the place where 1omzation
occurred  As we saw on p 50, the H radicals are produced at

1 Jordan, P (1938¢) 2 Dessauer, F (1923)
3 Gray, LH (unpublshed)
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distances of the order of 16my from-the path &f thé particle
If the H radicals are effective 1n causing the change studied, then
effects may be found at this distance from the path of the
romzing particle, especially in the case of a densely 1omzing

diation such as & radiation

If only the OH radicals are effective, then thus will not be so,
smnce the OH radicals are produced much nearer to the path of
the 1omzing particle, and wn a cell, where there 1s an appreciablo
concentration of protemn 1n solution, the distance diffused by &
radical before 1t 1s ehminated by collision wath a solute molecule
13 only of the order of 2 or 3my +

t If the solute 13 such that el of active radicals
by radreal can be neglected by comp with el :
by solute reaction, the number of radieals dimunshes according to the
formula e-+F»} Talung cZp ~10" in the cell {cp p 60) 1t Jollows that the
active radicals peraist for a tume of the order of 10~* sec , which suffices
only for them to diffuse a distance of 2 or 3mg




Chapter III
THE TARGET THEORY

The target theory has been briefly introduced in Chapter 1x
Biological effects of radiation to which this theory 1s appheable
are those 1n which the effect studied 1s due to the production of
lonization by the radiation in, or in the immediate vieinity: of,
some particular molecule or structure Thus the production of
gene mutation by 1omzation of the gene molecule, or of chromo-
some breahage following the passage of an iomzing particle
through the chromosome, are actions of radiation to which the
target theory 15 applicable There are many actions of radimtion
on living orgamisms which are not to be mterpreted on the target
theory Thus, if the effect observed 1n a given cell 1 found to be
due to changes 1n the surrounding tissue, or 1 the blood cireula-
tion, the target theory will not be applicable to this effect Or
if the effect obsery ed 1 some cell structure 13 due to change mn 1ty
chemical environment as a result of 10mzations produced 1 the
cell flmds, then the theory will not be helpful It s clear that a
Iarge number of possible modes of action of radiation lie outside
the scope of the theory, and some wrters: have questioned
whether there exist in fact any actions to which the theory 1s
apphicable Tt 15 the opimon of the present author, the basis of
which w1ll be made clear m the sequel, that the validity of the
target theory 15 as certan as a scientific theory ever 1s 1n a
rapudly developing subject, mn the case of the mactivation of
small viruses by radiation, and the production of certatn chromo-
some aberrations m higher cells We shall apply 1t also to the
Inlhing of larger viruses and bacteria, and the production of gene
mutations, where we regard its validity as ghly probable Very
Possibly there are other actions of radiation which are correctly
nterpretable mn terms of the target theory, but we do not con-
sider that sufficient experimental evidence 1s yet available to
8ive the theory more than the status of a working hypothesis in
these cases Much needless controversy has ansen m the past

1 The quahfication or 1 the mmmediate viemity * 13 made to take
“CSOUM of the possibility of the spread, perhaps over distances of the
;" :;‘)Of & few millimicrons of the effect of an 1onization {as discussed on

2 Eg Scott, C M (1937) The Brological Actions of X and ¥ rays
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when biological effects of radation have been interpreted on the
target theory with inadequate evidence, and we shall for this
reason exclude from discussion mstances where the application
of the target theory has been based only on the determination
of the shape of & survival curve

Three investigations should form a part of any attempt to
determine whether a given biological action of radiation 1s of the
target-theory type One of these 19 the determmation of the
matner in which the number of orgamsms or cells affected in-
creases with the dose of radiation When a lethal action 1s being
studied, this 1s essentially the same as determining the shape of
the survival curve, 1e the curve obtained by plotting the pro
portion of orgamsms surviving agamst the dose The second 18
the determination of the manner i which the effect of a given
dose depends upon the intensity at which 1t 1s admimstered The
third 13 an investigation of the relative effectiveness of different
types or wave lengths of radiation This Jast 1s of particular 1m
portance, and 1t 1s from 1ts success 1n explaining the manner 1n
which the effect of a. given dose vares with wave length and type
of radiation that the target theory derives its principal value
We shall in this book be concerned to a considerable extent with
this application of the theory, and 1t will be found that con
sderable progress both on the experimental and theoretical
sides has been made

One class of action to which we apply the target theory 13 the
class 1 which the brological effect 1s behieved due to a single
iomzation We interpret in ths manner the mactivation of
viruses (Chapter 1v), the production of gene mutations (Chapter
v), and the kulling of bacteria (Chapter1x) From aradiochemical
standpomnt we may group these actions as those in which the
biological effect 1s due to change produced 1t a single molecule
by the 1omization of that molecule FErom a biological standpornt
we may consider all these actions to be of the nature of gene
mutations

A second class of action to which we apply the target theory
18 the production of certain chromosome aberrations m higher
cells by radiation The aberrations follow the breakage of

chromosomes caused by the p hrough the chr
of lomzing particles A single 1omzation the chromosome has
very small probabilty of causing breakage (n the case of
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Tradescantia, discussed 1n Chapter vir), but the passage of a
single ronizing particle suffices, providing that 1t 13 densely
1omzing and so produces a sufficient number of 10mizations n the
chromosome 1n 1ts passage through it

A third class of action to which the target theory has been
applied 15 one 1 which a large number of 1omzations must be
produced within the target, and therefore a number of 10omzing
particles must pass through 1t The more densely jomzing 1s the
tomzing particle, 1e the more 10mzations per micronat produces,
the fewer 1omzing particles will be required, and this should be
shown up by a change 1n the shape of the survival curve with
different wave lengths or types of radiation Examples of
actions of radiation which has e been interpreted 1n terms of the
existence of a target through which several 1omzing particles
must pass, are the lalling of bacteria,: of bean.seeds, of yeasts,s
of Protozoa,: and the inhibition of diviston 1 tissue cellss In
the opinion of the present author the validity of the application
of the target theory mn the manner proposed 1s less well esta-
blished 1n these cases, and we shall not discuss in detail the
‘multi-hit’ target theory in which the biological effect 1s sup
Posed due to the cumulative effect of several 1omzing particles
separately passing through the target, but shall confine our
attention to the actions which are attmbutable to a single
l1omzation or a single 1omzing particle

Recogmtion of the single-lomzation type of action

Apart from the question whether the action studied can, on
brological grounds, plausibly be beheved to be due to change
occurnng 1n a single molecule discussion of which we defer until
later, there are a number of lines of evidence provided by the

I Lacassagne, A & Holweck, ¥ {1929a), using Pyocyarague 8 Lea,
DF, Hames, RB & Coulson, C A {unpublished) have repeated these
experiments on a number of bacteria including the strain of Pyocyaneus
used by Lacassagne & Holweck but have failed to confirm their exper:
mental results, and instead obtain data consistent with the interpretation
that a single tomzation 13 responsible for the lethal effect obsersed

2 Glocker R {1932)

3 Glocker, R (1932), Lacassagne, A & Holweck, F (1930)

4 Crowther J A (1926)

mi e:pear. FG Gray LH & Read J (1938) The authors suggest that
o asingle proton or a large number of electrons are required to pass
irough the target, the total lomization required being almost the same
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radiation expeniments themselves which should be mnvestigated
before concluding that s particular action studied 15 caused by
a single 1omzation Tho following reaults are to be expected for
this type of action

{a) The survival curve 18 exponential

(b} The effect of & given doss 18 independent of the mtensity
at wiich 1t 18 given, or of tho manner in which 1 18 fractionated

{e} For the same degrea of effect, the dose required with dif
ferent radintions increases in the order y-rays, hard X-rays, soft
X-rays, noutrons, & rays Often the differenco 18 not detectable
between y-rays and the different wave lengths of X-rays, but
becomes noticeable with neutronsand & rays It 13 probable also
that the effect of a given dose will be ndependent of the
temperature

Shape of survival curve

It1s convement, while develomng the theory in general terms,
to speak of the region within which jomzation has to be pro
duced to obtain the mutation, killing, or other effect atudied 8s
the farget To romze the target it 19 necessary for an 1omzng
particle (electron, proton, etc ) to pass through it, and the pas-
sage of an jomizing particle through the target producing romza-
tion 1 1t may be spoken of as a kit The type of action we are
studying 13 caused by a single lut  Now 1t 1s evident that the
number of hits 1s simply proportional to the dose of radiation
gven  If the dose given 15 such that only a small proportion of
the targets are t, no distinction need be made between the
total number of hits and the number of targets hnt The number
of targets hit 1s then proportional to the dose, and a straight hne
1s obtamed by plotting {as m Fig 64} the yeld of the reaction
agamst the dose If the dose used 13 larger so that the number
of targete hut 18 a considerable proportion of the whole number,
eases will oceur of several hits being obtained i a smgle tasget
The number of targets hit will thus be less than the total number
of hite  Although the total number of hits snereases mn strich
proportionality to the dose, the number of targets hit mncreases
more slowly, so that the yield plotted egast the dose gives
a curve which 18 convex upwards {curve B, Fig 5) tending
asymptotically to 200% at large doses If one s following, say,
the kilhng of bactena or of other single celled orgamsms, the
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numbers killed by successive increments of dose are not equal,
but each mcrement of dose kills the same proportson of the
number of orgamsms which have survived until then The
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Fra 5 Methods of plotting exp 1 data for the single 10mzation
type of action
number of viable orgamsms falls off n & geometrical progression,
or what 1s merely another way of saying the same thing, the
survital curve 13 exponential (curve C, Fig 5)
For, if ny 15 the utial number of orgamsms, and » the number
which survive a dose D, then the proportion of orgamsms not so
far hat which will be hut by an increment dD 1n the dose, will be
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radiation expenments themselves which should be nvestigated
bofore concluding that a partrcular action studied 13 caused by
a single romzation The follow ing results are to be expected for
this typo of action

(¢) The survival curve 1s exponential

(8) The eflect of o given doso 18 independent of the mtensity
at which 1t 18 given, or of the manner 1n which 1t 1a fractionated

(¢} For the same degree of effect, the doso required with dif
ferent radintons increases in the order  rays, hard X rays, soft
X-rays, noutrons, rays Often the difference 18 not detectable
between  rays and the different wave lengths of X-rays, but
becomes noticeable with neutrons and & rays Itisprobablealso
that the effect of a given dose will be independent of the
temperature

Shape of survival curve

It 1s convenient, while developing the theory in general terms,
to speak of the region within which 1omization has to be pro
duced to obtain the mutation, Ialling, or other effect studied as
the target To 10n1ze the target 1t 1s necessary for an omzng
particle (electron, proton, etc ) to pass through 1t, and the pas
sage of an 10mzing particle through the target producing romza-
100 1n 1t may be spoken of as a At The type of action we are
studying 1s caused by a single it Now 1t 19 evident that the
number of hits 13 simply proportional to the dose of radiation
given If the dose given 1s such that only a small proportion of
the targets are hit, no distinction need be made between the
total number of hits and the number of targets hit The number
of targets hit 1s then proportional to the dose, and a straight hne
13 obtained by plotting {as in Fig 54) the yreld of the reaction
against the dose If the dose used 1s larger so that the number
of targets hit 1s a considerable proportion of the whole number,
cases will occur of several hits being obtained 1n a single target
The number of targets it will thus be less than the total number
of hits  Although the total number of hits increases 1 strict
proportionality to the dose, the number of targets it increases
more slowly, so that the yield plotted against the dose gives
a curve which 1s convex upwards (curve B, Fig 5) tending
asymptotically to 100 9% at large doses If one 1s following say,
the killing of bactena or of other single celled organisms, the
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experimental points and reads off the dose giving the natural
logarthm = — 1

(E) If loganthms to base 10 have been used, one reads oft the
dose giving log,, n/ny= ~1, and diides 1t by 23, becavse
log,10=23

Tae.E 24 Natural logarithms and exponentials

i, Tog, nfnq DD, e Vs DID, ¢ Vit
095 949=—0 051 002 0930 20 01353
090 805 -0 105 004 0961 21 01225
085 837 —0163 006 0942 22 93108
080 717 -0223 003 0823 23 01003
075 712 -0288 010 0905 24 00907
070 643 ~0357 012 0887 25 0o
065 569 -0 431 014  08bY 26 00343
060 489 ~0 511 016 0852 27 00672
055 402 —0598 018 0835 28 00408
050 307 ~0693 020 0819 20 00350
045 1201 —o0709 02 0779 30 00404
040 lost ~oo016 030 0741 31 00450
035 2950 —1050 035 0705 32 00403
630 %496 —1204 040 0670 33 00360
025 3614 —1386 045 0638 34 00334
020 391 —1609 050 0607 35 Q0%
018 285 —1715 055 0577 36 00273
616 167 —1833 060 0549 3T 00247
8 4 034 —1966 0065 0522 38 00224
12 880 —2120 070 0497 39 oo
010 697 —2303 075 0472 40 00183
008 174 252 080 0449 41 00166
406 87 —2313 085 0427 42 00100
ggﬁ 004 —2996 080 0407 43 00130
781 —3219 095 0387 44 oo

g03 493 —-3507 10 0368 45 ool
0025 311 ~3689 11 0333 16 00101
0020 088 ~3912 12 0301 47 0004
33{5 800 —4 260 13 0273 48 00032
o oog 395 ~4605 14 0247 49 00071
172~ 4828 022 067

0007 038 —d g2 } g 0 203 g ? 3 g‘oﬁf
gggg 834 5116 17 0183 52 00055
oo 702 <5298 18 0165 53 00050
479 —5521 19 0150 54 00045

0003 8191 5809
0002 1185 —6215
0001 1092 —6 08

th((eFd)g:f loganithmic graph paper has been used, one reads off
the dos: r;ducmg the surviving fraction to 0 368, or elsc, takes
Tho Tecdueing the surviving fraction to 0 1 and divides by 23
strate ;e ‘varous methods of plotting radiation data are 1llu-
m Fig 5, the (hypothetical) data on which they are
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gwven by the formula —dnfn=dD/D,, where D, 1s the dose re
quired to score an average of one hit per organism Thus formula
ntegrates to

log,(n/ny}= —D|D,, or n=n,e-PDs (111 1)
The logarithms are natural logarithms to o base e, s table of
which 13 grven (Tablo 24), together with a table of the exponen-
tial function -2/

The eastest way of testing whether an experimental survival
curve 18 exponential 1s to plot aganst the dose not the surviving
fraction, but 1ts logartithm, when a straight hne will be obtamed
if the survival curve 13 exponential Either natural loganthms
to base ¢ (Fig 5D), or Joganithms to base 10 (Fig 5£), may be
used for this test, or the surviving fractions may be plotted
directly on to loganthmic graph paper (Fig 55) Natural loga-
nithms are to be preferred smnce they facilitate the subsequent
caleulations

Having established that the survival curve 1s exponential we
can most conasely repori the sensitivity of the materal to
radiation by stating what we may define as the mean lethal dose
or inactiation dose, or 379, dose By this we mean D), the dose
which corresponds to an average of one hut per target It can be
obtained from the expenimental 1esults 1n the following alterna-
tive ways, depending on which method of plotting has been
adopted

(A) If the experiment has been hmited to dosages at which
only & small proportion (e g less than 10%) of the organisms
have shown the effect studied, and if the results have been
exhibited by plotting the proportion affected against dose, one
extrapolates the straight hine curve best fitting the results and
reads off the dose corresponding to 100 %, effect

(B) If the number of orgamsms affected has been plotted
against dose, and the experiment has not been lunited to a small
proportion of orgamsms affected, the dose required 1s that
affecting 63 29, of the organisms, because 1—e~1=0 632

(C) If the ber of org flected, 1e surviving the
dose, has been plotted against dose, one reads off the dose giving
36 89 survival, because e—7=0368 (Hence the name 379%,

dose )
(D) If the natural loganthm of the surviving fraction has been

plutted against dose one draws the straight line best fitting the




EXPONENTIAL SURVIVAL CURVES 5
expenmental points and reads off the dose giving the natural
loganthm= -1

(E) If loganthms to base 10 have been used, one reads oft the

dose giving logy, nfny= —1, and divides 1t by 23, because
log, 10=23

Tar_e 24 Natural loganithms and exponentials

nfng log, njn, Dip, ebb, DiD, e-bil,
095 949=—0 051 002 099 2 01353
090 895 —0105 004 0961 21 01225
085 837 -0163 006 0842 22 01108
080 717 -0223 008 092 23 01003
075 712 -028% 010 VA5 24 0007
00 643 —0357 012 0887 25 0081
065 569 —0431 014 0869 26 00743
060 489 0511 016 0852 27 00672
055 402 —0598 018 0835 28 00603
050 307 —0693 020 0S8y 20 0035
045 201 —079Y 025 0779 30 004N
040 084 —o0918 030 0741 313 0 0430
035 950 —1050 035 0705 32 00408
030 796 —120¢ 040 0670 33 00760
025 31814 —1388 045 0638 34 00334
020 391 —1609 050 00607 35 00302
¢18 285 —1715 055 0577 36
016 2167 —1833 060 0549 37
0 1 034 —1966 065 0522 3g
012 880 ~2120 070 0497 39
910 697 2303 015 0472 10
008 474 —252 080 0449 41
306 187 -2813 085 0427 42
S 05 003 —2996 090 0407 43
04 781 3219 085 0387 14 00123
603 493 ~3507 10 0368 45 o0l
ggga 311 30689 11 0333 46 00K
gox0 088 3912 12 0301 47 00091
15 800 —4200 13 0213 48 00082
gglg 395 4605 14 0247 49 00074
0 172 ~4823 15 0223 50 00!
gggg 038 —4 962 16 0202 51 goog-{
oo 884 —5116 17 0183 52 00055
ooe 702 —5298 18 0165 53 00030
419 —5521 19 0150 54 00Ws5

”Sd)olf loganthmic graph paper has been used, one reads off
the dq:e rtjiducmg the surviving fraction to 0 368, or else takes
o ereducing the surviving fraction to 0 1 and divides by 23

eS¢ various methods of plotting radiation data are 1llu-

" Strated 1n Fig 5, the (hypothetical) data on which they are
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based being given in Table 26 In the particular example chosen,
the 37% dose 13 10x 10° r Thisg, then, 18 the dose needed to
produce sufficient 10mzation mn the tissue to obtamn an average of
one hit per target The deductionof the37 % dose1s the first stage
in caleulating the srzo of the target from the expenimental data

TanLe 25 Examplo of the mothod of working up expenumental data
for the single hut type of action

Doso {x10%r) [} 02 04 06 08 10 2

Fraction lulled 000 002 004 006 008 010 018
Fraction surviving 100 098 096 094 092 090 082
Log, surviving fraction 000 Iss Ies Tot Ip2 1lso Is0
Dose [x10°r} 3 4 5 10 15 20 30

Fraction lulled 026 033 030 063 078 088 095
Fraction surviving 074 067 061 037 022 Ol4 005
Log, surviving fraction 170 160 Is0 Ioo 250 200 300

The dose of radiation that suffices to affect an appreciable
proportion of the orgamsms uradiated will usually correspond
to the passage of a large number of tonizing particles through
each orgamism Thus, when irradiating bactera with a-particles,

to kall 50 %, of the org; a dose corresp g to the passag

§

E 19 A B

o

5

gos 3

2

w

h Dose Dose

Fio 6 Survival curves axpected for A cumulative type of action
B, single 1omuzation or single lonizing particle type of action

through each bacterium of about 100 & particles 1s required On
the target theory the lethal action 1s due to a single one of these
hundred a particles, which happens to go through the sensitive
region or target A superficially more natural explanation would
be that the death 1s the cumulative effect of the chemical change
produced in the orgamsm by the hundred « particles If the
effect were cumulative, however, one would expect a shape of
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survival curve such as Fig 64, mn which a dose equal to the mean
lethal dose resulted in the survival of 509, of the orgamsms,
wile a certain proportion of the organisms were Lilled by some-
what smaller doses or survived somewhat larger doses, depend-
mg on individual resistance This siymord shape of survival curve
181n contrast to the exponential shape Fig 63 expected when the
action 13 due to a single-unit action (1e a single romzation or a
single 1omzing particle), and the experimental reahization of an
exponential curve instead of a sigmoid curve 18 an argument sug-
gesting that the effect being studied 1s due to a mingle 1onization
or a single 10mzing particle rather than the cumulative effect of
many 1omzing particles
When g curve definitely of the type of Fig 64 1s obtamed, 1t
does of course rule out the possibihty of the cause of death bemng
2 single-umt action, but 1t 15 not equally certain that an ex-
Ponential survival curve such as Fig 6B rules out a cumulative
action For such a curve could be obtained with a cumulative
action if the resistance of mdividual orgamsms to the radiation
varied very widely There may be found in the hterature dis-
cussion ad nauseam of whether the exponential survival curve
obtained, e g with bactera, proves the disinfection to be of the
single-umit action type, opponents of this view preferning to
ascnbe the exponential curve to an extremely skew distribution
of resistance As long as the argument 1s based only on the shape
of the survival curve, the conclusion must be largely subjective,
since 1t depends on whether one regards the a priors 1mproba-
bility of the target theory to be greater or less than the a prion
improbabihity of the distribution of resistance toradiation among
the orgamsms being of the extremely skew type required Under
these circumstances additional criteria rather than further dis-
cussionsg are called for One remark, however, we shall add
before leaving the subject of shape of survival curve
The argument for the target theory interpretation clearly in-

creases 1n force the more exactly the survival curve 1s exponen-
tial, since while the distribution of resistance may be shew, there
seems no reason why 1t should approximate closely to a simple
mathematical function Hence the value of determiung the
survival curve ag accurately as possible The estabhishing of a
small systematic departure from the exponential curte does not,

however, necessanly exclude the target theory, unless certamn



78 THE TARGET THEORY

complicating factors capable of distorting an exponential sur
v1val curve have been excluded Thus if one 18 rradiating, say,
bactera, and some clumping occurs, then the survival curve will
be thereby mado slightly mgmord, since several hits, cach on a
separate bacterium, will bo needed to make the clump ineapable
of generating a colony Or 1f the orgamsms rradiated are not
quute uniform, the more sensttis ¢ wili be killed more rapidly than
the more reastant, and the curve obtaned by plotting the
loganthm of the surviving fraction against dose will be concave
upwards Or if attempts to extend the experiment to very low
survival aro made by the use of large doses, then some add

tional lethal action may become tmportant, such as the produc

tion of poisons 1n the medium, which will make the logarithmic
survival curve convex upwards Very often these complications
do not occur When they do, they naturally weaken the force of
the survival curve argument as an indication of the appheability

of the target theory to the particular case, but a shight departure
from exponential shape should not be regarded as ruling out s
single unit action nterpretation when other indications support
thus mterpretation, until the possible existence of compheating
factors has been mnvestigated There are several examples 1 the
hterature of the bactencidal action of radiations, i which sig-
mord survival curves have been reported, but experrments in
which spectal care has been taken to avord disturbing factors
such as clumping have yielded exponential survival curves

Time-intensity factor

The fact that the effect 1 one organism, when it occurs 1s due
to one 10mzation, and 15 not the cumulative effect of several
10mzations, means that the manner 1n which the 1omzations are
distributed 1n tune has no effect  For each 1onzation produced
1n the irradiated tissue has a certain probability of producing the
effect, but this probability 1s uninfluenced by the time elapsed
smce the lsst romzation occurred or before the next one will
occur Hence, i the class of action of radiation we are con-
stdering, the effect of a given dose 1 independent of the intensity
of radiation and the manner in whichit s fractionated Naturally
this statement supposes that the matenal wradiated remains of
constant sensitivity during the period over which the irradiation
13 spread
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On the alternative view that the effect observed 1s not due to
a single 10nization or single 10mzing particle, but to the cumu-
latve action of a large number of 1omzing particles, we might
expect to find that the effect of a grven dose depended on the
intensity There are numerous nstances 1 which & biological
effect of radiation, not of the single unit action type, 18 found to
requise a larger dose when the radiation 1s admimstered at low
ntensity than when admmstered at lugh mtensity The natural
explanation 15 that the orgamsm 1s capable of recovery from the
effects of rachation provided this 15 admimstered sufficiently
slowly

The expeniment of spreading & given dose over yanous lengths
of time should always be made when investigating an action of
radiation suspected to be of the single unit action type, since to
find that the effect of a given dosc did indeed vary with the
duration over which 1t was spread would provide a strong argu-
ment agamnst the action being of thus type But to find the effect
of a given dose to be independent of this duration cannot be
regarded as conclusive evidence for a single unit action, since
even with cumulative actions there 1s usually found a range of

durations over which the effect of a given dose 1s independent of
the duration

Dependence on type of radiation

If the 10mzations produced in 1rradiated tissue were spatially
distmbuted at random, the yield 1n a reaction, 1n which a single
10mzation n the target sufficed to produce the effect, would
depend only on the number of 10mzations produced per umt
volume in the tissue, and would not depend on the wave length
or type of rachation used Actually the 1omzations produced by
X rays or radiactive radiations are locahzed along the paths of
wmzng particles, and 10mzation can only be produced i the
target 1f 1t 18 traversed by an lomzing particle If the latter 15
densely 1omizing, 1e produces a large number of romzations per
micron path, then 1t 1s found with targets of the size existing in
practice that several 1omzations are produced when the 10mzing
particle traverses the target Since one suffices to produce the
effect, being studied, the additional 1omzations which contribute
to the dose, but not to the biological effect, reduce the yield per
somization Thus densely 10mzing radiations are less effective i
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this type of action for equnl 1onization 1 the tissue Thas 1s the
prnaipal means by wiich actions due to n single ronization can
be recognized, since in some othiers 1t which many sonszatons
are required {e g chromosome breaknge, Chapter vir) exactly the
reverso 1s true, the densely tomzing radiations bewng more effec-
tve per 1onzation than the less densely sontzing radintions

In the single jomzation type of action no appreciable dif-
ference 12 to bo oxpected, howover, betwecen 4 ruy8 and different
wave lengths of hard Xernys with targets of the smze range
commonly found (4-40my dismeter) Thia 18 true despito the
fact that the difference of ion dengity between the romzmng
particles (electrons) produced by ay ray of 001A andanX ray
of 0 1A 15 conmderable The reason 1s that along the trach of the
10mzing paritele successive primary 1omzations are separated by
distances greater than the target dizmeter, so that more then
one prmary tomzation rarely falls m the target (Many of the
primary jonizations are the centres of small clusters of secondary
soruzation, so that it frequently happens that tw o or three joniza-
tions composing o single cluster fall 1n » farget The mean
number of secondary 1omzetions per prnmary ronzation is, how-
ever, approximately the same for different wave lengthsof y rays
and hard X-rays, so that this complication does not ntroduce
any difference in efficency per 1omzation )

Thus the yield of the reaction studied for 2 grven number of
wnizations per umt volume of wradiated fissus 1o practically
mdependent of wave length over the range of wave lengths most
easily accessible, viz ¥ rays and X-rays down to say 50kV
1t 1s usually only when soft X rays of wave Jengths exceeding
YA are used, or neutrons of ¢ rays, that s signsficant vanahion
13 found

Relation between target size and ipactivation dose

Vanons biological actions of rachations have been interpreted
on the target theory for s number of years, though it 1s only
fauly recently that adequate tests for the vahdity of such mter-
pretations heve been apphed The usual am s to deduce from
the observatians the size of the target, m the hope of identifymg
1t with some known cell structure

In the case of actions i » hich a single lomzation in the target
suffices, knowledge of the size and shape of the target should
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enable the 379, dose to be predicted, since we know sufficiently
well the number of 1onizations produced per umt volume in tissue
by 1 r of any radiation, and the spatial distribution of the
1omzations (numer:cal information on these points 1s to be found
n the tables of Chapter 1) The converse problem of deducing the
s1zo of the target from the measured value of the 37 %, dose can
also be solved 1f we assume the target to have some simple shape,
eg spherical If data are available for the 379, doses with
geveral different radiations, then the constancy of the estimates
of target size obtamed from the several radiations affords a
ughly desirable check of whether the single-lomzation theory 1s
applicable to the particular action bemng studied, and whether
the target 1s sufficiently nearly apherical to be assumed so n the
calculation
As will have been realized from the account given in Chapterr,
the spatial distribution of 1omzation 1n wradiated tissue 1s com
Pheated, and an exact caleulation 1s laborious  If the romzations
were produced 1n the tissue singly and at random, the calcula
t1ons would be much easier One approximate method of calcu-
lation, which we describe as Method Ix 18 to treat the problem
as1f the romzations were m fact produced singly and at random,
and we describe Lelow the results given by this method and
indicate the condifions under which 1t may be approximately
veld Another approximate method which has been widely used
(Method 1I): 15 to take account of the fact that 1omzations are
localized along the paths of 1omzing particles (electrons, protons
or a-particles) so that 1omzation can only be produced mn the
target when an 1omzing particle passes through it, by postu
lating that the effect ocours whenever an 10omzing particle passes
through the target Still another method (Method IV})s takes
account of the fact that when tissue 15 irradiated by X-rays the
tomzing particles (electrons) are liberated by the absorption of
X ray quanta, and regards a ‘hit’ as the absorption of a quantum
m the target
Each of these methods 15 valid for certain sizes of target and

certam radiations, but each of them leads to serious error when

t Crowther, J.A (1024)

2 Glocker, R (1932 L
R R o ()lbzs;;ymgrd_ WYV (1934), Lea D E, Haines

Lacaas:
3 2gne A & Holweck ¥ (1929a), Wyckoff, R W G (1930q,b)
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this typo of action for equal 10mizatton in the tissue This s the
principnl means by which actions due to a smgle iomzation can
be recogmized, mnce 1n some others in which many 10mzations
are required (e g chromosome breaknge, Chapter vir) exactly the
roverse 18 true, the densely fomzing radiations being more effec
twe per jomzation than the less densely 10nizing radations

In tho single jomzation type of action no appreciable dif
ferenco 18 to be expected, however, between y-rays and different
wave lengths of hard X-rays with targets of the size range
commonly found (4-40mp diameter) Tius 1s true despite the
fact that tho difference of i1on density between the ronizing
particles (electrons) produced by a y ray of 0 014 and an X rey
of 0 1A 18 considernble The reason 1s that along the trach of the
10mzing particlo successive primary 1omzations are separated by
distances greater than the target diameter, so that more than
one primary 10mzation rorely falls in the target (Many of the
primary j0mzations aro the centres of small clusters of secondary
1omzation, so that it frequently happens that two or threeomza
tions composing a single cluster fall in a target The mean
number of secondary 1onizations per primary 10mzation 18, how-
ever, approximately the same for different wave lengths of y rays
and hard X-rays, so that this complication does not ntroduce
any difference 1n efficiency per 1omzation )

Thus the yield of the reaction studied for a given number of
1omzations per unit volume of wradiated tissue 1s practically
independent of wave-length over the range of wave lengths most
easly accessible, viz 7y rays and X-rays down to say 50 kV
It 15 usually only when soft X-rays of wave lengths exceeding
1A are used, or neutrons or « rays, that a sigmificant vanation
18 found

Relation between target size and ipactivation dose

Various biological actions of radiations have been mterpreted
on the target theory for a number of years, though 1t 13 only
fairly recently that adequate tests for the validity of such mter-
pretations have been applied The usual aim 1s to deduce from
the observations the size of the target, n the hope of 1dentifying
1t with some known cell structure

In the case of actions in which 2 single 1omzation in the target
suffices, knowledge of the size and shape of the target should
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and will be 1 the direction of underestimating the target size,
but the method will be correct for targets smaller than the
separation of consecutive 1omzations n the trach of the wonizing
particle
Method II A method which has also been commonly adopted
19 to suppose that a ‘hit’ 1s obtamed whenever the romzing
particle traverses the target This method will clearly be correct
if the target 1s sufficiently much larger than the mean separation
of 1onizations along the path of the 1omzing particles to mahe 1t
inprobable that the 1omzing particles should traverse the target
without leaving any 1omzation it This method of calculation
will, however, be 1n error 1f the target 1s small, so that 1t s
possible for the 1omizing particle to traverse the target without
leaving any 1omzation m 1t In such cases, application of this
mcorrect theory will underestimate the target size
It 18 clear that of the two procedures, Method I 1s vahd for
very small targets and Method II for very large targets
Attempts have heen made to apply one or other of these methods
of calculation to predict the varation of biologieal effect with
wave length of X rays for targets of given size The weahness of
these attempts lies 1n the fact that 1t turns out that the targets
of biological interest are often of a size intermediate between the
small size for which the first method 1s vahd, and the large size
for which the second 15 valid Thus when the mactivation of
small viruses 1s being considered, the first method 1s approxi-
mately valid for ¥ rays and hard X-rays, while the second
method 13 approsimately valid for very soft X-rays For
medium wave length X-rays the relation between the size of the
target and the separation of successive 10nizations 13 such that
neither method of calculation 1s satisfactory It 1s evident that
any attempt to base a theory of wave length vanation upon one
or other of the two methods of calculation would be maccurate
Method IIT The associated volume method 'The present
author: has given a method of calculation whch should be satis
factory over the important intermediate range of target size,
while tending to the same results as Method I for small target
size, and to the same result as Method 1T at large target size
The method 1s 1llustrated by Fig 74, which represents diagram-
matically the distribution of 1omzation produced by an electron
1 Lea, DE ({1940 a,b)
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apphed outsido this range A method: of caleulation may be
devised (Mothod III) not subject to this Limitation, but vald for
any sizo of target and 1omzing particles of any 10n-density

As explained 1n an carlier chapter, less than half of the total
1omzation 1s produced by the primary 1omizing particle (electron,
proton or a particle), the rest being secondary 10mzation pro
duced by secondary electrons (8 rays) cjected by the pnmary
tomzing particle from some of the atoms 1t 1omzes All the
methods so far catalogued erther negleet the distinction between
primary and secondary 10mzations completely, or else take 1t
into account crudely by dering the
produced by a § ray to form a compucc cluster 2 Thls procedure,
while valid for the majonty of sccondary electrons which are of
low energy, fails to allow adequately for the appreciable pro
portion of the total iomzation contaned 1n the trachs of more
energetic & rays of longer range A rather laborious caleulation
can bo made to take these &-rays into account The details of this
calculation are relegated to the Appendix, but in Figs 8-11 of
this chapter the results of the calculation are presented m a form
enabling experimental data of inactryation doses to be immedi-
ately converted to target size

We now outline briefly the vanous metheds we have referred
to for caleulating the target size from the 37 %, dose

Method I If the 10muzntions were produced mn the tissue aingly
and at random, the dose needed to produce an average of 1
1onization per target of volume v (1e the 379, dose) would be
that dose which produces 1/v 10mzations per umt volume m
tissue This procedure for caleulating the 37 %, dose would be
vahd 1f 1omzations were distributed at random m the tissue
Actually they are localized along the paths of romzing particles
If no 1omzing particle passes through the target then no effect 1s
achieved If an 1omzing particle does pass through, then several
1omzations may be produced (in the event of the target dimen
sions bemg several times greater than the separation of con-
secutive 1omzations), and hence the dose requred for a given
biological effect w 1ll be proportionately greater than on this
method of calculation The crror will be great for large targets,

1 Lea, DE (1940a)

2 Lea DE Hames R B & Coulson, C A (1936) Jordan, P (19383),
Lea D.E (1940a}
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13 the necessary and sufficient condition for an 1omzation to be
produced 1n the target On account of the overlapping the
assoctated volume will be less than ¥ m3 n 142 of tissue The
overlapping 15 most 1n the case of the spheres associated with the
separate 1omzations of a cluster These 10mzations, 1n a cluster
of up to five or mx romzations, are only separated by about
Imy (10-7 ¢m ), and since the diameters of targets found 1n
examples studied to date range from about 4 to about 40my,
the overlapping 1n small clusters 1s practically complete, so that
the volume associated with a clusterisonly $7r® The caleulation
18 simphfied by assuming this to be true of all clusters, so that
the picture simphtfies to Fig 78, in which a sphere 1s shown for
each primary tomzation only  Since the ratio of the total number
of 1omzations, N, to the number of primary 10mzations, 2, 18
approximately 3 1, there will be n=N/3 spheres per umt
volume On account of the overlapping of the spheres belonging
to consecutive pnimary 10mzations the associated volume will
be less than » 4773 and will be, say,
r

O %%%ﬂr’ (111-2)
per cubie micron  Expression (2) 1s the sum of the associated
volumes of all the 1omizing particles in 1z of tissue, and 13
equal to the mean number of hits per target The ndividual
assocrated volumes partly overlap, and the probability p that
there will be at least one hit per target, which 1s also equal

to the proportion of targets hit, 13 given by the following
expression

p=1—exp (—% n %ﬂr’) (ITI-3)

F may be calculated: m terms of the diameter of the target 2r
and the mean separation (L) of consecutive primary 1onmzations
1n the path of the 1omzing particle, and 13 found to be

2!
FZ /{1 —2(1 —e-)/£2 4 2678}, (ITL-4)

whese £=2r/I, This function F1s tabulated agamst £ 1n Table 26

We can readily show that for large targets (1e £3 1), when the

overlappmg spheres fuse mto a cylinder (2) reduces to nLmnr?,
1 Seo Appendix, also Lea, DE (1940a)
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over o small portion of its path The solid dots are 1omzations,
somo clusters of secondary on bewng mndicated S

that to get an effect, o g o gene mutation, 1t 15 necessary for an
tomzation to be produced within a sphenecal target of radws r

OO d:

0®OO @
0o @ @O@

(TXRRRETTS RRK
000 .«Jﬂfi’)

Fie 7 Xlustrating the associated volume method of calculation

What s the probability of this happemng when a dose equivalent
to the production of N romzations per cubic micron 18 given?
The calculation may be effected by the following construction,
indicated n Fig 74 Round each 1omzation as centre a sphere
of radms 7 1s 1magmed These spheres, which in general overlap
t0 a greater or lesser degree, will occupy a nett volume which may
be described as the associated volume For mutation to occur, the
centre of the target must lie within this agsociated volume, this
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caleulation listed above as I, IT and III have been used For
the reasons stated Method I 15 likely to underestimate seriously
the target size deduced from the a-ray data, and Method II
similarly to underestimate the target mze deduced from the

TapLz 27 Target d " Jeduced from 1 data on the mactive
tion of a b hage by radiat: p of four hods of
caleulation

Radiation ¥ Tays X rays {164) arays (4eMV)

Inactivation dose {x 10°¢) 58 o9 35

Target diameter 10 mz

Method 1 1n2 100 59
Method II 38 13 244
Method T 163 162 244
Improved method 155 159 183

¥ ray data The figures given 1n the table bear out these anticr-
pations, and Method III which should be free from these errors
gives a more conuistent set of estimates The principal remain
mg discrepancy 1s 1n the high value obtained with « rays An
improved method of calculation discussed later in the chapter,
which takes account of 8 rays, removes this discrepancy, as the
fast line 1n the table shows
Method IV If the target 1s rather large, and X rays of very
long wave length giving very short photoelectran tracks are
used, the photoelectron has an associated volume which 1s re-
presented 1n Fig 7¢ In an extreme case this evidently 1s little
bigger than a sphere 477 Thus for very large targets and very
short photoelectron trachs the whole photoelectron tracks act
asanmt This s the justification for considering a ‘hit’ to be the
absorption of an X riy quantum within the senstive volume,
which 13 the assumption made i Method IV In practice 1t 1s
doubtful 1f there are any cases of direct action of radiation, of
the ty pe where a single 10n1zation suffices, where the target 1s so
large that the associated volume 1s practically a sphere The type
of geometry 1llustrated i Fig 7¢, where the photoelectron range
1s greater, but not many times greater, than the target diameter,
15, however, known, and the associated volume i this case 1s
dearly 473 (1 3 nfF) of there ave n primary lomzations in the
photoelectron track, thus giving a shghtly greater yield per
tomzation than would be obtamed if the lomzng particle pro-
(:;:E((’lrt‘he same number of 1onizations per micron path but was
estricted fength Clearly the assocated volume method
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1e mr? times the total length of track per cubie micron Thisis
the probability of obtaining a It on the assumption that a it
18 obtamned whenever the 1omzing particle passes through the
target area nr* Qur method thus reduces, for large targets, to

Tantr 26 The overlapping factor £ for values of §
from O to 10 at intervals of 0 1

co 01 02 03 04 0s 08 07 08 09
1600 1038 1077 1116 1156 1197 1239 1282 1325 1368
1414 1400 1506 1552 1500 1648 1696 1745 1795 1846
1897 1648 2000 2053 2106 2150 2213 2267 2322 2377
2433 2480 2545 2602 2650 2717 2774 2832 2881 2949
3008 3067 3127 3187 3246 3307 3367 3428 3488 3549
3705 3857 3010 3081 4043 4106 4168
4231 4294 4357 4420 $483 4546 4600 4673 4736 4800
4864 4928 4091 5055 6120 5184 5248 5312 5376
5505 55069 5634 5609 5763 5828 X892 59057 6022
6152 6217 6282 6347 6412 6437 6542 6607 6072 6737

S oovon A~
w
2
£
@
=
3
b
o
a
&
a

For values of £ outside the range eaversd by the table the following approx
mations may be used:

For large £ Fe=$(E+2/f)

For small £ Fel+4i+050

what we have described as Method IT For targetd so small that
the spheres do not overlap, (2) tends to the value n $ar® which
1s the same result as given by Method I, except for the modifica
tion that we take the cluster rather than the individual 1omzation
as the effective unit, thus counting n=XN/3 clusters per cubwe
micron mstead of N 1omzations
We illustrate the three methods of calculation in Table 27 m

which expermmental data: on the mactivation of S13 Dysentery
bacteriophage 18 analysed 1n terms of the target theory The
eapertments give the mactivation doses for three radiations of
widely differing 1on density, namely, « rays, X-rays (1 5A ) and
y rays These mactivation doses increase mn the order of mn
creasing ron-density, the survival curves are exponential, and
the effect of a given dose 1s found to be mdependent of the in-
tensity at which 1t 2s ad ed These derations suggest
that we are dealing with a smngle 1omization type of action, and
one proceeds to calculate the size of the target supposing 1t to be
spherical Each of the three radiat gives an independ,
estimate of the target size In Table 27 the three methods of

1 Lea DE & Salaman M H (unpublished)
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tends to tho samo limit as the single quantum method 1n cases
(uf any) whero the latter 1s applicable

Secondary {onization

Woe havo not so far taken account of secondary 1omization
except to point out that small clusters of sccondary 1onization
will not add appreciably to the effect of primary 10nzation with
targets of the sizo found 1n practice This will not be-true, how-
ever, for the more energetic secondary electrons or & rays, which
produce tracks of eppreciable length Thewr importance 1s greatest
with a-rays, since with this radiation the total length of 3 ray
trachs 18 greater than the length of the aray track itself
(Plate T4 aud Table 15, p 28) Neglect of the secondary 1oniza
tion will result in an estimate of target size being obtamed mn
excess of the true smze of target

The proposal was made by Mokler and Taylor: and followed
up by other authors,s that secondary 10ntzation should be taken
mto account by regarding the « ray track not as a geometrical
lIine but as a column of radtus & If any part of this eylinder was
mside the target of radius r o hit was considered to be seored
The effective target area thus became 7(r+5)* mn place of #r*
The value of b was to be determined exther from Wilson chamber
photographss or from calculations based on the recombination
of 10n8 1n an a particle column mn air s

On further examination this method 1s seen to be untenable
The size of column found by erther of these methods 1s de-
termmned mainly by the distance an electron too slow to jomze
travels before attachment to a neutral atom to form a negative
on  As we have given reasons for believing that the negative
tons make no appreciable contribution to the biological effect,
their spatial distribution 18 not relevant to the problem

There 18 obviously no difficulty in principle in making an exact
allowance for the & rays by the method of associated volume
The method 1n this case 1s 1llustrated by Fig 70 Here the usual
construction of describing about each iommzation as centre a
sphere of radius r 15 applied also to the & ray track A hnowledge

1 Mohler FL & Taylor, L& (1934)
2Les DE Heamnes RB & Coulson CA (1036) Jordan, P

{19385)
3 Kiemperer O (1927)
4 Jaffé G (1913) cp Chapter 11 p 50
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of the number and energies of the & rays 1s required, this being
provided by the tables of Chapter 1 With the aid of this more
exact method of calculation we have computed the apparent
target diameters to a-rays which would be given by the simple
method of caleulation which neglects consideration of the
secondary 10mzation, for each of a number of (true) stzes of
target The results are given in Table 28, and as expected the
‘apparent’ target diameters are greater than the true target

TABLE 28 Apparent target diamoters to a rays of 5eMV

Truse target diameter (mp) 4 10 20 40 80
Apparent diamster 56 151 309 628 126 2
Apparent—true 18 51 109 228 46 2

diameter The difference between apprent and true target
dameter 15 also tabulated, and 1s seen to be by no means con
stant, revealing the nadequacy of the notion that an a-ray trach
18 to be regarded as o column of 10mization of defimte diameter b
Rather than the difference of the apparent and true target
diameters being constant, the ratio 19 seen to be more nearly
constant In particular, there 1s no justification for the 1dear
that with large targets the apparent target drameter 1s 1pproxa
mately correct, while with small targets 1t 15 made up maly
of the column size and 1s greatly n excess of the true target
size

The calculation of the relation between target size and 37 %,
dose for any g1y en radiation, usmg the associated volume method
and taking & rays into account, 1s tedious to perform and tedious
to deseribe We content ourselves therefore by grving m Figs 8
and 9 the results of the calculation 1 the foum of curves for
several different radiations, relating the 379%, dose to target
diameter or molecular weight An outline of the method of
caleulation will be found in the Appendix The result depends on
what density 1s agsumed for the materal of which the target 1s
composed Figs 84 and 9 are caleulated for a density of
135 g fem 3, this bung about the density of diy protemn »

1 Mohler FL & Taylor, L' d {1934)
. 1213:; ltaIls desired to assume some other value for the density, Fig 8n
ot n this figure Dfp*1s plotted agamst 2rp, D bemg the 37 % dose
Thesen Bens 2r the target diameter 1n my, and p the density n g /om *
curves are vahd for any value of p
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of the number and energies of the & rays 1s required, this being
provided by the tables of Chapter 1 With the aid of this more
exact method of calculation we have computed the apparent
target diameters to o rays which would be given by the simple
method of calculation which neglects consideration of the
secondary iomzation, for each of a number of (true) sizes of
target The results are given 1n Table 28, and as expected the
‘apparent’ target diameters are greater than the true target

TaBLE 28 Apparent target diameters to a rays of 5eMV

True target diameter (my) 4 10 20 40 80
Apparent diameter 56 151 309 628 126 2
Apparent —true 18 51 109 228 462

diameter The difference between apparent and true target
diameter 13 also tabulated, and 1s seen to be by no means con
stant, revealing the inadequacy of the notion that an « ray trach
13 to be regarded as a column of tomzation of definite diameter b
Rather than the difference of the apparent and true target
diameters being constant, the ratio 15 seen to be more nearhy
constant In particular, there 1s no )ustification for the idea:x
that with Jarge targets the apparent target diameter 13 approxt
mately correct, while with small targets 1t 13 made up maml
of the column size and 1s greatly n excess of the true target
size

The caleulation of the relation between target size and 37 %,
dose for any given radiation, usmg the associated 1 olume method
and taking 8-ray s 1nto account, 1 tedious to perform and tedious
to describe We content ourselses therefore by giving m Figs 8
and 9 the results of the caleulation m the form of curves for
several different radiations, relating the 37% dose to target
diameter or molecular weight An outhne of the method of
calculation will be found in the Appendix The result depends on
what density 1s assumed for the material of which the target 1s
composed  Figs 8A and 9 are calculated for 1 density of
135 g Jem 3, this bemng about the density of dry protemn .

I Mohler, FL & Taylor Ly (1934)

2 If 1t 1s desired to assume some other value for tho density Fig 8p
1Sused In this figure Dfp?1s plotted agawst 2rp, D being the 379, dose
:;lhroentgem 2r the target diameter m mg, and p the density in g /em 3

€0 curves are vahd for any value of p
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density The estimates obtained with densely 1omzing radations
{x rays or neutrons) exceed the estimates obtained with less
densely 10mzing radiations (y-rays or X rays)

There are some actions of radiation, namely, the hiling of
large viruses and bactera (discussed i Chapter 1v), m w hich on
biological grounds we have not much gmde whether to expect
a single or mult: target model to be required The fact that
inconsistent estimates of target size are obtamned when es
periments with different radiations are used, m the sense of the
estimate of size bemng larger for « rays than for y-rays, strongly
suggests the necesuity for the multi-target theory, with hich
a consstent representation of the numerical data can be ob-
tamed: In this manner radiation experiments are able to con-
tnbute to our knowledge of the naturc of viruses and bactena

a-rays and y-rays

The sizes of target which are found 1 practice for actions of
radiation interpreted on the single 1omzation target theory range
from about 4 to 40 my 1 diameter When a target of this size s
traversed by an electron has mg an energy of several hundred
electron laloyolts, such as 1s produced by y rays or hard X\ ravs
1t will not often happen that more than one cluster of 1omzation
will be left 1n the target Thus to a first approximation we can
regard the action as due to a single cluster, and the 37 %, dose
13 that dose which produces an average of one cluster mn 2 volume
equal to the target volume Thus y ray experiments determune the
total volume of the senstue region This remams true even if the
target 1s not spherical or 1if there 1s a multiphety of targets any
one of which 10nized causes the effect

If an & particle traserses a target of the size mentioned, a
large number of ionizations are mesvitably produced m the
target Hence we can regard every passage of an a-particle
through a target as effective, and the 379, dose 13 that dose
which corresponds ta an ay erage of one « particle crossing each
area equal to the area of the sensitive region Thus a ray expert-
menis determane the total cross sectional area of the sensitite reqion,

tm‘ A consistent representation could also be obtamed on the assump
n of a single target m the form of a filament of width small compared

with
dxme::. i;:gth or of a lamina of thickness small compared with 1ts other
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As will appear 1 Chapter 1x, 1t 18 sometimes necessary to
deduce the targot size not from the absclute values of the 379
doses tor any one radiation, but from the ratio of the values of
the 37 %, dose for two different radintions To facilitate this type
of caleulation, Figs 10 and 11 are provided If one has expen
mentally determined the ratio of the 379, doses for some
densely 10mzing radiation (soft X rays, neutrons or « rays)
compared to y rays, then Fig 10 enables one to read off the
target diameter corresponding to this ratio If the density of the
target material 15 1 g /e 3, the nbscissae in Fig 10 are sunply
the diameters 2r in nulhmicrons  If the density 1s p g fom 2, the
abseissac are values of 2rp Fig 11 gives sumular curves for
expeniments tn which X-rays (0 156A ) have been used 1n place
of y rays

The multi-target theory

The assumption that tnere 13 & single spherical target, one or
more 1omzations within which cause the effect being studied, 13
plausible as an interpretation of experiments on the activation
of small vnuses, and 1s found to represent satisfactonly the de-
pendence of mactivation dose on 10n density of radiation There
1s one class of action of radiation in which we should expect to
find a multiphaty of targets This 1s the production of lethal
mutations When Drosophila males are irradiated (see Chapter v)
and swtable breeding tests subsequently carried out, the pro-
duction of sex-linked lethal mutations m the irradiated sperm
can be established There are, on genetical grounds, known to be
numerous genes residing 1n the & chromosome of the irradiated
sperm, capable of showmg lethal mutation, and a model ac-
cording to which there are NV targets each of radis r, 1on1zation
wn any one of winch causes the effect studied, 18 elearly required
n this case The modification this mtroduces into the theory 1s
simply that the 379, dose 18 N times smaller than 1f there were
only one turget of radws r

Apart from 1ts plausibility on biological grounds, evidence
ndiating that o multi target model 18 required 1s grven by the
radiation experiments themselves For, 1f in the lethal mutation
experiments we attempt to mterpret the experimental data on
the single target model, we find that consistent estumates for the
drat: of daffe 1on-

target size are not ot 1 with ra
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tions entering into previous calculations In particular, account
15 taken of secondary 1omzation, and of the fact that the number
of 1omizations per micron path of an electron mcreases towards
the end of the path It 1s beheved that this calculation 1s fairly
adequate as regards the manner in which 1t deals wath the
spatial distribution of 10mzation, though hable of course to re-
vision when better numerical physical data become asailable

The calculation 1s based on the assumption that an effect to
which the single-iomization target theory apples is produced
when one or more 10mzations oceur nside a sphencal target of
defimte radius 7, and 1s not produced when 10mzations occur
outside the target While the notion of a sensitive region 1s of
course bastc 1n the target theory, the actual conditions may be
more complicated than those allowed for in the caleulation, 1n
any of the following respects

(a) The target may not be sphencal

(6) When an 1omization 1s produced nside the target, the
probability of the effect studied ensuing may be less than unity

(c) There may not be a sharp demarcation between the mside
and the outside of the target 1n the manner envisaged by the
smple theory, according to which the probability of an iomza-
t1on causing the effect 18 umty 1f the 10mzation occurs just inside
the target, and zero 1f 1t occurs Just outside Instead, there may
be a diminution of the probability as we move out of the target
without any discontinuity marking a precise boundary

It 15 not possible to make a quantitative caleulation taking
these three factors mto account, since we lack the necessary
numerical data It 18, however, possible to see qualitatrvely n
what sense the deductions of the sunple theory will be m error
by neglect of these factors Further, by examtmng the extent
to which the simple theory 13 capable ot giving a consistent inter-
pretation of experimental results, 1t 18 possible to form an
opmion of the extent to which the deductions of the simple
theory will be m error by negtect of these factors We shall find
that the error 13 not v ery great, so that the methoed of calculation
we have outhned, while admuttedly a simphfied model, grves
results which are essentially correct

There are, of course, precedents 1n all sciences for a model
}‘:1;]:;8 :3 simplification of the true state of affairs gving 3 satis-

presentation of the essential expenimental facts The
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this stat, ¢ agamn g true for non spherical targets or
for multipte targets In tho care of non sphencal targets we
mean by cross scctional arca the average arca presented to the
tontzing particies, nilowing for the presumably random ornenta
tion of the targets relative to the tomzing particles

These stalierzed statements are of course only approximations,
and 1t 1 1mtended that not these statements but the curves of
Figs 8~11 should be rehed upon 1t interpreting experments
using a-rays and y rays as well as radintions of intermediate 10n
density The italicized statoments are, however, of value i that
they bring out the physical prinaples underlying, for example,
the use of a-ray and y ray expeniments to determine both the
number and the mze of the torgets when the mult: target model
18 being used

For, suppose there are N sphencal targets, each of radius r,
and suppose that the o ray expenment has determined there
total cross sectional ares, to be 4, and the ¥ ray expenment has
determined thesr total volume to be ¥ Then

Noart=d, N$omrl=7, (111-5)
whence, sulvmg these equations,
2r=3V/24, N=164%0nV2 (111 6)

Since the formula for & mvolves the square and cube of ¥ and
4,15 13 strongly sensitive to experumental error in the determina-
tion of the 379, doses

The ptions of the single-lonization target theory:
Caleulations of the relation between target size and 379 dose
for any given type of rad mvolve approxsmations and

sunphfications necessanly mntroduced to make the calculations
manageable Some of these simplifications concern the spatial
distnk of the calculation being made on the
assumphion of a spatinl distnbution whichi 13 less complex than
the actual distnibution The method of ealculation outimed n the
Appendix, which leads to the curves of Figs 8~11 relating target
s1ze and 379, dose, has at the expense of & considerable increase
1 the labour of computation, avorded most of the approxima-

1 These considerations are to some extent suggested by an article of
Fano U (1842}
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1n the ratio of 087ft 1 For a filamentous target 10 times as
long as broad this 1s 1 28 1, for a filamentous target 100 times
aslong as broad 1415 1 87 1 It 1s evident that small deviations
from a sphencal shape Wil not prevent the caleulation made on
the assumption of a spherical target giving a farr representation
of the dependence of the efficiency of different radiations on the
target size and 10n-density of the radiations
In certan applications of the target theory, particularly the
production of lethal mutations (Chapter v), we consider the cell
to have a large number of spherical targets and use the expen-
mental data to calculate the number and size of theso targets
We could fit the experimental values of 37 %, dose for different
radiations equally well on the assumption of a single filamentous
target, or o small number of filamentous targets On the one
Interpretation we use the experiments to determno the number
of genes capable of showing lethal mutation, on the other we
determine the length of chromosomo they occupy These are
of course related quantities
To conclude if we have reason to beheve that a particular
action of radiation 15 of the single 10mzation type, and yet find
that when we work out the size of the target from expenments
made with different racations we fail to get consistent results,
but the estimates increase 1n the order of mcreasing 10n density,
then a possible explanation 1s that the target is filamentous, or
else that there are a number of spherical targets, 1onization 1n
any one of which causes the effect studied Examples will be
found 1n Chapter 1% illustrating this point
(b) Probability less than umty We imagine the target to be
sphencal and of defimite radius r Only romzations produced
within the target can cause the effect studied, but an 1omzation
within the target 1s not certan of causing the effect but has 2
certam probability less than umty of doing so  Clusters of dif-
ferent size will have different probabihities Thus if the proba-
b'l‘ty ofa single jomzation causing the effect1s 0 5, the probability
of a cluster of two jomzations doing so will be 075, of three
1omizations will be 0 875, and so on Call p the average proba-
bility of causing the effect for one cluster in the target When a
radiation 1s used which produces clusters of 10mzation widely
separated along the track of the 1omzing particle, e g y-rays,
radiation experiments normally give us the target volume Here
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assumption made m the kinotic theory of gases that molecules
are hard spheres, and the concept 1n geneties that phenotypical
characters are determined by single Mendelian characters, are
familiar examples

We proceed to examrne the effects of factors (a), (b) and (¢}
separately

(a} Non-spherical targe!  The cffect of shape of target can be
illustrated by taking tho extreme case where the target, mstead
of having a spherical shape, 131n the form of a long thin filament,
1e a cylinder of length 26 and diameter Za, the ratio f=2b/2
of length to breadth much exceeding umty Instead of attempt-
1ng the general solution for & radiation of any 10n-density, 1t will
suffice for our purposes to take two extremes, viz an jomzng
particle producing 1ts 10mzations (or 10n clusters) at such wide
separations that two clusters practically never fall in the target,
and an 10omzing particle so densely 1omzing that jomzation 13
certainly left in the target whenever the 10mzing particle passes
through 1t We shall for the present purpose neglect 6 rays The
expertment with the densely 1omzing radiation will mn effect

the area pr d to the radiation by the target For

an 10mzing particle parallel to the axis of the cylindncal target
this 1s 7ra?, for a particle perpendicular to the axisit1s dab For
randomly orientated eylindrical targets of length much exceeding
the breadth we can readily show that the mean area presented
18 mab If now we imterpret experiments made on & matenal m
which the sensitive volume 1s a long filament on the mcorrect
assumption that 1t 15 a sphere (which presents an area zr%), we
shall deduce for the radus of the sphere a value r where 77 =mab,
1 r=qaft

Expeniments with the radiation of low 1on density will 1n
effect measure the volume of the target, 1¢ 2ma® If we m-
correctly assume the target to be spherical, we shall deduce for
1t a radius 7, where 47173 =27a%, 16 r=a(3f/2)! This 13 smaller
than the previous estimate in the ratio 1 € 87ft Thus the in-
correct assumption of a spherical target when the target 1s
actually filamentous will lead to the estimate of target radius
deduced from experiments made with different radiation being
nconsistent The target radius deduced from the expenments
made with a densely 1omzing radiation (e g « rays) will exceed
that deduced from a radiation of low ron-density {e g 7 rays)
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1on clusters at wide separations (eg vy-rays) the experment
normally determines the total volume V=4m® of the target
On the present model 1t will determine fpdv, 1¢ the volume
mtegral of the probability We have drawn the two curves A and
B of Fig 12 so that fpdu:%m-’, 1¢ so that if in & particular
matance there 18 no sharp boundary to the target, and the curve
B represents the varation of probability » with distance from

P
10

Fra 12 Target with indefimte boundary

the centre, then the radius  marked by the square cornered
curve A 15 the radius of target which will be deduced when the
experiment with y-rays 18 mterpreted on the assumption of a
target of defimte radius

When more densely 1omizing radiations are used, and the ex-
P2rimental data interpreted 1n terms of the usual theory which
supposes a defimte boundary for the target, the radius calculated
for the target increases as the ion density of the radiation 1n
creases Thus the circles G, D, Em Fig 12 represent the sizes of
target to be expected for v-rays (1e radius r), and two more
d8nsely 1omzing radiations D 1s caleulated for an 1on-density
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they will givo e p $mR3, whero $n ]R3 13 the target volume  Ifwe
mncorrectly neglect tho factor p we shall ealenlate an estimate of
the target radivs r which will bo connected to the real value B
by the relation p $7R%=4mr3, or r=Rpt

A sufficiently densely 10mizing particle passing through the
target will bo certan fo couse the effect Hence expenments
with such radiations, o g @ rays, will y1eld o correct estimate for
the target radius

The ewstence of the probabihity p less than umty will thus
lead to estimates of the target size being greater for « rays than
for ¥ rays, the a ray value being more nearly correct

For a radiation of intermediate 10n density, for which 1t 13
necessary to use the method of ealenlation mnvolving the over-
1spping function F (comparep 85), we find that the introduction
of the probability p leads to the result that the 379, dose, 1€
the dose required for an a\ erago of one effective hut per target,1s
:};ff'),. where F(£) 18 the function of £ defined by equation (4)
but £=2rp/L nstead of 2r/L It follows that 1f we are investt-
gating an action of radiation of the lethal mutation type, 1
which we have a large number of aphencal targets, and deter-
mune their size not from the 379, dose determuned for any one
radiation, but from the ratio of the doses of two radiations of
different 10n-density, then our neglect of the factor p will lead
to our estimate of the target diameter bemng too small in the
ratio p 1, and our estimate of the number of targets too large
n the ratio 1 p*

{¢) No sharp boundary to the farget v Instead of the probability
of an 10n cluster causing the effect besng umty inside the target
and zero outside, we suppose that the probability diminshes as
we move outwards from the target without any discontuuity
In Fig 12 we plot the probabiity p of an lon cluster bemng
effective as a function of its distance « from the centre D of the
target The normal hypothes:s 1s that the probability 1s umty up
to radius 7 and zero beyond, as mdicated by the square cornered
curve 4 Qur present hypathesis can be represented by the
smooth curve B The curve we have chosen for llustration 1s the
normal error curve, because 1t has the right general shape and 18
amenable to calculation With e rediation which produces 1ts

1 Refer to the Appendix for fuller details
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theory as fortwitous, and due to the different complicating
factors happening to cancel each other out The complicating
factors are evidently not of sufficrent smportance fo wnvalidate the
sumple theory

A number of other cases are known which, when mterpreted
1n terms of 2 single spherical target, yield estimates of target size
which are greater for a-rays than for y-rays This discrepancy
may be due erther to a multipheity of targets, or to any of the
three complicating factors we have been discussing Among
these cases 15 the production of lethal mutations in Drosophila
sperm  Here we hnow from genetical evidence that there are
numerous genes capable of showing a lethal mutation When we
estimate their number on the multi-target theory, neglecting
complications, the estimate obtamed 1s, on genetical grounds,
entirely reasonable Thers 18 no suggestion from these data that
negleet of the compheating factors has led to a gross over-
estimate of the number of targets We are encouraged therefore
to beheve that the complicating factors which, 1f they were of
sufficient numercal mmportance, would cause the estimate of the
number of targets on the multi-target theors to be exaggerated,
do not m fact cause gross error
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such that an averagoe of five 1on clusters are produced n path
length 2r, and E for an 1on densitv five times greater

The moredensely 10mzing radiation of the two last mentionedis,
per 1omzation, the less effective  According to the simple theory
with a target of fixed rddius , 1t 18 4 63 times less effective On
the modoel represented by the probability curve B of kig 121t1s
275 times less effective Thus the absence of a defimite boundary
to the target will make the efficiency per 1onization fall off less
rapidly with inerease of 1on density than 1f the target has 2
defimte boundary If in such a case the target size 1s caleulated
on the sunple theory which assumes a defimite boundary to the
target, tho caleulated target size will be greater for a densely
tomzing radiation than for a less densely 1onizing radiation

The validity of the simple model

That a curve such as Fig 128 1s likely to exist 1n practice 18
due to the possibility of the spread of the effect of an yomzation,
such as was discussed on p 67 If we hnew more about the
mechamsm of this spreading effect we would be tn a posttion to
decide whether a curve deviating considerably from the square
cornered curve, such as curve B, ot a curve duffering from A only
by a slight rounding of the corners, were needed to represent this
spreading effect Agan, if we had more information about the
1onue yrelds for chemical change 1n large protein molecules we
would be better able to judge whether values of p much less than
unity were to be expected,: and so cause the deviation from the
sumple theory discussed onp 95 In the absence of such informa-
tion the following consideration 1s helpful All three of the com
pheating factors we have considered act in the same sense,
namely, that when target sizes are calculated with different
radiations, the estimate obtaned from a-ray data exceeds that
from y-ray data Or, if a lethal mutation experiment 1s being
mterpreted on the mult target theory, the number of targets
will be overestimated Now cases are hnown where consistent
estimates of target size are obtamed from a-ray and y ray data
These cases are the mactny ation of the small viruses discussed 1in
Chapter 1v  Since 2l the complicating factors act I the same
direction, we cannot explan this agreement with the simple

1abl

that p 15

1 The very lmited n at present
approximatelv umty even for large protein molecules (p 38} ,
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other small viruses will be obtamable crystalline when methods
have been devised for producing sufficiently pure and concen-
trated suspensions, but 1t 15 very mmprobable that this will
happen with the larger viruses
The erystallne viruses are, chemcally, nucleoprotein
Nucleoprotein 1s a component of iving cells, heing the substance
of which chromosomes are constituted The chromosomes, which
are threads of nucleoprotein, constitute the genetical mechantsm
of the cell It 1s because the sperm and the egg each contnibute
their quota of chromosomes to the fertihized egg that the organ-
1sm which develops from 1t nhents characters from both male
and female parent In the chromosomes are located the genes,
the physical entities corresponding to the Mendehan characters
Changes 1n individual genes, or in therr number or arrangement
m the chromosome, cause changes in the behaviour of the cell,
and 1t 18 the genes which largely determune the potentialities for
development and behaviour of the cell At cell division the
chromosomes sphit longitudinally, each gene exactly reproducing
itself The two halves of each chromosome separate, one gomng
mnto each daughter cell It 18 by this mechamsm that each
daughter cell obtains exactly the same complement of genes as
the mother cell Evidently a gene has the capacity for synthe
s1zing from the cell flurds an exact rephica of 1tself
Now the viruses have this property of syntheszing exact
rephicas of themselves from the cell fluids of the appropriate host
plantoranimal The smallest, crystallizable, viruses are molecules
of nucleoprotein, as are presumably the genes There 1s thus a
stronganalogy,chemically andinbehaviour, betw een these viruses
and geres, and 1f we regard them as fiving things, they are not to
be thought of as minute cells so much as naked genes (This does
not apply to the largest viruses which probably are minute cells )
Radiation experiments are consistent with this view of the
nature of the crystallizable viruses The smallest viruses can be
wmactivated by a single omzation almost anywhere in the virus
particle There are some actions of radiation on higher cells
which can also be produced by a single 10mization, providing that
1t oceurs in the right part of the cell The best established of these
actions 18 the induction of gene mutation
Larger viruses show some mternal structure when examined
under the electron microscope, as shown m the case of vaccima



Chapter IV
THE INACTIVATION OF VIRUSES BY RADIATION
The viruses:

‘The viruses aro agents responatble for & number of infectious
diseases in ammals and plants  In addition, the bactenophages,
which attack bacteria, are also considered to be viruses The
viruses are cistinguished from bactena and other microbes by
their small size and their purely parastic nature Nesrly all the
viruses are too smell to be seen by the ordinary microscope, and
they pass through the filters of unglazed porcelan or kieselgubr
commonly used to stenhze hiquids by filtening off bactena and
other small organisms They will only multiply on or in hving
cells, and have not so far been made to multiply 1 a non hving
medium in the manner in which bacteria can be grown in broths
of sitable composttion, or the cells of higher orgamisms cultured
outside the tissue to which they normally belong

The viruses may be described as occupying an intermediate
position between the obviously living and the obviously non
hiving, since they have some properties which we ordinanly think
of as peculiar to Iife, and others which are in marked contrast to
Living orgamsms Their capacity for reproduction 1s the charac
tenistic m which they resemble living organisms The fact that
some of the smallest viruses are crystallizable 1s the most
striking difference  Plate IIp, for example, shows crystals of the
virus responstble for the ‘bushy atunt’ disease of tomatoes:
Tobaceo necrosis virus has also been crystallized, while tobacco
mosaic virus has been obtained m a pseudo crystalline state
(differing from a true crystil i that the molecules, which are
rod shaped, are arranged regularly in two dimensions but with-
out regulanty in the third dimension, which 18 the direction of
the axes of the rods) The crystals are obtamned from concen-
trated and purified suspensions of the virus It 1s posaible that

1 This brief mtrod 18 ded for the of the reader
who 15 not & virus sp 1 It may be d by reading Smith
K M (1940) The ¥ wrus Life s Enemy Bawden, F C (1943}, Plant Viruses
and Virus Diseases, the chapter on viruses in Northrop J H (1939]
Crystalline Enzymes 8nd the chapter on bacteriophage by Delbruck, M
in Nord FF & Werkman CH (1941-3) Adrances sn Enzymology

2 smth KM & Markham R
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low, and & factor of 0 83 15 suggested by Table 29 m which the
filtration end-point 18 given for several viruses whose hydrated
diameters are reliably determined by other methods

‘When mahing use of the published results of filtration expen-
ments to determne the sizes of viruses, we have recalculated the
sizes on the basis of the factor 0 83 relating the dinmeter of the
hydrated virus to the a pd of the filter membrane

TasLE 29 The filtration of viruses
{Diameters 1n mulhimicrona}

Hydrated
Virus diameter apd Ratio
Phage 813 18 25 0172
Bushy stunt 37 40 092
Shope papilioma 73 70 104
Phage Staph K 73 110 066
Vacemia 200 250 080

Mean ratio 083

A number of phages have been mvestigated by Schlesinger
by the sedimentation method,: and the mze calculated on the
assumption of a phage density of 110 or 112 We have re-
calculated these mizes using instead the density of 122 now
believed to be more probably correct s

For the purposes of the interpretation of the radiation expen-
ments, the dry size 13 more sigmficant than the wet size This1s
obvious when the experiment has been made on the dry virus
It 18 also so when the experiment has been made 1n solution,
stnce there are idications (see p 111) that the 1ome yields for
Inactivation by jomzation of the virus protemn itself 1 con-
siderably greater than the 1omic yield for indirect mactivation
following 1omzation of water When the size has been determned
by a method, such as filtration, which gives the size of the
hydrated particle, 1t 18 therefore necessary to deduce from this
the size of the unhydrated particle The phapes have, when
hydrated, a density of 122 We have arbitranly assumed that
when dry they have a density of 1 35, this being a typical figure
for the dry denaity of such plant and animal viruses as have been
obtamed sufficiently pure for the determmation of density

It wilf be realized that there 15 some uncertamnty attaching to
the si1zes of most of the viruses In the hst of sizes included 1n

1 Elford, W.J in Doerr R & Hallaver, C (1938)
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virus n Plate IVp,r and probably resemble higher cells in that
the genetically mmportant nucleoprotemn comprises only a part
of the virus

The sizes of the viruses

Knowledge of the mzes of the viruses 18 of some importance m
the interpretation of experyments on their inactry ation by radia
tion Tho methods available for the estimation of the sizes of
viruses: are, in add:tson to ultra violet hght photography, which
18 only possible with the largest viruses, sedimentation on lagh
speed centnfuges, diffusion, filtration through graded collodion
membranes, electron micrography, and X-ray diffraction
Determination of the density 1s necessary i interpreting sedi-
mentation results, and viscosity measurements are sometimes
helpful

There are a few viruses for which consistent estimates of size
have been obtaned by several different methods, and the sizes
of these can probably be considered known to an accuracy of
10% or better These are the viruses of tomato bushy stunt,
tobacco mosaic, vaceinta, and the Shope rabbit papilloma All
four of these viruses appear to be hydrated in solution, 1e to
take up water wmith resulting increase of size and diminution of
density When dned, the water 1s lost without permanent loss of
wmfectivity, the reduction of diameter on drymg bemg from 156
to 30% It 18 & natural presumption that hydration of viruses
1 solution 18 & general phenomenon

In the case of a number of viruses which have been used m
radiation experiments, the sizes have so far only been estimated
by filtration Filtration through Elford’s ‘gradocol’ membraness
1s capable of yielding consistent estimates of the average pore
diameter (a p d ) of the filter which just stops all the virus The
prmeipal source of uncertainty attaching to this method 1s the
ratio of virus diameter to apd Elford has recommended the
use of the ratio -} fora p d ’s of 10-100my, and 32 forapd’s
of 100-500myu It appears, however,s that these factors are too

1 Green, R H, Anderson, TF & Smadel JE (1942}

2 For a review of the methods see Markham R Smith KM & Lea
DE (1942 1944)

3 See an article by Elford W J 1n Doerr R & Hallauer C (1938)
Handbuch der Virugforachuhg

4 Markham R, Smith KV & Lea DE (1942 1944)
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about twice the theoretical mintmum value When the ussess
ment 13 made on the average count of three or four plates each
contaiming about a hundred plaques, an accuracy of about 109,
13 commonly obtained

The purely statistical error, determined by nd, may be re-
duced 1n methods: 1 which a culture of bactena mn a hqud
nutrient medium 18 moculated with a quantity of phage suspen-
sion contaiming from 104 to 10 phage particles The lys:s of the
bacterial culture 13 followed by observation of its duminishing
opacity, and the time required for a standard culture to be lysed
to a given degree 1s determmed Exact standardization of all
conditions 1s of course imperative i this method, and 1t 15 1n less
general use than the plaque counting method

Plant viruses are most easily asscssed by the local lesion tech-
mque In this method a drop of the virus suspension 18 rubbed
on to a leaf of the susceptible plant with a glass spatula  After
a few days local lesions appear (as in Plate IIc),: these marking
the points where virus has entered the leaf The method 15 not
umiversally appheable, since with some viruses and some host
Plants the plant may become mfected without the appearance
of local lesions at the pomts of entry It appears that a local
lesion can be caused by the entry of a single virus particle, but
determimation of the weight of a pure virus preparation required
to be rubbed on to a leaf to give one local lesion makes 1t evident
that the number of lesions obtamed on a leaf 13 only a minute
fraction of the number of virus particles rubbed on to the leaf
The number of local lesions obtained with a given quantity of
virus depends on factors such as age of plant, size of leaf, tech
mgque of the operator, and whether or not carborundum powder
or sand has been used to mcrease, by abrasion, the number of
possible pomts of entrv on the leaf

It will be realized, therefore, that while the lesion count 18 a
measure of the activity of a virus preparation, the assessment
18 hable to considerable experimental error This 1s reduced to a
mmmum by use of suitable procedures One such 1s the Latm
square method, n which, for example, if the activities of five
preparations are to be compared with the aid of five plants each
bearing five leaves, the inoculations are arranged so that each
Virus preparation 1s moculated onee on to each plant and once in

1 Krueger, A P (1930) 2 Smith KM & Markham R
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Table 33 we have prefived by the sign ~ the sizes which are
regarded as least rehable, either owing to their being based on a
single method of mze deternmnation, or on two methods which
have not agreed well

The estimation of virus activity

For oxperiments such as the investigation of the mactis ation
of viruses by radations, a quantitative method of assessing virus
Activity 19 needed  Since viruses cannot be grown on artificial
media, the test of activity necessanly mvolves moculating the
appropriate sensitiy ¢ orgamsm wath the virus under test, and the
methods of test are thus different for plant viruses, for ammal
viruses, and for bacteriophages The quantitative assessment 18
most accurate m the case of the bactenophages The method
used 13 as follows A plate of a sohd nutnent medium suttable
for the growth of the bactenum concerned s noculated with 8
drop of bactenal suspension contaming o few million orgamsms,
together with a measured drop of the phage suspension, and the
hquid uniformly spread over the surface of the nutnent medm
with a glass spreader On wncubation of the plate, the heavy
bacterial moculum results 1 a continuous film of bacteral
growth on the surface of the plate, except for clear areas caused
by the multipheation of the mdividual phage particles causimg
lysis of the bacteria i their \mmediate vieimty These clear areas
or ‘plaques’ are easily countable with the naked eye, and are
shown in Plate IIs The number of plaques s proportional to the
strength of the phage suspension (providing an excessive phage
rnoculum 18 not nsed, 1n v hich case the plaques v illyun together),
and 18 not far short of the number of individual phage particles
put on to the plate

As 1 any counting method the prectsion obtamable 1s lmited
by the number of plaques counted The estimation of a phage
concentration based on & count of z plaques 18 subject, on this
account alone, to a standard deviation of 100/n1% In practice,
further uncertamnties are introduced by errors,e g m the dilution
of the phage suspension to a concentration suitable for inocula-
tion, and by vanation m the size of drops delivered by the
standardized dropping pipette used to measure the ioculum, s0
that the standard deviation obtained in practice 15 hikely to be

1 Ellg, EL & Delbruck, M (1938) suggest that the ratio1s about 1 2
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and 1s also sampled at the beginmng and end of the experiment
to check the possibihty of spontaneous mactivation occurnng
In this way & curve 1s obtamed (e ¢ Fig 13) of virus activity
aganst dose, and from this may be read off the dose required for
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any percentage reduction of activity It 1s strongly to be recom-
mended that this procedure be adopted, rather than the de-
termination of the dose which completely inactivates 4 virus
Preparation

Experiments on suspensions are hable to be complicated by
an mdirect mactn ation following 10mzation 1n the water rather
than in the virus particles, and if 1t 1s desired to study the direct
effect, 1rradiation of the virus dry 1s to be recommended This
Procedure also has the ment of enabling soft X-rays and
« particles and other easily absorbed radiations to be used
Fortunately, many of the viruses can be dned without loss of

activity The addition of 39 of lactose to the solution before
drying may be adsantageous in the case of a virus hable to loss
of activity on dry g
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each leaf pomtion A rather mmpler procedure, when deter
minng, for example, the sctivity remamng after several dif-
ferent exposures of radiation, 18 to moculate half of every lesf
with the unirradiated virus, and the other half with the srrads
ated virus This method depends on the fact that the two halves
of o leaf are more nearly alike 1n sensitivity than different leaves
By the use of about ten half leaves to each virus preparation, an
aceuracy of about 209, mn the estimation of relative varus con-
centration may be expected

The esttmation of amimal virus activity may be exemplified
by desenibing the assessment of vacemia virus When & suspen
101 of this virus 18 introduced into the skin of a rabbit by means
of a hypodermic needle, a red swelling appears m the course of &
few days at the mte of the ioculation To compare the actinties
of a senes of virus preparations, the hair1s clipped from the back
and flanks of & rabhit and the shin marked out into squares, say
six rows of eght squares each  Each row serves to test one virus
preparation A senes of eight tenfold or threefold dilutions of the
suspension are made and a measured volume of each diution i
jected The mest dilute inoculum wall contain no virus and give
rise to no lesion, the gher concentrations will give lesions The
highest dilution at which & lesion appears 13 & measure of the
strength of the virus preparation Plate 114 shows the flank of
a rabbit carrying two rows of aquares : The hughest concentration
m each row 1s 1noculated at the head end of the animal, and pro
duces the largest lemon The end-powmnt 1 this particular expen
ment was reached at the fifth dilution of the seres

A single virus particle suffices to produce a lesion,s and the
degree of vanation of the end-pont obtamed when the ssme
virus preparation 18 moculated 1n several mdependent dilution
seTies 18 no greater than that statistically mevitable s

Technique of virus irradiation experiments

If the varus 1s to be srradiated wet, a tube of the suspension 1s
exposed to the radiation and samples taken at mtervals and the
activity assessed by the appropnate methods, as outhined 1n the
previous section A control preparation 13 mawmtamed under
conditions as comparable as possible, apart from being irradiated,

1 Salaman MH 2 Parker RF {1938}
3 Les DE & Salaman MH (1042)
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sion the mactivation 1s partly indirect, presmmably by the inter-
mediary of the same activated water wluch 1s responsible for the
chemical effects of radiation n solution, but that broth or gelatin
protect the virus by competing for the activated water
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virus protem, X mainly extraneous protein A Tobacco mosaie virus (Lea
Smith, Holmes & Markham) B rabbit pay virus (Fred 1 &
Anderson)

Somewhat similar results have been obtuned: with a punficd
preparation of tobaceo mosaie virus The preparation was irradi-
ated i several different concentrations and also dry Themacti-
“ation dose was the same dry and n concentrated solution, but
was less in ditute solution The addition of gelatin to the dilute
solution resulted in the mactivation dose being rused almost to
the salue for the dry preparation The results are exhibited 1

1 Lea DY, Smuith hM Hodmes B & Markham R (1944)
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A method of working with dry viruseqs whieh haq been found
satisfactory 18 the followsng A drop of molten 5% gelatin 13
apread over n cover «hp nud dried off on » hot plate A drop of
& virus suspension 18 put on to the cover shp with o cahibmted
dropping pipette and allowed to dry, leaving a cireular deposit
6-8 mm m dinmeter  After nradiation the coser shpis dropped
mto a measured quantits of water at 40° when the gelatin film
almost instantly dissohves and the virus 15 resuspended Fro
viding the origmal v irus suspension contaned not more than say
1% of solids the fayer of dried virus on the cover slip has a
thickness of only a few mucrons and may be used with soft
riditions

Direct and indirect actions of radiation on viruses

If a virue 1s wradiated 1n aqueous suspension, it 1s cleatly of
first 1mportance 1 the mterpretation of the results to decsde
whether the netion 13 direct and due to the jonization of the
virus particles by the passage of iomzing particles through them,
or mdirect due to romzition or exaitation of the water molecules
leacing for example to the production of free radicals, wlnch
then affect the virus The tests for distinguishing between these
types of action have been diseussed m Chapter i The princpst
test 13 that f inactis ation of the virus 1s manly due to the forma
tion of ‘activated water' the inactivation doses should increase
with mereasing concentration of the virus, and should lse be
mereased by adding protectise agents to the solution, w hich are
capable of competing with the virus for the activated water
If the action 1s a direct action on the virus without the mter
mediary of mctivated water the 37% dose should be wde
pendent of the concentration of the virus or of the addition of
protective agents

Lurta and Exner:s found that when bactenophages were
rwradiated 1n aqueous or sahne guspension the rate of mactiation
was more rapid than in broth suspension  Addition of gelatin to
the agueous suspension reduced the wactiv ation rate to the
v aiue found 1 broth The indication 1s that i aqueous suspen

{ Lea DE & Salsman M H (1942}

2 Defined a the dose reducng actinaty to 37°
(seop T4

3 Luna SE & Fxner FM (1041

7, of the mitisl activity
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sufficient to make the mndirect action of smaller importance than
the durect action

Fig 148 shows how the inactivation dose of the Shope rabbit
papilloma virus wrradiated by X-rays depends on the concentra-
tion of the solution which 1s irradiated 1 The general shape of
the curve resembles that obtaned with tobacco mosmc virus
(Fig 144), and the explanation 1s presumably the same

There 15 some mdication with both viruses that the mactiva-
tion dose does not continue to dimimish indefinitely with diminu-
tion of concentration, though the expernimental evidence 15 at
Ppresent not conclusive on this point This may be due to the
majonty of the active radicals mm a very dilute solution re-
combimning mstead of reacting with the solute, as discussed 1n
Chapter 1t (p 57) On the other hand, since specially punfied
water was not used 1n these expeniments, the effect may be due
to the unintentional presence 1n the water of a minute quantity
of an 1mpunty having a protective effect

The curves in Fig 14 are theoretical curves calculated aceor
ding to equation {I1-9) (p 62) on the provisional assumption
that the water contaned a concentration of mpurity having a
deactivating efficiency equivalent to 6 1% 10-5 g jml of virus
(Fig 144), or 25%10~¢ g fml of virus (Fig 14B) The ratios of
efficiencies for indirect and direct action needed to make the
caleulated curves fit the observations are y/I'=26x 10~
(tobacco mosarc varus), and y/I'=4 6 x 10~¢ (rabbit papilloma
virus) With both varuses the 1omc yield 1s evidently very much
smaller for the mdirect than for the direct action

EVIDENCE THAT VIRUS INACTIVATION IS DUE
TO A SINGLE IONIZATION
The rematming discussion of this chapter will be concerned with
the direct action of radiation on viruses, and we shall therefore
confine ourselves to experiments in which the virus was exther
trradiated dry or, 1f 1 solution, 1n the presence of a sufficient
concentration of protemn, whether virus protein or extraneous
protein, for the indirect effect to be ummportant This actually
mcludes the majonty of expeniments, simee 1t 1s only by careful
punfication of the viruses that the evpeniments can be carmed

¥ Fniedewald, W F & Anderson R S (1940 1941) &s worked up by
8, DE, Smith, KM Holmes, B & Markham R (1944)
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Table 30 and i Fig 144 The conclusion 1s that the indirect
action can be largely intubited by use of a sufficient concen
tration of protein, whether virus protein or gelatin In dilute
solution, however, the indirect action predommates The shape
of the survival curve 13 not a test of whether the action 1s direct
or indirect, exponential curves being obtamed n either event,
as explained on p 61

It appears from Table 30 that when a preparation of tobacco
mosaic virus contamns 0 00022 mg /ml the nactivation dose 13
half as great for combined direct and indirect action as for direct

TabrE 30 Inactivetion doses of vanous preparations of tobacco mosaic virust

Concentration in g /ml of
A Tnactivation dose

Virus Protectivo agent (i umta 10*r)
Solid — 25
014 —_— 29
0022 —_ 29 )
0 00022 — 15
0000022 — 05
0 0000044 -— og
0000022 Glucose 0 05 05
0000022 Gelatin 0001 24
0000022 Gelatin 001 24

action alone Comparing with equation (II-9) (p 62) we deduce
that the 10me y1elds for indirect and direct action are in the ratio
of y/I'=1/4000 approximately It 1s not surprising to find that
with these very large molecules an 10mzation inmde the molecule
13 more likely to produce mactivation than an omzation 1n the
water outside, even m the absence of any competition from
protective agents

Less punified virus suspensions, contamung foreign proteins and
other impunties capable of exerting a protective action, are
found to be inactivated at the same rate m solution and dry
The curves of Fig 13, obtamned with plant virus preparations,:
illustrate this pomt The explanation 1s that at any dilution at
which virus activity 18 lugh enough‘for the purpose of estima-
tion, the total concentration of virus plus protective agent 1s

1 Lea, DE Srmth, KM Holmes B & Markham R (1944)
2 Lea, DE & Smuth KM (1940 1942) Gowen J W (1939) also
finds that the rate of nactivation of plant viruses 13 the same wet and
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ated by varions raciations : Additional examples may be found
m the papers from which these curves are tahen The loganthm
of the survnving fraction has been plotted against dose, so that
an exponential survival s shown by the ponts lying on a straight
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F1o 16 Exponential survival curves of irradiated ansmal vir

use
{1 5A ) on vaceinia virus (Gowen & Lucas), B, « rays on vacclm: V\rﬁs ii::’:
Salaman), €, X rays on the Shope rabbit papillorna virus (Syverton et al }

Line within the error of the experiment The error 1 the assess-
ment of virus activity is sometimes rather large, but no Syste-
mabc deviations from exponential survival, as distinet from
random variations, are suggested by the curves

I Gowen,J W & Lucas, AM (1939),Les, DE & &
s » Lea, mith, K M (1
1942), Wollman, E & Lacassagne, A {1940), Wollman E . Holwe(ckg,4!?

& Luna, SE (1940) §

yverton, J T, Berry, G P & Warre:

Lune, SE & E Y > R
- unpubluhed’\mer FYM (1941), Lea, DE & Salaman, M H {1942
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out mn a sufficiently low protein concentration for the mndirect
effect to show up

All detailed investigations which have been made of the in
activation of viruses by romzing radiations point to the inactiva-
tion of a single virus particle being causable by a single romzation
The tests by which actions of this type may be recognized have
been hsted 1n Chapter 111 (p 72), and we proceed now to give the
expenmental results of the apphication of these tests to the
viruses

Exponential survival curves

InFigs 13 and 16-17 we gave a selection of surviyal curves for
vanous plant viruses, ammal viruses, and bacteriophages, irradi-
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1 survival curs es of irradiated plant viruses (Lea & Srch]
{lﬂy :gqunxnp;::;?o“v::lu X B ultra violet light (2536 A ) on tobacco necrosis.
virms C ¥ rays on tobacco mosaic virus
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Tasre 31 Independence of mactivation dose on intenauity

Tnactination  Intensity

Virus Radiation Intenaity dose ratio  Referer
Tobacco necrosis ~ Ultra violet 87x10¢ 13x10* 120 1 T
Light {ergem ~¥sec ~1)  (ergem 7Y

(2536A) 56x10 19x10¢
(ergem ~¥sec -1} (ergem %)
Vacermis X reys 10x10* 104x10%r 121 z
(154) (¢ /mun )
832x10* 098x10%r
(r /min )
Staph K phage X rays 134%10¢ 0935x10%r o8 1 3
{154} {r fmn )
472x10% 0822x10°r
{r fran }
Coli C36 phage X rays 154%10¢ 508x10° ¢ 191 3
{15A) {r jmun )
813x10? 417x10%r
(v /mmn )

Tt Lea DE & Smuth KM (1940) 2z Lea DE & Salaman MH (1942)
3 Lea DE & Salaman M H (unpublished)

TasLe 32 Dependence of mactivation dose on 1on density of radistion

{Ion density increases from left to mght 1n the table All dosesinumtsof 10° r)

Radation Reference
——t———
N rays X rays X rays
Virus 07A 15A 214
Strains of tobacco mosaic virus
Mosaic 007 025 050 x
Aucuba 009 915 045
A denvative 011 022 0
X rays X rays a rays
y rays A 83A  ~4eMV
Tobacco mosaie virus 037 043 149 190 z
Tobacco necrosis 067 094 515 —
Tomato bushy stunt 045 062 310 256
Vacemia virus 0080 0104 _— 0211 3
Dysentery phage $13 058 099 — 350
Col phage C36 021 043 —— 094 +
Staph phage K 0079 9109 —— 045
X rays X rays
C15A 7A « rays
Dyeentery phage C16 0039 0045 030 5

1 Gowen JW (1940) virus rradiated m solution

2 Lea DE & Sruth KM (1942) virus irradiated dry

3 Lea DE & Su}amu\ M H (1942) virus irradiated dry
Lished

4Lea DE & 8, T H ) virus d dry
wlsul“hgllmnn E Holweck F & Luna SE (1940) rwradiations made
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Independence of Inactivation dose on intensity

Only a fow oxperiments have so far heen made to test whether
the effect of & given dose of radiation s independent of whether
1t 18 spread over a long time at low ntensity or concentrated in

— O WAt D M O et - O
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Fic 17 Exponential survival curves of irradiated bacteriopbages A A rays
{974 ) on phage 13 (Wollman & Lacnssagne) B o ravs and ff rays on phago
C16 (Wolliman Holweck & Lunia) C X rays (hard) on phage C16 (Luna &
Exner) D e rays on phage C36 (Lea & Salaman) E X rays (1 54 ) on phago

Staph 'K (Lea & Salaman)

a short tyme at high intensity The results of these expeniments
are collected 1n Tabls 31 They are eonsidered to show that there
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Fig 18 exhibits the same data as a dot diagram relating 1
activation dose to virus diameter, and a correlation n the diree
tion of small virus size being associated with large inacty ation
doser 1s unmistakably visible

¢

Inactivation dose in roentgens

L T x
0 20 40 60 83 100 200 300
Virus diameter in mulhmicrons

¥16 18 Relation between virus diameter and mactivation dose {for X and
y rays) Curve A s the calculated relation between target diameter and nacti
‘ationdose of X 1aysof 0 13A onthe assumplion that there 18 8 single sphencal
target, one or more iomzations in which suffice for the inactivation of the virus
@ Phage O plant virus  x ammal virus

In Fig 19 1s plotted in sinular manner the mactivation dose
for & rays agamst the virus diameter Only a few viruses have
been irradiated with « rays, the mactivation doses for the six
pomts in Fig 19, which were measured by Wollman, Holwech
and Luna, Lea and Smith, and Lea and Salaman, have been

* The existence of a correlation of this sort has been pomnted out by
Wollman, E & Lacassagne A (1940) for bacteriophages

~
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18 no vanation of 1nactivation dose with intensity outside the
error of tho experiments

Dependence of inactivation dose on fon-density of radiation

In Table 32 are tabulated the results of expenments designed
to detcrmine whether the inactivation dose 1s different for dif-
ferent wave lengths nnd types of radiation It 1s advisable
making oxperiments of this sort to carry out the treatment with
the different radintions on samples prepared from the same bateh
of virus treated and estimated as far as possible identically It
13 not advisable to attempt to compare the mactivation doses
for different radintions when these have been determined by
thiferent authors

Table 32 shows unmistahably that the activation doses
crease 1n the order y rays X rays, and a rays, and that when
different wave lengths of soft X-rays are employed, the inactiva
tion doses mcrease with inerease of wave length No uppl‘evmble
difference 15 found 1if attention 18 confined to different wave
lengths of hurd X-rays s

Ths general increase of mactivation dose with nerease of 1on
density of the radiation 1s to be expected for actions of radition
caused by u mingle 1omzation {cp Chapter m, p 72), and to
gother with the indications provided by the shape of the survival
curve and the independence of inactivation dose on intensity
constitutes the experimental evidence for regarding virus in
activation as an example of this type of action

Relation between virus skze and inactivation dose

Having estabhished that the mactivation of viruses 1s a type
of action to which the single 10mzation target theory should be
applicable, Fig 84 of Chapter 111 may be used to determne the
target size from the expermental inactivation dose It 1s of par-
ticnlar 1nterest to compare the target size with the size of the
virns  In Table 33 are given the mactivation doses of a number
of viruses wradiated with X- or y-rays, together with the sizes
of the viruses s

1 Vura, 8 F & Fxner, FM (1941}

2 We omit from Table 33 and Fig 18 tobacco mosai¢ virus and potato
sirus L since these are rod shaped, and while of definite diameter, have
very vanable lengths The length of the mummum infective unit 19 not

Inown
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listed in Table 32 The correlation-betwcen inactivation dose and
virus size 18 strongly marked

InFig 84 of Chapter 111 we gave curses for vanous radiations
of the 379/, dose to be expected for an action of radiation due to

107, T

lilT'IT*Ii' i

Inactivation dose 1n roentgens

0 Al

L
[ F4) 40 o0 80 100 200

Virus diameter m millimicrons

Fic 19 Rel betwern virus d and nact
gune A 13 the calculated relation between target diameter

ose of 46 MV a rays on the nssumption that thers 1s & sigle spherical targst
0né ar more 1omizations in which suffice to cause the mnactivation of the virus
® Phage O plant virus  x ammal virns

dose {for a rays)
and inactivation

the production of one or more 1omzations 1n a sphencal target of
given chameter We have transeribed the approphiate curves
from Fig 84 to Figs 18and 19 It 1s seen that these calculated
curves show a refation between mactiy ation dose and target size
very stmlar in trend to that found between mactivation dose and
virus size experimentally « If the inactivation dose were used to

¥ The agreement was even close
hishied xathee f .

T I <@y
1 closer n i erﬁl frlxatanv:.ﬁ‘“hen the pub
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TavLr 33 Relation betwcon size of virus and
inactivation doso (of \ or ¥ rays)

{All dosen in umts of 10% ¢ All virus diameters refer to the unhydrated virus )
Diameter  Inactivation
mp

Virus dose Reference
Phago 813 16 039 1
. 16 058 2
‘Tobacco ringspot 19 046 3
Tobaceo necroma 25 087 K]
Tomato bushy stunt 29 045 3
Thage C13 ~31 012 4
Fncophalitss (5t Lows) ~37 ~01 5
Phago C36 ~42 010 1
N ~42 021 2
Phage megatherrm ~43 009 '
Shope rabbit papilloma 48 044 6
Phage P28 50 009 4
Phage Staph K 684 0054 1
. 64 0045 4
.o 64 0079 2
Phage C16 ~68 0054 1
. ~ 68 0040 4
. ~08 0039 H
Phage T 105 68 0059 1
Fowl plague ~ 80 ~01 8
Phage PC 80 004 9
Phage subtilts ~110 0044 1
Vaceinia 200 008 10
Phage Streptococcus B —_ 020 1t
" c — on 1
\ D — 006 1
Shope rabt fibroma 170 0008 12

1 Wollman E & Lacassagne A (1940) From the tabulated data gven by
these authors logarithmic survival curves have been drawn and the 37 % doses
read off The X ray dose rates given by the authors refer to the surface of a
layer of broth 1 em deep and 1t 18 necessary to convert them to average dose
rates in the iquid by multiplying by 052 which factor we bave calculated to
take 1nto account diminution of intensity n the liqud by absorption and by
increasing distance from the target of the X ray tu

z Lea DF & Salamen M H (unpublished)

3 Lea DE & Smith K.M (1042}

4 Lunia, SE & Exner, F M (1941)

5 Moore HN & Kersten H {1937) The mactsvation dose ean only be i
ferred 1n order of magmtude from the incomplete data given by the authors

6 Syverton JT Berry G P & Warren S L (1941)

7 Wollman E Holweck F & Luna S E (1940)

8 Levin BS & Lommski 1 (1936) The imactwation dose s inferred m
order of magmtude from the fact that a dose of 10% to 1 5x 109r produced
about the same effect as a dilution of § x 10® times

6 Luria SE & Anderson TF (1042) quoting Lunia SE & Exner F M
(unpublished) The inactisation dose 18 not given explieitly but 18 inferred 1n
the statement that the target size 1s the same as previously determmed for

phage C16

10 Lea DE & Salaman MH (1942)

11 Exner FM & Luna SE (1941

1z Friedewald W F & Ander-on R 8 (1943)
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example, 13 a reasonably rchable estimate of the actual size of
a gene

Having stressed the mmportance of the general measure of
agreement between the experimental pomnts and theoretical
curves of Figs 18 and 19, we proceed to discuss the detailed
discrepancies It 1s noticeable that for the larger viruses the dis-
crepancy 15 1n the direction of the target size bemng less than the

TABLE 34 Inactivation of phace $13:

Radiation srays  Nrays(15A)  xrays (deMV )
Tnactivation dose 058 099 35x108r
Target diameter 155 159 16 3mp

Unhydrated virus diameter == 16my (hydrated 18mpu)

virus size This tendency 1s, however, not noticeable for the
smaller viruses The smallest virus so far studied 1s the dysentery
phage 813, and 1t happens that the size of this virus 1s
farly rebiably known : In Table 34 we see that the estimates
of the target mze by three different radiations, read off for the
corresponding 1nactivation doses from the curves of Fig 8a
(Chapter 1m1) are mutually consstent although the mactivation

TABLE 35 Inactwation of Staph phage K1

X rays aravs a rays
Radiation ¥ rays (154)  (TeMV) (4eMV' )
Inactination dose 0079 0109 021 045x10'r
Target diameter 31 40 58 50my

Unhydrated sirus dismeter=64my (hydrated 75mp)

doses covered a range of b 1, and that they agree with the size
of the virus deduced from filtration, sedimentation and diffusion
studies

As an example of the results obtained w 1th a somewhat larger
virus for which the calculated target size 1s a little smaller than
the virus mze we grve m Table 35 figures for Staph phage K
It 13 seen that not only are the calculated target sizes rather

T IA‘;;‘ }?E & Salaman, M H (unpublished)

2 the thods of size d used with pl
phages 513 and
h ietermme the hydrated sizes The unhydrated sizes gtven in Tables 34
:-n (:i are calculated from the hy drated sizes on the arbitrary assump.-
i‘wnd at on drying they take the density 135g fem® whiel) 1s tvpieal
or dry plant viruges and dry protein generally
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calculato tho target size, the diameter obtained would be withm
a factor of two of the virus size for twenty out of twenty three
points m Fig 18 (fiftcen out of eighteen viruses), and withm a
factor of 1 6 for five out of ax viruses shown i Fig 19 Thisi
the busis of the proposals that determination of the mactivation
dose can be used to estimato the size of s virus

"The correlation between the caleulated target sze and the size
of the virus 13 too close to be regarded s acaidental In many
Instances the difference between virus size and target ewe 1s
withun the range of possible uncertainties 1n the size of the virus,
caloulation of the theoretical curve, and oxpenmental determina
tion of the mactivation dose

This measure of agreement 1s of importance m the theory of
the biological actions of radsat Tt happens that quantitative
radation studiea of the viruses have been undertaken only fairly
recently Results had, however, been obtained earler, par
ticularly in the study of radiation-induced gene mutations and
the action of radiations on bactena, which suggested the apphica
tion of the target theory From these results target sizes were
calculated, but since no alternative means were available of
determining the target size, the explanation was rather hypo
thetical For many viruses, however, 1t appears that at any rate
to a first approximation the target 13 identical with the virus
itgelf, and that the method of calenlation proposed for deducing
the target size from the nactivation dose yields a figure i fair
agreement with the size of the virus by non-radsation methods

The establishing of the validity of the target theory for the
viruses does not, of course, prove 1ts apphcability to other bio
Jogical actions of radiation It does, however, show that the
minute amount of energy represented by a single 1omzation can
produce an observable effect, an assumption which had to many
workers seemed unplausible It shows further that when the
target theory 1s applicable, the size calculated for the target 1s
rather close to the real size of the biological entity concerned,
suggesting that the target size caloulated for gene mutation, for

using Elford s factor relating virus s1ze to pore diamster of the membrane
were used mstead of the somewhat larger sizes now thought more

probable
1 Gowen J W {1940), Wollman E Holweck F & Lura, $ E (1840),

Lea DE (19406) Lurs, SE & Exer FM (194])
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i this phage no differentiation between radiomnsensitive and
radiosensitive regions 1s plausible enough

With viruses of medium siz¢ such as Staph phage K which we
have just been discussing, while the discrepancy between target
size and virus size suggests such a differentiation one 15 not pre-
pared uncompromisingly to msist on it 1n view of the fact that
over simphification 1n the model 13 a posmible alternative ex-
planation of a small discrepancy of this sort However, the
position 18 different in the case of the largest virus so far studied,
namely, vaceima virus which 1n Figs 18 and 19 1s represented
by the experimental points farthest from the theoretieal curves

Tanik 36 Non applicability of the amglo sphencal
target theory to a large virus {(yvaccima)s

Radiation ¥ rays N rays (1 54) a ravs (5eMV )
Inactuation dose 0080 0104 0211x10%r
Target diameter 1 41 70mye

Mean unhydrated virus diameter =200my (hydrated 235mp)

The sze of this virus 1s hnown fairly rehably and there 1
no reason to suspect serious esror in the radiation data The
discrepancy shown by Table 36 between the target sizes for
different radiations and between the target sizes and the virus
f1ze, 18 too great to be aseribed either to experimental error or to
over smphfication of the model

There 18 therefore 1 this virus definitely a differentiation be.
tween radiosensitive and 1nsensitive matenal and the radio
sensitive part amounts (in volume) to less than 19, of the whole
virus  In this respect vaceinia resembles bactena more than the

smallest viruses and we shall defer fuller discussion of 1t until
Chapter 1x

The status of the viruses

In the imtroduction to the present chapter 1t was mentioned
that 1 2 typical cell the ughly speafic and genetieally important
nucleoprotemn eonstituting the chromosomes compnsed a rela-
trvely small part of the whole cell In the small crystaliizable
viruses there is no such differentiation between genetically um-
portant chromatin and cytoplasm the virus bemg compos'ed of

1 Lea, DF & Salaman, M H (1942}
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smaller than the virus size, but that they increase n the order
7 rays, X rays, & rays  In Chapter nf (pp 92-08) we discussed
posaible over simplications of the simple model on which target
sizes aro caleulated, and in particular the possthility that the
probability of an jomzation eausing macetrvation might in certain
places have a value intermediato between the extremes nought
and umty whieh alone are contemplated by the simple mode)
It waa shown that over-simplification of this sort could lead to
the caleulated target aize being less for y rays than for « rays,
and it 13 possible that the results with Staph phage K are to be
explamed m this manner On the other hand, one might expect
the same over simphfication to lead to a similar discrepancy 1n
the case of the dysentery phage, whero 1t 13 not found

Alternatively, calculated target szes less than the virus mze
could be interpreted to mean that not the whole of the virus was

tve By rad tve we would mean here parts so
essential to the infectivity of the virus that chemical change
produced 1n them following omzation would lead to loss of ;-
fectivity By radiomsensitive we would mean parts in which
1omzation could be produced (and presumably cause chemical
change) without loss of mfectivity In higher cells, of course,
only a very small proportion of the cell materal 1s so essentral
that a smgle wnization can lead to a detectable effect

Interpreting the results with Staph phage K along the ines
suggested on p 91 one would infer that about 129 of the virus
was rad tive, the rad tive matertal not being concen-
trated mn a single spherical mass but being exther a lamna, or &
filament, or being multiple «

Electron micrographs of the larger phages show s some internal
structure, indicating that the phage particle 1s not of a untform
compcsmon throughout and thus may well be differentiated mto

tive and rad; tive parts

On the other hand, several of the small plant viruses have been
crystallized and their particles are believed to be single molecules
of nucleoprotein If this 1s true also of the even smaller phage
S 18, the deduction from the radiation experiments that there 1s

1 On the mults target theory the best fit of the experimental inactiva
t1on doses 19 gnen by the assumption of 14 targets each of diameter

12 5my
2 Lurm SE & Anderson TF (1942)
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m this phage no differentiation between racioinsensitive and
radiosensitive regions 1s plausible enough

With viruses of medium size such as Staph phage K which we
have just been discussing, while the discrepancy between target
size and virus size suggests such a differentiation one 1s not pre
pared uncompromsingly to msist on 1t 1n view of the fact that
over simphfication in the model 1s a possible alternative ex-
planation of 1 small discrepancy of this sort However, the
position 1s different in the case of the largest virus <o far studied,
namely, vaccinia virus, winch in Figs 18 and 19 1s represented
by the expenmental points farthest from the theoretical curves

Tasre 36 Non applicalility of the single apherical
target theory to s large virus (vaccrua)

Radiation ¥y rays N rave {15A) a ravs (5eMV )
Inactivation dose 0 080 0104 0211x10¢r
Target diameter 31 41 T0mye

Mean unhydrated virus diameter=200my (hydrated 235mpu)

The size of thuis virus 1s hnown fairly reliably, and there 1s
Do reason to suspect serious error in the radiation data The
discrepancy shown by Table 36 between the target szes for
different radiations and between the target sizes and the virus
s1ze, 18 too great to be ascribed either to experimental error or to
over simplification of the model
There 15 therefore 1n this virus defimtely a differentiation be

tween radiosensitive and msensitive matemal, and the radio-
sensitive part amounts (in volume) to less than 19, of the whole
virus In this respect vaccima resembles bactena mote than the

smallest viruses, and we shall defer fuller discussion of 1t untsl
Chapter 1\

The status of the viruses

In the mtroduction to the present chapter 1t was mentioned
that i a typical cell the highly speafic and genetieally important
nucleoprotein constituting the chromosomes comprised a rela-
tively small part of the whole cell In the small crystallizable
‘iruses there 1s no such differentiation between genetically 1m-
Portant chromatin and cytoplaism, the virus being composed of

I Lea, DF & Salaman M H (1942)
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nucleoprotemn alone  Regarding the larger viruses, mformation
by direct methods 1s scanty It appears that radiation expen

ments are ablo to offer some mformation on the nature of the
viruses Tho radiosensitis e matenal, a single tomzation in which
leads to the inactivation of the virus, 13 to be identified wath the
genetieally important nucleoproten, since we cannot plausibly
unagine & singlo 10mzation n the less speaific ¢y toplasm leading
to inactivation Determnation of the inactivation dose enables
the volume of the sensitive matenal to be calculated, and com

parson with the volume of the sirus enables the proportion of
radiosensitis e matertal in the virus to be estimated In this way
wo are able to show that the smallest viruses are almost com

pletely rad tive, 1n ag) t with the ch 1 finding
that they are entirely nucleoprotein  Vaceinia, ono of the largest
viruses, shows a differentiation between radiosensitive and

sensitive matenal compareble to that mn higher cells Genet:

cally, the smallest viruses may be considered as ‘naked genes ',
while the largest viruses are more ahin to single celled organtsms

Radiation experiments afford a means of decrding to which cate

gory & given virus belongs

Inactivation of viruses by ultra-violet light

Not much quantitative work has been done on the mactiva
tion of viruses by ultra violet light « The survival curves are
exponential and the effect of a given dose 13 independent of the
time over which 1t 1s spread These results suggest that the
absorption of a single ultra violet quantum s able to cause 1
activation, mn the same way that the corresponding results with
1onizing radiations suggest that a single ronzation or single 10n
1zing particle 1s able to cause inactivation Wath ultra violet ight
no additronal test 1s avatlable such as that afforded for 1omzing
radiations by the mncrease of iactivation dose with increase of
1on density, and the adequacy of a single ultra-violet quantum
to cause mactivation cannot be considered established with the
same certainty as 15 the adequacy of a single 1omzation If we
accept, however, that 1nactivation by ultra violet hght 1s due to

1 See Hollaender, A & Duggar B M (1938), Price W C & Gowen
J W (1937), Ruvers, TM & Ga es FL (1928), McKmley EB Fisher
R & Holden M (1926), Oltsky, PK & Gates FL (1927) Lea DE
& Smuth KM {1940)
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a single quantum, we can calculate the guantum yield of the
reaction, 1e the probability that a single quantum absorbed
the virus particle will canse inactivation It comes out to be
very Yow, about 0 025 for phage $13: and 7x 107 for tobaceo
mosaic virus,: each exposed to ultra-violet lLght In m-
orgame gas reactions quantum yields of the order of umty are
usual However, with large orgamic molecules lower quantum
yields are obtaned,s and a very low value for the much lerger
molecule of tobaceo mosaic virus 1s not impossibles It 13 evident
that 1t 18 not possible to caleulate virus mzes or target sizes from
expermments on the mactivation of viruses by ultra-violet hight,
since, while the postulate that the production of & single 10ntza-
tion leads inevitably to inactnation seems to be faurly closely
verified, the assumption that a single ultra-violet quantum
absorbed leads mevitably to inactiyation 18 1 patent contradie~
tion to the facts for tobacto mosiac virus

1 Latarjet, R & Wahl, R (1945, see also Latarjet (1948)), found that
the activity of a dilute suspension of phage 513 1n distilled water was
reduced to 379, by an mncident energy of 147x 10% ergsfem? If we
assume that the absorption coefficient of this virus for ultra violet hight
of 2536 A 13 of the same order (~ 10t cm -1) as the measured absorption
coefficient of plant virus protem (cp Table 1, p 5), this corresponds to
an energy absorption of 147 x 10° ergsfem 3 or about 40 quanta n the
volume 2 2 x 10-18 ¢m ? of one phage particle (since 1 erg of this radiation
corresponds to 1277 x 10" quanta) Thus if we accept the deduction
from the exponential shape of the survival curve, that nactivation 1s due
to & single quantum, and 1f we accept the evidence of the experuments
with 1omzing radiations (Table 34, p 121) that in phage S13 there 18 no
differentiation into sensitive and non sensitive regrons, then we must mfer
that though inactivation, when 1t oceurs, 13 due to only one quantum, the
probability of any given quantal absorption bemng effective 13 only about
one fortieth

Thero appears to be no cumulative effect of the absorption of mdive
duafly ineffective quanta since 1 this event one would expect, not an
exponential but a sigmod shape of survival curve

2 Uber, FM (1841) lculated using the n data of Les,
DE & Smuth KM (1940)

3 Eg 0017 for the inactivation of trypsin by 25364 , Uber, FM &
McLaren A D (1941)

4 Cp Jordan, P (1938b}, Crowther, J A (1938)




Chapter V
GENETICAL EFFECTS OF RADIATION

The mechanism of heredity:

Modern genetics 18 usually considered to have begun about the
yesr 1800, when the expenments made by Mende! neatly forty
years eather were confirmed and their significance realized, and
the base prinetples can best bo explained i terms of these often-
quoted experiments

Mendel had two pure breeding strains of garden peas, tall and
dwarf When crossed, the offspring (1e F, generation) were tall
When the Fy generation wers self fertshized thesr offspring (e
the F, generation) were composed of talt and dwarf plants in the
ratio of 3 1 The dwarf plants were alf pure breeding, and one
third of the tall plants were pure breeding, but the remaining
tall plants were bike the Fy generation, that 1s, tall i appearance
(te phenotyprcally tall) but mving the 3 1 ratio on sell
fertilization, indicating that genotypically they were hybnds
Mendel’s explanation, which has not needed madification, 1 that
the gametes (germ celis) of the tall plants carry a factor T and the
gametes of the dwarf plants a factor t The F, plants thus carry
the factors Tt, and sinco phenotypically these plants are tall the
tall factor T 18 sa1d 10 be dominant to the dwarf factor t which 18
recessive The gametes of the Fy plants will carry the factors T
or t with equal frequency, and on relf fertilization the combma
tions TT, Tt tT tt, will oceur therefore with equal frequency
Thus in the F, generation from self fertihzation of the Fy plants
we shall find pure breeding tall (T'T), plants resembling the Fy
plants {Tt, tall but not pure breeding), and pwe breeding dwarfs
(tt) mtheratio I 2 1

1 The condensed introduct:on to genetics given in the opening sections
of thus chapier 18 mtended to protide the reader who 18 not a geneticat
with the |8 ledge of the ples and logy of the
subject to follow the d of the 1 effects of rad gven
fater m the chapter It mav be supplemented by reading the followmg
books Timoféeff Ressovsky W W {1937a), Mulationsforschung, Darling
ton CD (1937) Recent Advances in Cytology, Waddington CH (1939),
Introduction io Modern Genetics, Sturtevant, A H & Beadle G 'V (1440}

Introduction to Genetics, Cold Spring Harbor Symposia vol 9 (1641) on
CGenes and Chromosomes”
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Other characters of the pea were found to be inhented in a
similar fashion Thus a strain with yellow seeds crossed to a
stramn with green seeds gave yellow seeds in the Fy, and yellow
and green 1n the rati0 of 3 1 1n the F, generation, the factor for
green (y) evidently being recessive to the factor for yellow (Y)
Simiarly, the factor for wrinkled seeds (r) was recessive to the
factor for round seeds (R) When strains of peas differing in both
these characters were crossed the characters were found to be
ndependently assorfed That s to say, when pure breeding yellow
round (YYRR) and pure breeding green wninkled (yyrr) plants
were crossed, grving F, plants of composition YyRr, the gametes
of the F, were not only YR and yr, but also, with equal fre-
quency, Yr and yR

This sndependent assortment 1s not, however, found with all
pairs of characters For example, in man, haemophiha and
colour blindness are linked In a family tree which contains
colour blind and haemophilic members, 1f one member 1s colour-
blind and haemophilic 1t will be rare to find other members who
are colour blind without bemng haemophilic or vice versa If,
on the other hand, two families, one of which has haemophilic
members and the other colour-blind members, intermarry, 1t
will be rare for a descendant to have both haemophtha and
colour-blindness

In an orgamsm such as maize, 1In which many Mendelian
characters have been mvestigated, they can be catalogued into
hnkage groups—ten m the case of maize—such that characters
In the same group are usually linhed (ke haemophba and
colour blindness 1n man) and characters in different groups are
not linked (hke seed colour and seed shape n peas)

The fact that the majonty of inhenited quahties, e g height
;)r mathematical ability 1n man, do not appear to obey Mendehan

W 13 explicable on the ground that a great number of mde-
E:’l:d:“ﬂy assorted sumple Mendelan characters probably con-
casel; :utohsuch qualities The simplicity of the Mendehan laws in
tons cancb as those we have been describing when single charac-

Thy chre observed suggests a stmple mechansm of heredity
thread hkﬂ'mo.sumes provide this mechamsm Chromosomes are
found 1n tz structures, chemcally described as nucleoproten,
baseq € nucler of practically all cells and readily stamned by

yes when the cell 1 1n diviston, though difficult to demon-
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strate at other times The germ eclls of a plant or amimal contamn
anumber n of chromosomes which 18 widely variable for different
species, ranging from one up to several hundred, but constant
for & given species ¢ g 24 1n the case of man When at fertilna
tion the sperm and egg cells fuse, a eell 1s formed with 2n
chromosomes, « g 48 1 the case of man The chromosomes in a
germ cell are (in general) all different and can m fas ourable cases
be recogmzed mieroscopically by differences in size and shape
Each chromosome contributed by a male germ cell 19, with one
exception, essentially identteal (homologous) with a corre
sponding chromosome contributed by the female germ cell One
par of chr the sex chre —in many ammals,
including man and the fruit fly, Drosophila, 15 exceptional in that
mn a fertilized egg (or zygote) which 15 going to develop into 2 male
org the two chr of the pur are distingwishable,
the X chromosome which has been contributed by the egg cell
and the } chromosome which has been contrnibuted by the
sperm cell being cifferent A zygote which 1s going to develop
nto a female orgamism, on the other hand, has two X chromo
somes The sperms are of two hinds, those carrymg an X
chromosome giving rise to female zygotes and those carrying
a Y chromosome to male zygotes (In birds, moths and butter-
flies the female 13 heterozygous (A1) Seed plants and many
lower ammals do not usually have the 1} mechamsm of sex
determination }

The fertilized egg divides into two cells, and by repetition of
this process the orgamism 1s formed At each cell division an
elaborate cycle of operations (mufosis) occurs which results in the
two daughter cells being dentical as regards their chromosome
complement During the first stage of mitosis (prophase) the
nuclear membrane disappears, and the chr , which in
the resting stage between divisions are long thin threads, usually
unstainable, contract as a result of sprralization and become
londed with desoxyribose nuclerc acd, so that they have the
appearance (at metaphase) of short thick rods, readily staming
with basic dyes by virtue of the nucleic acid content At this
stage the chromosomes are oriented 1n the equatorial plane of
the cell At an early stage i this condensation process (or some
times 1n the wnterphase or resting stage or even mn the preceding
mitosms), each chromosome thread has spht longitudinally, and
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when the chromosomes have hecome fully condensed the two
halves of each chromosome separate (anaphase) and move to
opposite ends of the cell {telophase) The forces responsible tor
the movement of the chromosomes to opposite poles of the cell
at anaphase are not understood, but appear to be appled to a
particular organ of the chromosome, the cenfromere If, as some
tumes happens after wrradiation, a chromosome lacks a centro
mere, 1t 13 liable to be left behind and fail to be tncluded in esther
daughter nucleus A nuclear membrane now forms round each
group of chromosomes and the cell divides, so that two daughter
cells are formed, each having the same number of chromosomes
as the mother cell, and being, es regards the chromosomes, a
very exact copy of the mother cell The process of mitotie di
Vision thus ensures that every cell in the adult organism contaims
2n chromosomes, » derived from the n chromosomes originally
contributed by 1ts male parent and n derived from those contri
buted by 1ts female parent As regards the sex chromosomes,
every tissus cell of a female contains two X chromosomes, and
every tissue cell of a male contains an X and a Y chromo
s0me

The adult orgamsm produces germ cells by a process hnown as
me0818 1n which tw o successive cell divisions oceur with only one
chromosome division, go that the chromosome number 1s halved
Dunng the prophase of meiotic division the chromosomes come
together in pars, the homologues derived from male and female
Parent lymg in close contact along their length (synapsrs) At
(first) anaphase the homologucs sepatate again and move to
opposite poles of the cell, and the cell divides Dunng sy napsis
each homologue sphts longitudinally, and so when the first cell
dision has occurred each chromosome 1 already spht The
half-chromosomes or chromatids later move apart m a second
naphase, and a second cell division follows The final result 13
thus four cells, each of n chromosomes, each chromosome equally
likely to have denived from the male or fomale parent As re
8ards the sex chromosomes, each of the four cells produced at
raeiosis 1 a female (only one of which however functions as a
germ cell) has an X chromosome, while of four sperms produced
at me10813 10 a male, two carry an A chromosome (denved from

the mother
father) ) and two carry 2’} chromosome (derrved from the
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The chromosome mechamsm affords o satisfactory explana
tion of the Mendelian laws of inhentance The phystcal entity
corresponding to a Mendelian character 1s a gese, o small portion
of o chromosome Since each somatic celt (1¢ tissue cell 1n dis
tinction from germ cell) contans 2n chromosomes, each gene 1s
normally present in duplicato, one derved from each parent
When strans differ 1n o Mendelian character, the gene corre-
sponding 15 1n some way different 1n the two strans, we refer to
different. allelomorphs of a given gene Thus one of the genes
effecting eye colour 1n the frurt fly Drosophsla melanogaster
exists m several allelomorphs which when homozygous (te one
allelomorph present 1n duplicate) give various eye colours de
sertbed as white, coral, eosin, cherry, buff, 1vory, and others, all
of which are reeessive to the wald fype allelomorph which 1s more
common and which gives dark red eyes

When & cross 18 made between two strans the offspring will
contain two different sllelomorphs, 1 6 will be heferozygous for the
particular gene In general we might expect an intermediate
phenotypical effect, and this sometimes occurs, but n practice
the phenoty pe 15 more often nearly 1dentical with that produced
by one of the allelomorphs in homozygous condition, so that the
presence of the other allelomorph, which we deseribe as recessive,
13 not detectable except by breeding tests

The behaviour of Mendehan characters in crosses 1s explamed
by the behaviour of chromosomes at meioms and 1 fertihization
Characters which are not linked correspond to genes in dafferent
chromosomes, and characters which are linked are localized 1n
the same chr In Drosophila mel ter and 1n maize
the number of linkage groups (four and ten respectively) geneti-
cally determined has been shown to be the same as the haplowd
chromosome number (1e 7, 1n distinction from 2n, the diploid
number) microscopically observed Further, the phenomenon of

plete linkage 15 explaned m terms of chromosome be
haviour As d already, h philia and colour blind
ness i man are linked Cases have been observed in which
Iinkage fails, indicating that a woman having both recessive
genes m one of her X chromosomes and both normal alielo
morphs m her other X chromosome has produced a germ cell
having an X chromosome with the recessive alielomorph of one
gene and the normal allelomorph of the other The explanation
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for this incomplete Linkage lies 1n the fact that duning the stage
of metosis 1n which four chromosome strands lie in juxtaposition
(four strand pachytene) 1t 18 possible for two strands to break at
corresponding points and change partners, thus separating genes
on opposite sides of the break which were onginally 1n the same
chromosome thread and bringing them into separate threads,
and vice versa Thus incomplete linkage 1s explained by crossing-
oer The closer together two genes are m a chromosome the
smaller 13 the chance of crossing over occurnng between them
Thus the cross over frequency between two genes 1s a measure
of therr distance apart 1n the chromosome, and in this way
chromosome maps can be constructed in which the genes mn the
chromosomes are shown in their correct linear order

Genes localized 1n the sex chromosomes are described as sex-
linked Since the ¥ chromosome 13 usually genetically mert and
carries very few genes, a sex-hnked gene 1s normally one localized
in the X chromosome If a female 13 heterozy gous for the wild-
type allelomorph and a recessive allelomorph of a sex hinhed
gene, the phenotypical appearance will be wild type If a male,
however, carries the recessive allelomorph of a sex linked gene
1t will show up phenotypically since, as there 1s only one X
chromosome i the male, there 13 no wild type allelomorph
present so that the male 18 hemtzygous for the gene 1n question
It 18 for this reason that haemophila, for example, while trans-
mutted by a heterozygous woman, 1s not shown by her but 1s
shown by those of her sons who recetve from her an X chromo-
some carrying the recessive, mnstead of a normal, gene

Mutations

Strains of plants and animals differing 1n that different allelo
morphs of a particular gene are present in the different strains
are found naturally Moreover, a pure breeding stram ocea-
sionally gives rise to an organism having a different allelomorph
of 2 particular gene from the rest of the strain  Such changes are
called gene mutations, and with individual genes occur spon-
taneously with a frequency of the order of 10-5 or 10-6 per
generation The rate may be somewhat speeded up by rise of
temperature 1n the case of Drosophala, m which this procedure 15
I_)‘rfctxcable, and the production of mutations by chemical treat-

1t has occasionally been reported X rays and other 10mzing
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radiations causo mutations at a rato greatly 1n excess of the
spontancous rate, and radiation induced mutations have, eince
the discovery of this effect by Muller 1n 1927, been ntensively
studied, especnlly in Drosophila melanogaster

Mutation can doubtless occur, spontancously or by radiation,
m any cell, but a mutationin o single cell of an adult organism
would bo practically impossible to detect If a mutation ocenrs,
howesver, 1n a sperm or ogg cell, every cell of the adult orgamsm
growing from the germ cell will earry the mutant gene Ifa
mutation occurs 1 a cell of the developing orgamsm at some
stago intermediato botw cen the zy gote and the adult, thenin the
adult a mosaic effect may be noticeable, as a result of the mutant
character appearing in the group of cells which have developed
from the cell in which the mutation occurred, the remaimung cells
bemng unaffected

A great deal of the work which has been dons on the induction
of mutattons by radiation has been carned out by iradiating
Drosophila sperm  Male flies are irradiated and mated to un-
treated females Ifa mutation has occurred in one of the sperms
of the irradiated males, every cell of the F, fly which has ansen
from the egg fertihized by this sperm will carry the mutation
If the mutant gene1s & dominant, the fly will show the character
If 1t 15 2 recessive, suitable tests will enable 1t to be brought to
Iight 1n a subsequent generation

Even with X rky induced mutations, the rate at which any
given mutational step occurs 18 very low, since the X-ray dosage
which can be given without producing sterhity 13 hmited to a few
thousand roentgens, and the yield of even the most frequently
oceurring mutations 1s only about 10-% per thousand roentgens
To accumulate data on the mutation frequency of a particular
gene 15 therefore very laborious, and 1t has been usual therefore
to record the total number of mutations, or the total number
oceurring 1n a given chromosome The study of sex-hnked muta-
tions, 1 e mutations Jocalized 1 the X chromosome, 1s techni-
cally most convenient, since a sex linked recessive mutation will
show up when present in the male, while a recessive rautation

mn an {te a chr other than a sex chromo-
some) will not show up when heterozygous, and to obtamn 1t
homozygous requires an add g tion 1 the breeding

tests
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Among the visible mutations in Drosophila, recessives are
several times more frequent than dommants, and most work has
therefore been done on them

The majority of recessive vimble mutations as well as pro-
ducing, when homozygous, the visible change by which they are
recognized, reduce the viability of the orgamsm This 1s not sur-
prnising, since a mutant form which was advantageous to the
orgamsm would by selection probably have become the wild
type There are a great many recessive mutations which, when
homozygous, are lethal, so that the adult stage 13 never attained
The number of these recessive lethals 18 m fact several times
greater than the number of misible mutations By means of &
convement breeding test (the CIB method of Muller) 1t can be
arranged that a culture of flies m the F, generation from an
wradiated grandfather 1s devord of males whenever a sex-hnked
lethal has been produced 1n a sperm of the grandfather The de-
tection of lethals can thus be made with greater ease and freedom
from subjective error than the detection of visible mutations
For these two reasons a great deal of the work on radiation-
induced mutations, particularly quantitative work requiring the
recording of a large number of mutations to attam statistical
signsficance, has been made on sex-linked recessive lethals This
18 to some extent unfortunate, since there 1s evidence that lethals
are not entirely analogous to the visible gene mutations

The nature of genes and mutations

Views on the nature of genes are, at present, to a considerable
extent speculative The evidence of Mendelian genetics 13 that
the genes are arranged 1n Linear order m the chromosome When
homologous chromosomes are synapsed, crossing over takes place
without producing effects 1n the genes, showing that the chromo-
somes can be broken between consecutive genes without
changing the genes The picture suggested by these facts 15 of
beads on a string, the genes bemng independent umits connected
together by genetically mert matenal which 13 more readily
breakable than the genes themselves Microscopical exammna-
tion may be considered consistent with this simple model
Chromosomes 1n the condensed state at metaphase are too short
and tightly coiled for there to be any possibihty of resolving
ndividual genes, the number of these 1 a chromosome of, for
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oxample, Drosophila, being beheved to be of the order of a
thousand The most extended state normally available for ob
servation occurs during meiotic prophase, when a plant chromo
some may have a length of 1002 In some orgamsms at this
stage tho chromosomes have o beadcd appearance, and dunng
synapsis ‘he beads or ehromomeres, and not merely the chromo
somes as a whole, arc accurately paired

Still more detmled structure can be seen mn saliwary gland
chromosomes : In the larvae of Drosophila and other two winged
flies the salivary glands grow dunng the desvelopment of the
orgamsm from the embryonic stage to the fully grown larva not
by the normal process of cell multiplication, but by mcrease of
cell size without cell multipkcation In conseq the cells
attamn a volume about a thousand times greater than that of
ordinary cells During this process the chromosomes apparently
undergo repeated duplications without sphtting, so that each
salivary gland chromosome 1s a bundle several microns m
diameter, made up of some hundreds of chromosome threads
which are not individually resolvable under the microscope The
chr are led, and homo) are pamred as n
metotic prophase

The sahvary gland chromosomes are crossed by disks of more
deeply staining matenal which are presumably made up by the
juxtaposition of the chromomeres of the individual chromosome
threads The bands mn the salivary chromosomes form a suf-
ficiently characterstic and recognizable pattern for even very

small internal losses and rearrang ts of the chr to
be detected, and for maps to be made in which the individual
bands, to the of some th ds 1n the A\ TS
numbered

Ultra violet hight absorption measurements indicate that the
disks are made up of nucleoprotein (protein 1n combination with
nucleic acid}), and the mtervening portions, less deeply staimng
and less strongly absorbent of ultra-violet light, of protein of
globulin and protamin types The bands are mechanically less
extensible than the mterband portions

The number of bands—647 1n the X chromosome—is of the
order of the probable number of genes The obvious hypothesis
that the bands may mark the positions of genes recerves support

1 Plate IILa b (Catchesrde D G )
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from the fact that there have been established many instances
where the absence of a band mn the sahvary chromosome can be
correlated with a genetical effect consistent with 2 defi y
(1e complete absence) of a particular gene, absence of the band
mvanably being accompamed by the genetic effect Further,
certain parts of the chromosomes known as the heterochromatic
regions (recogmzable cy tologically by their retention dunng the
resting stage of the charge of nucleic acid which the ordinary or
euchromatic regions of the chromosome possess only duning cell
division) are hnown to be genetically inert, very few genes having
been recogmized 1n these regions In the sahvary chromosomes
the heterochromatic regions are, relative to the euchromatic
regions, much contracted and do not show a well defined band
structure
It appears then that in the salivary glands the genes are
located 1n the nucleic acid loaded bands, and 1t 1s a reasonable
presumption than m ordinary chromosomes the genes are mole-
cules of nucleoprotein located in, or connected by, a protemn
backbone
Observationally an upper limit can be set to the size of the
gene from the consideration that & number probably of the order
of 1000 genes are present in the X ehromosome of Drosophila, the
salivary gland Jength of which 1s about 200z Thus the length of
chromosome thread available to one gene 1s about 200mg  An
estimate of about 1001z 13 given by measurements of the length
m the salivary chromosome of a deficiency known from its
genetic effect to involve at least two genes « The diameter of a
single thread cannot be obtamed from salivary gland observa-
tions, but the volume of a metaphase X chromosome can be
measured, and 1f 1t be assumed that this 1s a coiled-up thread of
length (when fully extended) 200 «, the thread diameter 1s calon-
lated by Muller: to be not more than 20my m drameter Thus an
upper hmit for the space taken up by a gene m a chromosome 15
about 100 x 20my, the corresponding molecular weight bemng
about 25 milfion The upper Lmit obtained for the molecular
weight of the gene, which may of course greatly exceed the
actuul value, 1s comparable with the molecular weight of the
erystaliizable viruses (e g tomato bushy stunt virus, 11 mlhon ,

1 Muller, HJ & Prokofyeve A A (1035)

~y Afsllar IT T 116000k
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tobacco mosae virus, 42 milhon) Chemtcally viruses are also
nucleoprotein, end like the genes they have the property of
synthemzing exact copics of themselves from a suitable intra
cellular substrate If significance 18 attached to these ana-
logues, one 13 Ied, on the one hand, to regard a crystalhzable
virus as, gonetically, the most pnmitive form of hife, namely, &
nahed gene, and to regard the genes in higher orgamsms as
autc protein molecules, reg d in chromo-
somes to facilitate synchromzation m division
Thas pioture of the nature of the gene may be taken to be one
extremo of the range of views currently held regarding the nature
of genes  On this view different genes would differ in structure
to & marked degree, as do presumably viruses which are sero-
logically unrelated, while the various allelomorphs of a given
gene would have smaller differences, such as distingmsh sero
logically related strains of viruses Mutation of a virus to a re-
lated strain has been observed
Considening different allelomorphs as different stable states of
tially the same molecule, there will presumably be an
acttvation energy for tranaition from one state to another, and
the frequency of transition and its temperature coeffictent should
be capable of treatment by the methods of chemical lametics :
In pumvular the fact that mutation rate 13, on the scale of
ordinary 1 reactions, extremely slow, leads to the expec-
tatxon of a temperature coeﬂicnent larger than ordinanly found n
1 react; Luus expectation 18 realized, a temperature
rise of 10° C produemng a ﬁvefold increase 1 spontaneous muta-
tion rate, compared with a two- or threefold inerease i ordinary
chemical reactions The activation energy corresponding 18
about 1 5eV

Chromosome structural changes, and the position effect

The picture as we have so far presented 1t, of genes as autono-
mous uruts and of mutation as internal change in a gene, 13 over-
simphfied 1 that 1t neglects mteraction between genes, and
mutational effects produced by structural changes in chromo
somes which are readily produced by radiation and which are
discussed in greater detail in Chapters v and vir

‘When a chromosome 1s broken by radiation, the broken ends

1 Timoféeff Ressovsky, N W Zunmer K G & Delbruck, M (1835)
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are usually left in a jomable condition They may rejoin resti-
tuting the oniginal chromosome, or if a chromosome 18 broken in
two places the four broken ends may rejomn n new ways Such
sllegitimate umon will clearly lead esther to a single chromosome
n which the portion between the breakage points has been taken
out and remserted 1n reverse order {tntersion), or to two chromo

some bodies, one a ring formed by the jomning of the ends of the
segment between the breakage points, and the other a rod formed
by the joiming of the two remaining segments : One of these two
chromosome bodies lacks a centromere, and 1s likely therefore to
be lost at cell division If the cell 13 able to survive the loss, we
shall then have a cell in which one of the chromosomes 1s deficient
of a certan number of genes, the phenomenon being called
deletion or deficrency If two dufferent chromosomes are broken,
illegitimate wnon between the four broken ends leads to nter-
change (also called reciprocal translocation), with the production
of two chromosome bodies each having a portion of one of the
two original chromosomes If one new chromosome body has
both centromeres (1e 1s dicentric) and the other has no centro-
mere (te 13 aceniric), as happens as a result of asymmetrical
interchange,s the acentric fragment 1s likely to be lost at cell
division and the dicentric chromosome may be broken, or
eventually lost, or cause breakdown of the cell, owing to
mechanical difficulties (for example, to the two centromeres
sometimes moving to opposite poles at cell division) However,
if the two new chromosome bodies each contain a centromere, as
happens in symmetrical interchange,s there 1s no mechamcal dis-
advantage attaching to the new formation as compared with the
ongmal, no portions of chromosome have been lost (unless a
minute defleiency oceurs at a breakage point, as occasionally

happens) and cells contaming such chromosomes are hikely to

survive Inversions also are hkely to survive Duplications, 1

the presence m s chromosome of an additronal pece without
there beng a corresponding loss of the same piece from its

normal place in the same chromosome or in another chromosome,

are also known, so that a certain number of gene loct may be

Present three times in the somatic cells instead of the normal

twice

1 See Fig 308,C D,E, p 194
z Fig 306 (p 194) 3 Fig 30F (p 194)
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It 1s convenent to distingush boetween gross structural
changes and munute, tho latter being mversions, duphestions,
deficiencies, or translocations m which the abnormality 1s for
only a small Jength of chromosome Dupheations and hetero-
zygous deficiencies in Drosophila aro usually viable, if small, but
not if large A homozygous deficiency, even when munute, 1s
usually lethal, and a proportion of recessive lethals are, in fact,
minute deficiencies A fow nstances aro known when s de
fietency produces a visible mutant effeet Thus a deficiency for
8 portion of tho region 1A in the salivary chromosome map
behaves as a recesanve visible mutation, producing, when homo
zygous, a fly with a yellow body in place of the wald type grey
body A deficiency which includes tho band 3C7 behaves as &
de , produemng, when heterozygous, o notching of the
wing veins It 19 lethal when homozy gous

In eddition to the phenatypreal effects obtawned wath duplies-
trons and deficiencies and which are due to the absence of some
genes or the presence of extra genes, phenotypical effects are
sometimes obtamed accompanying mversions and eucenine
mterchanges 1n which, as far as can be seen in the salivary
chromosomes, there has been nesther loss nor gamn of chromo
some matenal but merely rearrangement: The pheno!YP"-"ﬂ
effect produced 13 an alteration n the characters governed by the
genes which are located next to, or close to, the loct of the breaks
i the chr and the possibl explanations are ether
that the 1omzing particle which causes the break simultaneously
causes mutation m a gene close to the break, or that the effect of
a gene 1s modified by the genes tn 1ts :immediate neighbourhood,
and hence 1s changed when a structurs! rearrangement follows
a break close to the gene, although no nternal change has
occurred mn any of the genes concerned (position effect)

The phenomena are different, depending on whether the two
breaks taking part i the structural change are both 1n euchro-
matic regions of the chromosomes or whether one 13 1n hetero
chromatin In the latter case, the effect of the structural change
18 to cause a euchromatic region to be jomed to a heterochro
matic region Genes 1n the euchromatin up to a distance of
twenty salivary bands away from the place where 1t now jomns
the heterochromatin are hable to be affected The effect may take

1 In Drosophala not usually mn plant material
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the form of an unstable mutation resulting 1n & mottled pheno-
type, owing to some of the cells showing the mutant and others
the wild type character Thus if the 3C1 band of the X chromo-
some 15 brought mto proximty with hetetochromatin i this
way, the cyes of the male are white with red pitches (The wild-
type fly has red eyes, a male carrying the commonest mutant
allelomorph of this locus has white eyes ) Conversely, a gene
normelly located near a heterochromatic region of its chromo-
some may show a position effect as a result of a chromosome
structural change which brings 1t instead adjacent to a euchro-
matie region

There are several lines: of evidence which make 1t tolerably
certain that the charactenstic effects shown by a gene trans-
ferred to or from the neighbourhood of heterochromatin are due
to position effect, and not to a sumultaneous change induced 1n
the gene by the 1omzing particle which broke the chromosome
near1t It 1s possible that the different nucleic acid metabohsm
1 heterochromatin compared with euchromatin interferes with
the reproduction of the genes located near a heterochromatic
region

The phenomena are rather different, 1n the case when both
breaks talung part in the structural change are 1n the enchro-
matin  In these cases the effect 1s usually hmited to genes im-
mediately adjacent to the break mstead of extending up to a
distance amounting to several percent of the whole chromosome
length This circumstance makes plausible the explanation,
already mentioned, that the 1omzing particle which causes the
break may simultaneously cause mutation of the gene adjacent
to the break It happens further that the tests referred to, by
which a number of changes mvolving heterochromatin have been
shown unmistakably to be position effects, cannot be apphed to
effects existing only 1n the immediate proximty of the break

T The example of this 13 cubitus wnterruptus located in the fourth
hy near tho ¥ of the centromere (Dubinin, NP,
Sokolov NN & Timakov, G G 1935) An interchange which separates
the ¢4 locus from the centromere and brings 1t into a euchromatic region
of another chromosome may cause the wild type allelomorph of the ¢
locus to fose 1ts 4 over the Alel ph  Interchange
which brings the c1 locus mnto & heterochromatic region of another
chromosome has no effect

2 Dubtnin NP & Sidorov, BN {1935), Muller H.J {1841}
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It 18 convement to distinguish between gross structural
changes and minufe, tho latter being inversions, duplications,
deficiencies, or translocations 1n which the abnormality 1s for
only a small length of chromosome Duplications and hetero-
zygous deficiencies in Drosophila aro usually viable, 1f small, but
not if large A homozygous defictency, even when minute, 18
usually Jothal, and a proportion of recessive lethals are, in fact,
minute deficiencies A few instances are known when a de-
ficsency produces a visible mutant effect Thus a deficiency for
a portion of the region 1A 1n the salivary chromosome map
behaves as a recessn o visible mutation, producing, when homo-
zygous, & fly with a yellow body 1n place of the wild type grey
body A deficiency which includes the band 3C7 behaves as &
dominant, producing, when heterozygous, a notching of the
wing veins It 1s lethal when homozygous

In addition to the phenotypical effects obtaned with duplica-
tions and deficiencies and which are due to the absence of some
genes or the presence of extra gones, phenotypical effects are

bt d panying nversions and eucentric
terchanges in which, as far as can be seen 1n the sshvary
chromosomes, there has been neither loss nor gain of chromo
some matenal but merely rearrangement: The phenotypical
effect produced 18 an alteration 1n the characters governed by the
genes wiuch are located next to, or close to, the loct of the breaks
n the chromc and the possible explanations are either
that the 10mzing particle which causes the break simultaneously
causes mutation m a gene close to the break, or that the effect of
a gene 18 modified by the genes m 1ts immediate neighbourhood,
and hence 13 changed when a structural rearrangement follows
a break close to the gene, although no internel change has
occurred 1n any of the genes concerned (position effect)

The phenomena are different, depending on whether the two
breaks taking part in the structural change are both in euchro-
matic regions of the chromosomes, or whether one is 1n hetero
chromatin In the latter case, the effect of the structural change
18 to cause a euchromatic region to be jomned to & heterochro
matic region Genes mn the euchromatin up to a distance of
twenty sahivary bands away from the place where 1t now jains
the heterochromatin are liable to be affected The effect may take

1 In Drosophila not ususlly in plant materal
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In the case of bacteria: the expeniment conssts simply m
plating out switable dilutions of the irradiated bactena on & sohd
nutnent growth medwwm, and exammmng large numbers of
colonies Each colony having grown from a single organism, a
mutation 1n an wradiated bacterium should Jead to a colony m
which every individual has themutant character Mutationsin the
bacteria which lead to differences n the s1ze, colour, or surface
texture of the colony arerecogmzable by mnspection of the colomues

A major difficulty 1n the study of bacterral and virus mutation
18 that contamination of the preparations by bacteria or viruses
from outside 18 cifficult to prevent, and such contaminations may
be recorded as mutations The number of different characters
which can be recognized 1s, moreover, small compared with the
number available 1n higher argamsms For these reasons lttle
work has been done on the induction of mutation 1n bacteria and
viruges It does not appear, however, that the process 1s essen-
tislly dufferent from that in higher organisms

Much the fullest information on the induction of mutations by
radiation 18 available 1n the case of the frwmt fly Drosophila
melanogaster The most usual procedure 1s to rradiate the male
flies, to mate them to untreated females, and to look for muta-
tions 1n thewr offspring The mutations investigated are thus
produced 1 the sperm of the irradiated male Dominant muta-
tions will be visible 1n the F, generation The number of domi-
nant mutations 18, however, much smaller than the number of
Tecessive mutations, and the latter therefore are usually worked
with A recessive mutation induced 1 the sperm will not be
visible 1n the F, generation unless special means are adopted
If mutations of & particular locus are bemg mvestigated, then
the rradiated wild type male can be mated with a female homo-
zygous for a recessive allelomorph of this locus The great
majonity of the offspring will be phenotypically wild type, but
an occasional one will show the mutant character This 1s due
either to mutation of the wild type to a recessive allelomorph,
or to the complete loss of the locus concerned owing to & mnute

chromosome deficiency having occurred which includes the
locus 2 Further tests will decide between these possibilities

1 Gowen JW (1941), using Phytomonas stewartu

2 According to Muller H.J (1940) about one third of
thy
found by this method are mimnute d According

JT (1932) seven eighths are minute deficiencies

e mutants
g to P
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Thus the explanation of mutational changes accompanying
chromosome structural change not involving heterochromatin
cannot be considered certainly decided This 15 particularly un
fortunatesmee a fair proportion of the sex-linked recessivelethals,
on which 2 great deal of the experimental work on the production
of mutations by radiation has been done, are sccompanted by
chromosome structural changes, and 1t 1s necessary for an under-
standing of the mechanism of action of radiation to know whether
these lethal mutations are to be attributed to position effect of 8
gene adjacent to the break due to 1ts being separated from 1ts
normal neighbour and brought into proximity with another gene,
or whether they are due to mternal changes produced in the gene
by the 1omzing particle which caused the break

Wae shall, from the analys:s of the radiation experiments, find
support for the latter explanation, and shall interpret lethal
mutations accompanying gross chromosome structural change 1n
this way instead of invoking the position effect (Thus s not to
deny the existence of position effect completely, but merely to
conclude that 1t 13 not usually the cause of lethal mutations
associated with structural change There are a few well-esta
bhshed cases of position effect not involving heterochromatin,
such as Bar eye 1)

The production of visible mutations by radiation

Mutations have been induced by 10mzing radiations in & great
many orgarusms = The method of 1y estigation 1s naturally dif-
ferent for different organisms In the case of plant viruses,s the
method adopted 1s to moculate the leaves of o smtable test plant
with the irradiated virus solution The test plant chosen 1s one
which does not give, with the unchanged virus, local necrotic
lestons at the points of entry of the virus mnto the leaves Ifsome
of the virus has been changed by the radiation mto a form which
does give local necrotic lesions, these can be detected despite the
great excess of unchanged virus The lesions can be cut out and
the mutant virus stram isolated and the permanence of the
change tested

1t Cp Suiton E (1943)
2 A st of orgamsms nvestigated 1s given by Trmoféeff Res

NW (1937a)
3 Gowen, J W (1941), using tobacco mosaic virus



VISIBLE MUTATIONS 143

Vasible mutant types differing anly shghtly from the wild type
are less easily oy erlooked by this method than by the attached-X
method, and reduced viability of mutant as compared with wild
type will not Jead to a depressing of the apparent mutation rate
A lethal mutation will be shown by the F, culture having no
males
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F1o 20 Proportion of visible mutations 1nduced by X Tays as a function of
dose  A-B tobacco mosaic virus {Gowen) A type to aucuba B, aucuba to
type C Neurospora (Demerec et al) D-F, Drosophila melanogaster
(Timofeeff Ressovsky & Delbruck) D & mingle mutation step (wild type to
eosin eye colour) E all sex linhed recessive mutations detected by CIB
method’ F all sex lnked d d by attached X method

In Fig 20 are shown the proportions of visible mutations pro-
duced by X-raysin different orgamsms, plotted against the dose
It 13 seen that, within the error of the experiments, the yeld of
mutations 13 proportional to the dose

It 12 believed that the y1eld of visible mutations produced by
8 given dose 15 ndependent of the wave length of the radiation
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1t 18 often desired to collect all mutations oceurring in a given
chromosome, and not only mutations at a selected locus Muta
tion3 1 the X chromosome are moro easily studied than muta
tions in autosomes, since the male has only ono X chromosome
Normally 1t mhents this from 1ts mother, but if a special
attached X stock of females 19 used in the'matings, then the male
recelved its A chromosome from 18 father Thus, when anarrads
ated wild-typo male 19 mated to an ottached-i female, a sex
inked mutation produced 1n an wradiated sperm wal be revealed
by the male offepring which develaps from the egg fertilized by
that sperm  All that 1s necessary therefore 1s to examune the Fy
fhes for mutant males

The proportion of mutations 1s hable to be undercstimated by
the attached A method, not only beeause it 1s easy to overlaok
a single mutant fly 1 a culture, but also because most mutants
are of reduced viability, and the proportion reaching matunty
w smaller than in the case of the wild type flies Muller’s CIB
method 18 more accurate, but has the disadvantage of requinng
an extrs generation The wrradiated males are mated to CIB
femalea The pecubanty of CIB females 18 that one of therr 3
chr earres & te duplication acting as & dommnsnt
mutation, and producing an easily recogmzed narrowmg of the
eycs (Bar eye) In addition, there 1s a long mverson which
effectively provents crossing-over between this chromosome and
the other X ch durmg 1n the female Finally,
there 13 & recessive lethal mn the chromosome so that a msle
zygote receiving a CIB chromosome will not survive

The wradinted males are mated with CIB females and the half
of the female F; offspring showing Bar eye 1s picked out Each
of these females has twe X chromosomes, one 13 a CIB, the other
has been derived from the X ch of the irradiated
sperm, and therefore carries a mutation if one was induced 1n
this sperm by the radiation  Each of these females 1s mated 1
a separate vial with one of 1ts brothers, and the male F, offspring
examwed Each of these F, males recenes its X chromosomne
from 1ts mother In view of the lethal factor carmed by the
1B chromosome, m all the F, males which survive the X
cbromosome 1s derived from the ongnal wradiated X chromo
some of the grandfather Hence 1f a mutatron occurred as a result
of the irradiation, all the males of this culture will show 1t
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pletely devord of males 1s determimed, this gives the proportion
of {viable) sperm which after wradiation had one or more re-
cessive lethal mutations induced 1n the X chromosome A small
correction 1s required for the small proportion of spontaneous
lethals, and 1s determined by carrying out a similar breeding
test on umrradiated fhies

Experiments of this sort have been carred out for a number
of years by different workers The principal results are

(2) The number of lethals obtaned increases hnearly with
crease of dose
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F16 21 Percentage of sperm 1n which sox linked recessive lethal mutation 1s
mduced by X rays (Timoféeff Ressovsky)

(b} The effect of a given dose 18 independent of whether 1t 15
concentrated into & short exposure at igh intensity or 1s spread
over a prolonged time by fractionation or by the use of low n
tensity

(¢) Different wave lengths of X- and 7y rays are equally
effective except for a possible shght reduction of effictency for
wave-lengths exceeding 1A Neutrons are somewhat less
effective than X-rays, for equal 1ontzation 1n the tissue

In Fig 21 the proportion of vable sperm which curry sex
linked recessive lethals 1s plotted against the dose of X-rays (the
spontaneous lethals having been subtracted) These data, ac-
cumulated by Timoféeff Ressovsky: over a pertod of years, are

1 Timoféeff Ressoveky N W (1839)
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over the usablo range 0 01-1 A , and of the intensity at which it
18 delivered This conclusion has been accurately established for
lethal mutations (wide snfra) in Drosophils  Statistically ade
quate expeniments of & similar type using vimble mutations
would bo very laborious owing to the ten to fifteen times smaller
rate of induction of visble mutations, but the proportion of
visible mutations to lethals appears to be the same under dif
ferent conditions of irradintion, which suggests that probably
tho results obtained for Jethal mutations apply also to visble

Tanre 37 Mutation constants {z)

Orgamsm Mutation a Reference
Tobacco mosale virus Tygo ~ aucubs 18x10-* 1
Aucuba —» type 03
Bacteria (PA stewartu)  Average of three mutations 37 1
affecting colony appearance
Drosophsla melanogaster o wr
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t Gowen JW (194]1)

2 Timoféeff Ressovaky, NW & Delbrick M (1836) Symbols used
+=wld type, w=white eye colour, eye colour,
wings f=forked bristles

3 Timoféeff Ressoveky, NW (19338) w*=any other allelomorph at the
white locus

mutations In view of the proportionality of mutation rate to
dose, the simplest way of expressing mutation rate 1s by stating
the mutation constant defined: as the probability « that a gene
should mutate for a dose of one roentgen In Table 37 a hst of
mutation constants 1s given The general agreement 1n order of
magmtude between the tation const of org; a8
different as bacteria and Drosophila 1s remarkable

Recessive Jethal mutations in Drosophila
The general method employed n the investigation of sex-
hnked recessive lethals in Drosophala 1s as follows A batch of
male flies are irradiated under the chosen conditions and mated
to CIB females The proportion of F, cultures which are com
1 Tumoféeff Ressovaky N W & Delbruck, M (1936)
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Experiments, m which the effect of a given dose sphit mto &
series of fractions with rest periods between has been compared
with the effect of the same dose given as a single exposure, have
shown no difference in y1eld produced by fractionation « It may
be concluded that the effect of a given dose 1s independent of the
manner mn which 1t 1s distributed in time
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@ Timoféeff
Ressovaky, Zimmer & Delbruck (X rays) O Wilhelmy, Timofeeff Ressoysky
& Zimmer (soft X rays) x Ray Chaudhun (y rays)

Expeniments using X-rays exated at different kilovoltages
down to about 10kV (1€ wave-lengths up to about 14 ), y rays
and f-rays have not shown any difference 1n the yield per roent-
gen for these radiations, as shown in Fig 23 2 Expennments with
still softer X-rays of wave-length exceeding 1A have given a
mutations 1s proportional to the dose and independent of the mtenuty
values of P of 0993 and 0 9996 are ob d ind bly

Dittle statistical variation Further, there appears to be a;me error in the
description of the experimental arrangement employed, since with the
amount and disp of radium d bed, the doses in the 1932 expen:
ments would have been at least a hundred times smaller than are required
to produce the yield of mutations obtamned

1 See Timofeeff Ressovsky NW (1937¢g) for s summary of thes
expenments

2 Timoféeff Remsoveky, NW & Zimmer K.G (1939)
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based on the examination of some 60,000 Fy cultures A straight
line satisfactonly fits theso points, the X2 test of goodness of fits
gving P=0 16 Howovor, if the argument of Chapter 1t (p 72)
15 recalled, 1t wll bo reahized that since the experiment gives the
proportion of sperm which carry a lethal, and not the mean
number of lothals per sperm, the curve cannot be strictly linear,
since ot no dose, however high, could the yield exceed 1009
Instead, wo should expects: the yield to be proportionsl to
1—e~"P, whero D 15 the dose and i 13 the imitial gradient of the
curve of yreld agamnst dose In Fig 21 B 1s the curve 1—e=m?
and A 1ts imtial gradient, whuch 13 2 89 % per 1000 The x* test
gives P=0 34 for the fit of B to the oxperimental pomnts

Fig 22 shows the yield of sex Linked lethals per 1000 r pro
duced by different mntensities of radiations Expenments by
dafferent authors taken together extend over a very wide range
of intensities, from 0009 to 2700 r /min It 1s ev:dent from
Fig 22 that the yield does not vary by more than & few per cent,
if at all, for nearly a milltonfold variation of intensity +

1 The X! test 18 a statutical test to determine whether the departures
between n set of observational values and the values prodicted by 8
hypothesia under teat are greater or not than could reasonably bs ex
pected on stat. 1 g ds Pisthe probability that a dep equal
to or greater than that observed should occur by chance A value of P
between 0 9 and 0 113 interpreted to mean that the data tested aze con
sistent with the hypothesis A low value of P, e g <0 05 indicates that
the data are not consstent with the hypothesis bewng tested, or that some
unsuspectad source of error 13 present A high value of P, e g between
099 and 10, 1nd that the 1 of the observations
18 unreasonably low end casts doubt on therr reliability

2 As pomted out by Oliver, CP (1932), Gowen JW & Gay, EH
{1933) Zimmer, K G (1934)

3 Timof. ky, N W, Zim K G & Delbruck, M (1935)
using X rays Wilhelmy, E Tumoféeff Ressovsky, N W & Zimmer,
K G (1936) using soft X rays, Ray Chaudhuri, S P (1944) using y ray3

4 Attention should be directed to the mutual agreement of the yields
obtamed at the two or three different intenstties employed in each exper
ment, rather than to the shght difference 1n average yeld obtamned in the

d D Widely wave lengths were used by the
dufferent authors, and in some experiments lothals only and in others
total sex hinked recessive mutations were count

Hanson, F B & Heys F' (1929, 1832) have also reported that the yreld
of lethals produced by ¥ rays 1 mdependent of the intenaity Wa have
not however included therr results in Fig 22 on account of some
anomalies i therr data When a y? teat 18 made of the goodness of fit of
therr 1929 and 1932 data respectively to the hyoothesis that the yield of
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The first guantitative measurements, and still the most com-
plete, are those of Timofeeff-Ressovsky and Zimmer,: which have
been included 1n Fig 23, and which show that the yeld for equal
1omzation m the tissue 13 only about two thirds as great for
neutrons as for X-rays In Table 38 are collected data by various
authors on the number of sex-linked lethals per v-umt of neu-
trons These data have been corrected for spontaneous lethals

production of sex linked lethal

TasLE 38 The relative efficiencies of fast neutrons a‘nd X rays in the
Drosophl

Lethals per 100

X chromosomes per Ratio of
Authors Radiation 1000 r or v units yields
Timoféeff Ressovsky & X roys 289005 068006
Zimmer? Neutrons 1924016
Giles? X rays 241407 073+£03
Neutrons 178405
Dempsters X rays —_ 075
Neutrons
Fanot Neutrons 23 +03 080401
Demerec, Kaufmann & X raya 0934012 056+019
Suttons Neutrons 0524007

1 Timofeeff Ressoveky N'W & Zimmer, K G (1938, 1939) Zimmer, K G
& Timoféeff Ressovskv {1938

2 Gilea, N H (1043) 3 Dempster, ER (1941a) 4 Fano U (1943b)

5 Demersc M (1938), Demerec M, Kaufmann, BP & Sutton E (1942)
Keufmann BP (1841b)

and fitted by the least squares method to the formula 1 —e-™D,
and i the last column of the table the neutron yields per 1000v
are compared with the X-ray yields per 1000 ¢ using the figure
289% per 1000 r as the X-ray yield mn cases where 1t was not
determined as part of the neutron experiment The experiments
of Demeree, Kaufmann and Sutton were made with a stock
(Oregon-R) of Drosophila having anunusually low mutation rate,
but when the neutron yield 15 compared with the X-ray yield
with the same stoch the ratio1s approximately the same asin the
other experiments The standard deviations attached to the
121108 1n the last column are based on the number of lethals
counted 1n the various experments, and take no account of
Ppossible systematic errors m dosimetry There seems to be hitle
doubt that for wducing sex linked recessive lethals in Drosophuta

1 Tumofceff Ressovshy, N W & Zimmer, K G 1931
v 3 8), Z
& Tumofcefl Ressovsky, N W {1938) ¢ ) fimmer K G
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somew hat smaller yield Dosage measurements with these long
wave-lengths are hablo to error, particularly on account of un

cortamnty mn the correction required for absorption 1n the tissue
overlying the testes of the irradiated flies Gowen and Gay:
obtaned a yreld of 1 2% per 1000 r nt wave lengths 1 5 and
23A, s uch by companson with other data 1s probably too low

Wilhelmy, Timof¢eff-Ressovsky and Zimmer obtained a yield
of 22310 3% per 1000 uaing X-rays of 2-34 s
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Expermments using fast neutrons have been made, but, owing
to the fact that neutron dosimetry 1s not yet usually 8o accurate
as Xoray domimetry, theiwr rehability 12 an the whale not go lugh
s 1n the case of X. and y-rays For the results to have value 1t
L] 'y for the dosages to be expressed i » umb
comparable to the umt of X-ray dosage, e g 1n terms of Gray’s
‘v-umt’ (Chapter1, p 20), which produces in water an 10mzation
equal to that produced by 1 r of X- or y-rays Amencan authors
usually measure in terms of ‘z umta’, and we have converted to
v umts m Table 38 on the basws that 1 z-umt=2 5 v-umts

1 Gowen JW & Gay, EH (1933)

z Withelmy, E Timoféeff Ressovsky, NW & Zypmer, K G (1936)
In view of the d lties of doss the authors
were not convinced that the yield was really lower than the yield of
2 89 %, obtamed with shorter wave lengths of
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that reported by Nishuna and Moriw akt, and 18 1n close agreement
with the number expected on the basis of a random distnibution
of lethals 1n rrradiated chromosomes It appears probable there-
fore that no significant grouping effect exists
The 1dea that a grouping effect 1s to be expected theoretically
has 1ts basis m the fact that when a tissue 15 irradiated by neu-
trons, the energy 1s dissipated by a comparatisely small number
of 1omzing particles (protons), each of which produces a Inrge
number of 1onizations per micron path The notion 1s that the
passage of a proton through the testes of an rrradiated fly will be
arare event, but that when 1t happens usually several sperm wll
be affected  Simularly, the passage of a proton through a speim
will be a rare event, but when 1t happens often more than one
mutation will be produced This 1dea does not, however, bear
further examimation In a tissue wradiated by 1000 v units of
neutrons, about 4 protons cross each square micron of arca
Taking the dimensions of the sperm head to be 7 4x 0 37, this
dose therefore leads to about 11 protons traversing each sperm
The proportion of sperm mn which lethals are mduced by tius
dose 15 0 02, so that the probabihity of a lethal being produced in
a sperm by a proton which crosses 1t 1s less than 0 002 There 1s
thus no theoretical foundation for the 1dea exther that with doses
of the order commonly used the passage of & proton through a
Sperm 1s a rare event, or that when such a passage occurs the
probability of & mutation 1s lngh enough for more than one fre-
quently to occur We conclude that there 13 no justification esther
on experimental or on theoretical grounds for 9 belief that a
grouping effect of the sort looked for occurs with neutrons
‘There 1s clearly quite & lugh probability that a proton which
produces a mutation, and which therefore presumably trayerses
the chromosome thread, should pass through two or more ad-
jacent turns of the spiral chromosome There 1s thus the posst
bihity that lethals may oceur 1 compact groups Several lethals
very close together would not, however, be distingshed from a
single lethal by the methods used m the experiments cited
It would be of great mnterest to determne whether the yield
of sex linked lethals for a given amount of 1omzation dyminshes
still further when a still more densely 1omzing radiation 15 em
Ployed  Experniments with o rays are techmeally difficult on
account, of the short range (less than 704) of the rays m tissue
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neutrons are, for equal ionzation in the tissue, less effective than
X-rays

The suggestion has been made that, apart from the quantt
tative difference in the yseld of mutations for equal 1omization m
the tissue, neutrons differ from X-rays in that there 13 o tendency
for a grouping of mutations to occur, 1 ¢ a tendency for several
spermn a given srradinted male to be affected  Expeniments do
not, however, mndieato that the distribution of lethals 1s other
than random Naga: and Locher: obtained a total of 44 lethals
m 69 irradiated male flies which were tested, 1e an average of
0 6377 lethal per male In the absence of any specific grouping
effect we should expect the numbers of males with 0, 1, 2, or
> 3lethals to be given by a Poisson distnibution with m=0 6377
The numbers expected on this basis are calculated to be 36 5,
233, 74,18, and the evpenimental numbers are 39, 18, 10, 2
The agreement 18 satisfactory (x?=2 3, n=2, P=0 3), and Naga
and Locher’s experiments therefore show no specal grouping
effect, but are consistent with the lethals bemng produced at
random Similar data published by Nishina and Moriwaki= are
also consistent with the distribution of lethals between different
males being randoms (x2=2 6, n=2, P=03)

Another type of grouping effect has been suggested by Nishina
and Moriwaki « This 13 a tendency for more than one lethal to
oceur in & given X chr They wradiated male flies with
vanous doses of neutrons which produced lethals m from 5 to
15%, of the sperm, tested some of the lethal-bearing chromo
somes, and obtained evidence that 1n 4 chromosomes out of 16
the chromosome carried more than cne lethal This 1s five trmes
higher than 1s to be expected on the basis of a random distnibu-
tion of lethals 1n irradiated chromosomes, and suggests a group
g effect (P=001} However, Fanos failed to obtain any
grouping effect of this sort Out of 998 X chromosomes tested,
60 were found to carry lethals, but only 2 chromosomes carried
more than one lethal This 1s a much smaller proportion than

1 Nagat M A & Locher GL (1938)

2 Nishma Y & Monwak: D {1939)

3 Nagai & Locher and Nishina & Morniwak:, however incorrectly
report thewr exp as of & grouping effect

4 Nishme, ¥ & Moniwalk: D (1941) The figures we quote refer to
therr experiments NI NIV, NV and NVI

5 Fano U (1943b)
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between 100 and 89, Inthis way oneisable to deduce: that the
radiation induces 7 lethals 1 about 1000 X chromosomes The
final estimate obtamed for the yield of sex-linhed recessive
mutations by a rays 1s 0 8440 39, per 1000 r This 1s smaller
than the yields obtained with X-rays (2 89 %, per 1000 r ) or with
neutrons (1 9% per 10001 ), and indicates that the yield, for
equal 10mzation 1 tissue, decreases in the order of increasing
1on-density of the radiation It 1s, of course, rather unsatis
factory to compare the mutation rate mduced mn primordial
germ cells 1n the polar cap of the egg by one radiation with
the mutation rate induced by another radiation in ripe
sperm, and more strictly comparable expeniments are urgently
required

However, provisionally accepting the data at therr face value,
we have drawn up Table 39 showmng the yeld of sex Iinked
lethals per 1000 by vanous radiations The 1on-density of the

TABLE 39 Yield of sex Linked lethals per 1000r of various radiations

Bravs y rays Soft X ravs

Radiation or X rays 2-3A Neutrons =z rays

Yield of sex Lnked lethals 2899 2239, 1905,  084°%
Per 1000r (or v uruts)

radiations histed mcreases from left to ight in the table, a regular
dimmution of yield wath inereasing 1on-density 1s apparent The
following results have thus been established
d (a) The yreld of recessive lethal mutations 1s proportional to
0se

(6) For a mven dose the y1eld 18 independent of the time over
which the urradiation 15 extended

(¢) The yzeld for a given 1omization i the tissue diminishes
with inerease of 1on density of the radiation

Thus the principal tests by which one recognizes an action of
radiation produced by a smgle 1omization (cp Chapter 1mx, p 72)
are satisfied

The 1dea has been current for some years that a mutation can
be produced by a smgle jomization in or m the immedhate vicimty
of & gene, and 1n fact result (c) was predicted before the expen-

* Themethod of calculation outlined above differs from that employed

:71);‘]\’&!\! Wwho ammives, however, at the same qualitative result that z rays
ess effective per 1onization than X, Tays
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Zimmer and Timoféefl-Ressovaky have shown that mutations
aro 1n fact produced by a rays when the flica are mado to breathe
an atmosphere contamning radon,s but they were not able to
evaluate the doso recers ed by tho gonads The most satisfactory
method would be to make use of artificial insemination, which
would permit of the sperm beng wradiated sn vitro In the
absence of results by this method, an attempt can be made to
deduce the yield of lethals from consideration of an experiment
by Ward «

At & cortain early stage dunng the development of a fertilized
egg whch 18 destined to give rse to a male fly, the cells which
after numerous divisions and meioss will form the sperm of
the adult fly are congrgated at one end of the egg sufficiently
near the surface to bo irradiated by « rays from a source outade
the egg Ward srradiated thoe eggs at a stage m which there were
about thirty of these primordial germ cells 1n the polar cap of the
egg Itisevident that if the radiation produces a recessive lethal
1 an X chromosome in one of these thirty cells, then a certain
proportion of the sperm of the adult fly (namely all those con
tamning an X chromesome denved from the one wn which the
mutation was induced) will carry the lethal, provided that
damage produced by the radiation does not cause breakdown at
some stage between wrrachation and the formation of the mature
sperm An X chromosome in which a letha] 1s not induced wall,
agan provided that damage produced by the radiation does 1ot
cause breakdown, give rise to a normalsperm If experimentally
1t 13 found that one quarter of the sperm of an adult fly carry a
letha), we infer that i this fly the radistion has induced a Jetbal
m one X chromosome out of four nradiated s In Ward'’s experi-
ments, 149 fhes were tested and 7 were found to carry lethals, the
proportion of sperm carrying lethals varymg m different flies

1 Zimmer, K G & Timoféeff Ressovsky, N W (1936)

2 Ward, FD (1935)

3 Evidently wo are sssmmng that the proportion of lethals is the same
1n X chromosomes we are able to test 2a 1t 18 1n X chromosomes which

we are unable to test, on account of breakdown occurring at some stage
d. of the p dial germ cell and maturation of the
gperm A smmlar sasumption 18 imphieit 1 all work on induced mutation
b d by d. Drosophila sperm, smece the doses given are
normally sufficient to render non viable & large propertion of the sperm
and the exp t consiats In the prop of
induced wmn those which remam viable
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known loci, and here the inference 1s that either there are no
viable allelomorphs of these genes other than the wild type, or
else that they do not produce phenotypes recogmzably different
by 1nspection
More recently the situation has been complicated by the
reahization that the recessive lethals do not form a homogeneous
class, but may be subdivided into the following three types
(A) The chromosome contaimng the lethal may be strue-
turally unchanged as far as can be determined by an examina-
tion of the salivary gland chromosomes This type may reasonably
be regarded as mutation to a lethal allelomorph, or loss by the
gene of the power to reproduce itself
(B) There may be a mmnute deficiency, revealed by the ab-
sence of one or more bands n the salivary chromosome, the
defictency incluchng the locus at which the lethal occurs The
smallest deficiencies, e g where a single band 1s deleted, may
perhaps be caused by the destruction of the capacity for repro-
duction of a single gene  Somewhat larger deficiercies 1y olving
several bands are probably due to the simultaneous breakage of
the chromosome at two places due to the passage of a single
1omzing particle Still larger deficiencies, up to 50 bands or
nearly one tenth of the whole chromosome, are probably due to
independent breahage of the chromosome mn two places by
separate omzing particles s Deficiencies exceeding about 50
bands are not observed, doubtless because they behave as
domunant lethals, 1e¢ are not viable even m the presence of a
non defictent homologous chromosome
(C) There may be a gross structuril change {inversion or
interchange) not usually mnvolving any cytologically detectable
deficiency, one of the breaks comneiding with or bemng very close
to the locus of the lethal As already mentioned, there are two
possible explanations of this  One 1s that the lethal mutation 1s
a position effect due to the separation of the gene concerned
from 1ts usual neighbour or to 1ts being brought into contact
with a different gene The alternative explanation 15 that the
lethal 15 an 1nternal change m the gene (mutation to a lethal
allelomorph or loss of the power to reproduce) which was caused
by the 1omzing particle which broke the chromosome

1 This distinction between deficiencies caused by one or by two
lomizing particles will be justified later
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ment had been performed « If mutation 1s o rather direct result
of romzation, one may expect that the yeld of X ray induced
mutattons will be independent of the temperaturs at which
the material 18 held during irradiation  Stadler observed no
influence of temperature en wduced mutations in barley The
ovidence mn the case of Drosophila 18 conflicting (See p 364 )
Tanrr 40 Indepondence of 3 10ld of sex linked lethals on the tempersture

(Timoféell Ressovaky & Zimmer)*
Tempera No of X 9% of X

ture chromosomes No of chromosames

Doso {r) ‘c tested lethats having lethals
3000 10 802 ki 848
ki 738 (] 813
2750 3 1821 188 846
33 1843 134 815
1200 7 916 28 2358
32 921 29 315

Tost, uf;n}_l'pothoeu that yield 1 independent of temperature gives x*=15

n=3, P=

Relation between lethalss and chr stri 8
A few years ago 1t was supposed that a recessive lethal muta-
tion, Ithe a vamble geno mutation, was an wmternal change mn the
gene, either gving an allelomorph which was lethal, or else
destroying the capacity of the gene for reproducing itself, so that
tho gene was lost On this baus a consistent picture was built
ups on which the principal experimental facts concermng both
mduced and spontaneous mutations were explamned The view
that Jethals are essentially simular to visible gene mutations 13
supported by the fact that many lethals have been found to
oceur at Joc of the chromosomes at which vasible allelomorphs are
known Thus 1if o female fly 15 known to carry & recessive Jethal
n one of 1ts X chromosomes, which 1s otherwse wild type, and
the white-eye allefomorph mn the other X chromosome, then if
the fly 1s phenotypically white one infers that the lethal mvolves
the white locus Many other lethals are not connected with
1 Timoféeff Ressovsky N W (1937}
2 Timoféeff Ressovsky, N W & Zimmer, K G (1939)
3 In thissection by lethal 1s to be understood sex hinked recessive lethal
4 The section foliows the treatment given by Lea, D E & Catche

side DG {1945a)
5 Cp Timof(eff Ressovsky, NW Zimmer, KG & Deibruck, M

(1935)
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each dose determimed the proportion of the lethals which were
associated with gross structural change His results are repro-
duced n Fig 24 Tt s evident that the number of lethals
associated with gross structural change ncreases more rapidly
than dose (curve I 1s the curve (dose)l), but that 1t 1s the tofal
number of mutations {curve IIT) not the number unassociated

with gross structural change (curve IT) which increases hinearly
with dose

I3

[y

Porcentage of sperm with lothalt
S

L . 1 )

1.
) 2 3 ey 4 5 6
Dose
Fio 24 Analysis of sex hnked recessnv e lethals (Oliver) 1 lethals associated
with gross structural change 11, lethals not associated with gross structural
change, II, total lethals

To make the test objective, we have assumed in turn (1) that
the mean number of lethals per chromosome 1s proportional to
dose, (u) that 1t 13 the sum of two terms, proportional to (dose)!
and (dose)! respectively, and have determmed what 15 the maxi-
mum proportion of the (dose)t lethals which can be admitted
without disagreement with experiment The X* test was used as
& measure of agreement with experiment, spontaneous lethals
wero allowed for, as also was the distinction (discussed on p 146)
between the mean number of lethals per chromosome and the
Proportion of chromosomes carrymg lethals The experimental
data used were those shown m Fig 21, obtaned by Timofeefi-
Ressoveky: and based on some 60,000 cultures The results of
the 47 tests are given i Table 41, m which the proportion of
(dosc)t lethals postulated 15 mdicated by stating 1n the first

1 Tamoféeff Ressovehy, N W (1939)
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A decston between theso two possible explanations of 2 lethal
associated with a gross structural change should be possible on
tho basis of the experimental data of the sanation of yield with
dose Lethals of class (A), not assocrated with structural change,
should mnercase hnearly with doso, being produced by single
somaing particles Those Jethals of class (B) which are associated
with very small deficiencies produced by a mngle lomzing
particle should also wncrease hinearly with dose, A munonty of
the class (B} lethals are associated with larger defictencies caused
by two sonizing particles, snd these wall mncrenso with a hgher
power of the dose

Jf the association of a lethal with a gross structural change 18
an example of the position effect, then the lethals m class (C)
form a separate type tho number of w hich 1s proportional to the
number of gross structural changes produced Now this number
ncreases more rapidly than the first power of the dose, since
grosa structural changes v ols e two or more breaks which (with
X rays) are produced by separate 1on1zing particles Cytological
observation ghows that in the dose range 10004000t the num
ber of gross structural changes 13 proportional to (dose)! On the
posstion effect explanation therefore the observed lethals should
be the sum of two types, one type not associated with gross
structural change, the number of which 1s proportional to dose,
and the other type, assoctated with gross structural change, the
number of which 1s proportional to (dose)! The total number
should therefore increase more rapidly than the first power of
the dose

On the other hand, if the lethals nssociated with gross struc
tural change are not My different from other lethals, and
the association with the structural change 1s due to the cireum-
stance that the romzing particle which caused the lethal also
caused a break which happened to take part in a chromosome
rearrangement, then the fotal number of lethals of types A and C
should be proportional to the dose The number associated with
gross structural change wall increase as (dose)?, the residual
number not gssociated with gross structural change will mcrease
less rapidly than the first power of the dose

Oliver: made some experiments in which he determmed the
number of sex hnked lethals as a function of the dose, and at

1 Ohver CP (1932)
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that since some of the breaks which tahe part in structural
change are lethals, so also some of the breaks which restitute are
lethals Such lethals will be recorded as type A lethals (p 155),
1e lethals without any cytologieally detectable chromosome
change We have no reason to suppose a prior: that a type A
lethal cannot be produced without the chromosome at the same
time bemng broken However, admitting the necessity, on other
grounds, for a considerable number of restitutional breaks, a
large part of the type A lethals must be restitutional breaks, and
we shall see how far a consistent picture can be obtamned on the
bagis that all the ty pe A lethals are restitutional breaks
As a beginming we need to know the numbers of the three
types of lethal produced by a given dose The expenmental
result 1s that 3000 r produce in 1000 X chromosomes 87 lethals,
of which 39 are type A, 18 are type B, and 30 are type C: Now
the number of breaks in the euchromatin of the X chromosome
which take part in gross structural change when a dose of 3000r
18 given to the sperm 1s 80 per 1000 X chromosomes,z 30 of
these carry lethals (1e the 30 type C lethals) Ewidently the
probability that a chromosome break shall cause a lethal 1s
30/80=0 38
There are 18 minute deficiencies (1 e the type B lethals), which
are lethal because one or more loc1 are deleted There 1s reason
for believing that when a chromosome 1s brohen 1n two places,
the probabilities are approximately equal that the segment be-
tween the breaks shall be deleted and that 1t shall be wnverted s
We presume therefore that there are also 18 mmute inversions
An mversion will not, on our view, behave as a lethal per se, but
since 1t mvolves two breaks each of which has a probability 0 38
of bemg a lethal, the probability 15 1 —(1—0 38)2=0 62 that at
least one of the breaks wall be a lethal Thus of the 18 minute
nversions 18 x 0 62 = 11 will behave as lethals, and will therefore
be mcluded 1n the type A lethals, since a minute 1nversion wall
rarely be recognized cy tologically
This leaves 28 type A lethals which are restituted breaks

b3 f)e:i[.e:. D‘Eﬂ & Catcheaide, D G (19454) for details
2 uction by Fano U (1941) from sal 3!
Bauer B (1980, ¢ 3 hvary gland observations of

3 Demerec M XKaufmann BP Sutton E & F
Demerec, M 4& Fano, U (1941) s U (1o,
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column the proportion of the total number of Jethals which at
3000 r aro of this class

It 18 clear that the data provido no evidenco for any (dose)t
component, that a proportion as high ns 17 5%, 13 improbable,
and that & proportion as high as 229 can practically be ruled
out Remombering that such of the deficiencies of type B as
mvolve two independent 1on1zing particles will account for some

TaBLE 41 Analysis of sex linked lethals into (dose)! and (doss)l elasses
Percontagoe of lsthals at 2000r whch Degrees of

belong to the {dose)l clase Xt freedom P
[ 23 2 032
125 36 2 016
175 64 2 004
220 88 2 0008

of the admisatble (dose)t component, 1t appears improbable that
assumption (uj of the previous page 15 correct To establish this
conclusion wo need to know the proportion of lethals wluch are,
at 3000r, associated with gross structural change Expen
mentally 1t 15 found that this proportion 15 03540 04 This
proportion being higher than the maximum proportion which
can be reconciled with Table 41, we conclude that the lethals
associated with gross structural change do not constitute an
additional class of lethals caused by position effect and requirng
two 10mzing particles for the expression of the lethal, but merely
represent, those cases where the romzing particlo which caused
the lethal caused also a break which took part mn structural
change We shall develop the subsequent discussion on this
basis

There 1s good reason to believes that not all the chromosome
breaks pnimanly produced take part in structural change, but
that many of the broken ends rejom and the restituted chromo
some s cytologically mdistingmishable from an unbroken
chro; ‘Whether restit or structural change occurs
appears not to depend on a dufference m the breakage process,
but manly on whether other breaks are available with winch
terchange can occur It seems necessary to accept therefore

1 Based on data by Oliver, C P (1932) Demerec, M (1937) Demerec,
M & Fano, U (1941}, reviewed by Lea, D E & Catchestde, D G (1945a)
2 Seo Chapter vix
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Dominant lethals in Drosophila

A recessive lethal mutation m a diploid orgatesm 1s a gene
change (or deletion) which m the homozigous or hemizy gous
condition results i the orgamsm beng non-vimble When the
cells of the orgamsm are heterorygous for tho lothal, the
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Fio 25 Proportion of eggs fertihzed by irradinted sperm which nttain the
stage of A, larvae B, adult fliea (Catchosido & Ton)
orgamism 18 viable Since there are among visthlo gene muta
tions both domnant and recessive mutations, we may hy
analogy expect also dominant lethals to exist  An gy fortihsed
by & sperm carrymg a dominant lethal will by defimtion not give
Dse to an adult organism In consequence a dommant letha)
cannot be studied 1n succesaive generations and cannot be ol
t:cmed i a sahvary chromosome, and we can only mfer the
cwTence of a dominant lethal in irradinted Drosophila sperm,
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Smcu only 389, of breaks aro lethals, the total number of rests
tuted breahs must be 28/0 38=74 The total number of breaks
of all sorts produced by 3000r 1n the euchromatin of 1000
(vinble) A chromosomes 15 therefore 226, made up of 36 m
minute deletions (2 breaks per deletion), 36 1n minute 1ns ersions,
80 1n gross structural changes, and 74 which restitute Thus of
the 226 breaks at 3000t a proportion 80/226=359%, take part
in structural change At greater doses the proporiion will be
hugher, at smaller doses 1t will bo lower It 1s to bo noted that
11 out of 39 or about 309, of the ty pe A lethals are expected to
be minute mversions Shzynski,: from observation of salivary
chromosomes, suspected that some of the non-deficiency lethals
were minute nversions

In this way 1t 13 possible to build up a consistent pictures of
the production of recessive lethals To summarize Breaks are
caused i the chr by tho passage through them of
lomzing particles Sometimes an lomzing particle causes two
breaks close together, in which case deletion or mnversion may
ocour of the segment of chromosome between the breakage
pownts The remamning breaks are avamlable for taking part n
gross structural change, the probability of a break downg so being
dependent on the availability of other breaks, and thusncreasing
with mncrease of dose Those which do not take part in gross
structural change rejoin in the orgmal formation s

Any break wrrespective of 1ts subsequent history maj resultin
a lethal change i the gene at or adjacent to the breahage pomt,
this change probably often being destruction of the power of
reproduction The probability of & break causing a lethal n this
way 1 0 38 Thus any type of chromosome structural change—
minute deletion, mnute mversion, or gross structural change—
1s hable to have & lethal change m the gene adjacent to a
breakage pomt Apart from this, & deletron will nsually have a
recessive lethal effect on account of the absent Ioex

1 Shzynsly, BM (1938)
2 Some 1 evid pp the picture
by Lea DE & Catcheside D G (1945a)
3 We are hmuting our discussion at present to viable changes A third
k of a broken leads toa d lethal

18 given

(nde wnfra)
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mert Finally, 1t will be found that a quantitative explanation
of the curve relating the yield of domnant lethals to the dose
can be given on the basis that the cause of domimant lethals 1s
the breakage of chromosomes by the radiation
It appears that dominant lethals are for the most part chrotno
some changes, rather than gene mutations proper Many dele
tions, mvolving & few bands of the salivary chromosome and one
or a few known loc, have been studied, and have mostly been
found to behave as recesnive lethals It appears therefore that
deficiency for a single gene usually has a recessive lethal and not
a dominant lethal effect It seems improbable that a gene muta-
ti0n should have a more strongly lethal effect than a complete
deficiency for the gene concerned, so that domnant lethal muta
b10ns 1n the strict sense of intra gene changes are probably rare
Larger deficiencies than about 50 salivary bands are, however,
not found even 1n the heterozygous condition, nor are dicentric
chromosomes ever found in salivary chromosomes There 13
reason to believe, however, that deletions are produced about
as frequently as nversions of the same size, and that asym-
metrical mterchanges, producing dicentric and acentric chromo
somes, are about as frequent as symmetrical interchanges pro-
ducing monocentric chromosomes Larger deficiencies must
therefore be presumed to behave as dominant lethals An
acentric chromosome, since 1t lacks a centromere which 1s re
sponsible for the commencement of the migration of the chromo-
some to the pole of the dividing cell, 1s iable to be left out of both
daughter nuclen The two centromeres of a dicentric chromosome
may attempt to migrate to opposite poles, or if they migrate
towards the same pole the sister chromatids may interlock,
either event leading eventually to loss of the chromosome or
breakdown of the dividing cell = There 1s little doubt therefore
that the larger deletions, and asymmetncal interchanges, behave
as domnant lethals However, calculations based on the fre-
quencies found for the obseryable types of aberration show that
these aberrations are not frequent enough to account for the
whole of the dominant lethals 3 Moreover, the shape of the sur-
vival curve (Fig 25) 1s not consistent with the explanation that
dicentric nterchanges and larger deletions are entirely re

t Demerec, M, Kaufmann B P, Sutton E & Fano, U (1941)
2 Pontecorvo, G (1942) 3 Fano U (1941)
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)
for oxample, by observing that a proportion of the eggs fertilized
by such sperm fail to develop into adult flies

A number of authors have made experiments to determine
how the proportion of eggs which hateh, or which reach the
pupal or adult stages, diminishes with merease of the dose of
radiation received by the sperm wiuch fertibzed the eges
Fig 25 shows the results: obtaned i an expertment of this sort
The close proximity of curves A and B, v hich refer to larval and
adult survival respectively, shows that death caused by uradia
tion of the sperm usually occurs in the embryome state, and that
those organisms which survive to the larval stage usually suc
cessfully develop into adults

Examination of the developing embryo 1n an egg fertilized by
an uradiated sperm shows abnormal division figures with
clumped and broken chromosomes =

The question immedrately arises whether there 13 any justt
fication for the term d t lethal in d. g experiments
of this sort, carrying as 1t does the implication that a genetical
effect 13 concerned, or whether the effect may not be a physio
logacal effects on the sperm not specifically affecting the genes or
chromosomes There are & number of arguments+ whioh indieate
that the effect 1s a genetic one In the first place the sperm 1s
almost entirely composed of chromatin, the volume of the head
bewng about equal to the combined volume of the chromosomes
1t contamns (taking as the volume of the chromosomes the
volume they occupy when in their most condensed state, meiotic
metaphase) Thus the action of radiations on sperm can hardly
be on cytoplasm or nuclear sap Secondly, the proportion of
fermale flies hatching from eggs fertilized by irradiated sperm 13
reduced more than the proportion of male flies, showing that the
X-bearing sperm are more sensitive than the ¥ bearing sperm
If the action 1s a genetic one on the chromosomes, then this
result 1s to be expected since fewer breaks are produced 1n the

¥ chromosome than 1n the X, and 1t 1s genetically practically

1 From an experiment of Catchessde DG & Lea DE (1945a)
A summary of other work on this subjec 19 given 10 this paper In Fig 28
correction hes been made for deaths m the controls

2 Sonnenbhck B P (1940)
3 This vague term 13 convemently employed to denote an effect other
than s direct effect on & single structure such as a gene or a chromosome

4 Muller, HJ (1940)
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unjomed single breaks, 1f they do occur, will usually behave as
domnant lethals

That chromosome losses induced by a single 1omzing particle
do 1n fact occur has been shown 1n experiments: specifically de
mgned to study viable loss of the sex chromosomes, and in which
the zygote which had sustamed the loss could be distinguished
from one which had not The percentage of lnsses induced was
found to be proportional to the dose, indicating that loss occurred
by a single break process

The number of viable losses obtained in these expeniments was
small, much smaller than the number of unjoined breaks ex-
pected 1n the sex chromosomes on the basis of the number of
unjomed breaks in the autosomes needed to explain dominant
lethals It appears that though the complete absence of one sex
chromosome from the zygote would have been viable, the pro-
cess of loss often caused death The explanation 1s possibly to be
sought 1n the mechanical upset of mitotic division caused by the
chromosome bridge which 1s formed when a dicentric chromo
8ome 18 present

We now proceed to obtamn a mathematical expression for the
yield of dommant lethals as a function of the dose of radiation
given to the sperm on the basis of the mechanisms we have been
discussing, namely, unjomned single breaks and asymmetrical
nterchanges : To make the mathematical analyss manageable
1t 18 necessary to simplify the problem to some extent The
princspal simphifying assumptions are that the posstbility of
more than one break occurring mn a single chromosome arm 18
neglected, and joming between the vanous broken ends n the
cell 18 supposed to be at random The first simplifying assump-

1 Muller L J (1940), Pontecorno G (1941) The method in Ponte
corvo'’a experiment was aa follows The irradiated males had a special ¥
ohromosome contaming the wild type allelomorph (y+) of the X chromo
some gene y (yellow body) They were mated to attached X females
homozygous for y The female offspring are normally of the constitution
X X[Y,denuing the attached X chromosome X X from the mother and
the ¥ chromosome from the father, and are grey bodied since the y+1n
the ¥ masks the recessive ygenesn the X X chromosome If as a result
of irradiation of the sperm, the sex chromosome (either X or Y) 1s lost
from the zygote a ferals of constitution X X0 13 formed which will
}1:&\;“’3 yellow body since the Y genes m the ¥ X are no longer

2 The treatment given 1s due to Lea DE & Catcheaide D G (19454)
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sponmblo for dommant Jethals The survival curves, which
Fsg 25 are plotted on a loganithmic scalo, aro titially hinear As
exploined in Chapter 1m1, & survival curvo which 13 linearon s
fogarithmie sealo suggests that s mngle jemaing parficle causes
the effect studicd Now an interchange or a deletion (other than
a runute delotion) mvolves the production of two chramosome
breaks by two separate ronizing particles We conclude that i
addition to the production of aaymmetrical interchanges and
doletions, there 18 some other mechamsm, mvolving 8 single
somzsng particle, which has a dommnant fothal effect At small
doses this mechanusm predomunates, gving the spproximately
hnear curve At higher dosea the two-break aberrations, the
number of which 1ncreases moro rapsdly than the first power of
the dose, will becoms increasingly important, thus explsinng
the mcreased gradient shown at higher doses in Fig 26
Chromosomo loss, caused by a siagle chromosome break, has
been plausibly suggested: as the mechamsm in question When
» chromosome 1s broken, the two broken ends usually jomn, exther
with one another restituting the orgnal chromosomes, or with
other broken ends which may be available i the cell grving one
of the various famibar types of chromosome aberration (inber-
changes, mvers:ons or deletions) It appears, however, that &
small proportion of cases the two broken ends rensam unjomned
If stadl unjomned when the chromosome splita wnto two chro-
matids, it appears hkely s that sister-umon of the chromatids will
ocour at the breakage pomnts At anaphase therefore we have one
acentric fragment and one dicentric chromosome As already
explamed, such chr are likely to be lost at cell division
Now loas of a chromosome 13 certainly Jethal to Drosophila 1n
the case of the farge autosomes IT and II1, though a fly can exist
m the absence of one of ita very small IVth chromosomes
Moreover, X/O msles are viable, and such wmdividuals may be
considered as normal males which have lost & ¥ or as normal
females which have lost an X chromosome Thus losses of the
IVth chromosome, or of the sex chromesome as » result of
rradiating eperm, may be viable However, amce about 80%
of all the breaks produced occur in the chromosomes II and I,

1 Muller H.J {1940}, Pontecorvo G (1941, 1942)
z From analogy with known types of eberration in plant matersal

See Chapter VI
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unjomed single breaks, if they do occur, will usually behave as
dommant lethals

That chromosome losses induced by a single 1onmizing particle
do 1o fact ovcur has been shown in experiments: speatfically de
aigned to study viable loss of the sex chromosomes, and in wluch
the zygote winch had sustaned the loss could be distingmished
from one which had not The percentage of lnsses induced was
found to be proportional to the dose, indicating that loss occurred
by a single break process

The number of viable losses obtamed in these experiments was
small, much smaller than the number of unjomned breaks ex-
pected 1n the sex chromosomes on the basis of the number of
unjomed breaks 1n the autosomes needed to explain domnant
lethals It appears that though the complete absence of one sex
chromosome from the zygote would have been viable, the pro-
cess of Joss often caused death The explanation 1s possibly to be
sought 1n the mechamcal upset of mitotic division caused by the
chromosome bridge which 1s formed when a dicentric chromo-
8ome 18 present

We now proceed to obtain a mathematical expression for the
yeld of dommant lethals as a function of the dose of radiation
gwen to the sperm on the basis of the mechanisms we have been
discussing, namely, unjomed smgle breaks and asymmetrcal
nterchanges » To make the mathematical analysis manageable
1t 18 necessary to simplify the problem to some extent The
prncipal simplifying assumptions are that the possibility of
more than one break occurnng n a single chromosome arm 1s
neglected, and joming between the vanous broken ends m the
cell 18 supposed to be at random The fisst simphifying assump-

1 Muller, HJ (1840) Pontecorvo, G (1941) The method in Ponte-
corvo 8 experiment was a3 follows The irradiated males had a special ¥
chromosome contaning the wild type allelomorph {y+) of the X chromo
Bome gene y (yellow body) They were mated to attached X females
homozygous for y The female offspring are normally of the constitution
X X/Y,denving the attached X chromosome X X from the mother and
the ¥ chromosome from the father, and are grey bodied since the y+ n
the ¥ masks the recessive y genes in the X X chromosome If aaa result
of srradiation of the sperm the sex chromosome (erther X or Y) 1s lost
from the zygate s female of constitution X X, 10 13 formed which will
:‘:s‘a 1 e: Sellow body mince the y genes in the X X are no longer

2 The treatment given 1s due to Lea D E & Catchemde D G (1945a)
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tion wall not be a serious source of error » The second assumption
18 plaustble for Drosophsla sperm though not for some other
materals (sce Chapter vir)

We take p to bo tho probability that a given break shall
neither restitute nor take part 1n interchange, but shall lead to
chromosome loss and therefore to a dommant lethal effect
g% 1~p 18 the probabilsty that 1t shall esther restitute or inter
change If thero are r breaks in the cell, 77 1s taken to be the
probability that all either restitute or mnterchange

Suppose that with dose D the mean number of breaks per
sperm 18 me=aD The proportion of sperm having r breaks per
sperm 13 given by the Poisson distribution, and 18 e~ m/r!
The probabihty that a sporm shall have no breaks 1s e~ The
probability that 1t shall have one break 13 m e~ Sperm with
one break will contnbute (1—g)m e=™ to the number of domt
nant lethals, and gm e~ to the number of viable nucle: withont
aberration

Of the }m? e ™ mperm with two breaks per Sperm,
(1—g%#m? e~ wll be domnant lethals owing to failure of one
or both breaks either to restitute or to interchange In
3m? g* e=m sperm the four broken ends wall all join Under the
assumption of random jJoumng, n one third of these aperm there
will be restitution, giving viable sperm without aberration, 10
one third there will be symmetncal mterchange giving viable
sperm with chromosome aberration, and 1n one third there will
be asymmetneal mterchange adding a further quota to the dom-
nant lethals Thus of the sperm with two breaks, im? ¢* e"
w1l be viable without aberration, jm? g2 e~ wll be viable with
aberration, and the remaming m? e-™(1—§g?) will carry dom-
nant lethals

In general there will be e=™ m'/r! sperm having 7 breaks In
e™ m’ ¢'fr! sperm no breaks will remamn unjomed In asperm
of this class the r breaks can jomn m

135 @r=1)=(2) ')
ways, of which one way 18 viable without aberration, r[—1 ways
are viable with aberration, and the remamnder are mviable

1 It can be avoided at the cost of some complication of the calcula
tions Haldane JBS & Lea DE (unpublished)

2 Catchemde DG (1938a) cp also Fano U (1943a) These results
follow from the postulate of random jomnng of broken ends

’
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Collecting the contnibutions from sperm with various numbers

of breaks, and replacing m by 1ts value aD, we have

Proportion of cells which are viable and without aberration 1s

X=eoD§,,
vhere  §,=14agD+}(agDf+ + ‘i‘;‘fﬁ)ﬁ v-1)
Praportion of cells which are viable (with and without aberration)
® Y =esD8,,
where S,=1+agD+3(egD)®+ + %’ (V-2)

Total number of primary breaks formed in wiable sperm, per

total Sperm 13 Z= e‘“DS:n

(20gDy 7 ¢!
2n?!

The sums 8, 8, and S; of the infimte seres 1n equations (1),

(2) and (3) can be shown to be given by the followmg algebraic
expressions

8§, =cosh \J(2agD), (V-4)
8,=1+,/(}nagD) et*D erf \(}agD), (V-5)

where 8,=agD+3(gD)? + + + (V-3)

l+agD Jn
Sy=3aqD {1+ .—= X el*Perf.fJagD)], (V 6)
oD 1+ eg

where cosh x= 1(e*+e~7) 15 the hyperbolic cosine, and
erf :c=—2— e~%" dz 15 the error function In Table 42 values of
8,, 8, and 8; are tabulated for a surtable range of values of agD

One observable quantity 1s the proportion of wable sperm
which have chromosome structural changes The theoretical ex-
pression for this proportion 1s evidently (1— X/1)=(1 —8/8,),
and s histed m Table 42 as a fanction of agD InFig 26 weshow
experimental data of the proportion of wiable sperm having
chromosome structural changes as a function of the dose, to-
gether with the theoretical curye (1-8,/8,) which has been

fitted to the data by taking ag=0 57 per 1000r

(lszg)atchesnde D G (1938a) Bauer, H » Demerec, M & Kaufmann B P
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tion will not be & serious souree of error + The second assumption
18 plausblo for Drosophila sperm though not for some other
matenls (sce Chapter vir)

We tako p to bo the probability that a given break shall
neither restitute nor take part in interchange, but shall lead to
chromosome loss and thercfore to o domwant lethal effect
7=1-1p15 tho probabihity that it shall esther restitute or mter
change If thero are r breaks in the cell, ¢” 1s taken to be the
probabulity that all esther restitute or mterchange

Suppose that with dose D the mean number of breaks per
sperm 18 m=aD The proportion of sperm having r breaks per
sperm 1s given by the Poseon distribution, and 13 e=™ m/fr!
The probability that a sperm shall have no breaks 18 6™ The
probability that 1t shall have one break 15 m e~™ Sperm with
one break will contnbute (1—g)m e~™ to the number of dom:
nant lethals, and gm e~™ to the number of viable nucler without
aberration

Of the {m? e-m™ gperm with two breaks per gperm,
(1—g¢%3m? e~™ will be dominant lethals owing to failure of one
or both breahs either to restitute or to mterchange In
}m? g% e~ sperm the four brohen ends will all join Under the
assumption of random youung, m one third of these sperm there
will be resutution, giving viable sperm without aberration, 1
one third there will be symmetrical interchange giving viable
sperm with chromosome aberration, and m one third there wall
be asymmetrical interchange adding a further quota to the domi-
nant lethals Thus of the sperm with two breaks, im? g¢e™
will be viable without aberration, 3m? ¢* e~ will be viable with
aberration, and the remaining §m? e-"(1—%q?) will carry dom:
nant lethals

In general there will be e=™ m7fr! sperm having r breaks In
e~™ m" g’/r! sperm no breaks will reman unjoined In a sperm
of this class the r breaks can join n

135 (2r—1)=(21) Y(r127)
ways, of which one way 18 viable without aberration, r f—1ways
are viable with aberration, and the remainder are inviable

1 Tt can be avoided at the cost of some compheation of the calcula
tions Haldane JBS & Lea D E (unpubhshed}

2 Catcheside D G (1938a), cp also Fano U (1943a) These results
follow from the postulate of random joimng of broken ends
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A second observable quantity 15 (1 — ¥ ), the proportion of total
sperm which are non-viable In Fig 27 the experimental ob-
servations: on the proportion of eggs fertiized by wradiated
gperm which fal to attam the adult stage are plotted, together

TasLE 42 Functions involved 1n the dommant lethal theory

agD 8§ A S (1=5,18,} LA
032 1337 13568 03952 0 0140 02914
050 1543 1592 06942 00309 0 4360
072 1811 1920 1152 00572 0 5996
098 2161 2373 1849 00935 07793
128 2577 2996 2915 01396 09731
162 3107 3858 4553 01945 1180
200 3762 5060 7090 02365 1401
288 5557 9172 1729 03941 1883
392 8253 1778 4323 05357 2432
512 12 29 36 82 122 068663 3046
648 18 31 81 57 3046 07755 3734
800 2731 1936 870 8 0 8590 1497

with the theoretical curve In computing the formula for Y (see
equation (2)) we already know that ag=0 57, wluich enables S,
to be calculated for each dose with the aid of Table 42, « still
remains arbitrary The value =0 75 was found to give the best
fit of the theoretical curve to the experimental points
It follows that ¢ =0 57/0 75=0 76, s0 that we have the figures
a=0 7513 the number of primary breaks produced per sperm
per 1000 r
g=0176 18 the probability that a break shall jomn, either n
restitution or in mnterchange
p=1-g¢=024 15 the probability that a break shall remam
unjomed, and shall behave as a domnant lethal
It 13 with these values of o, p and g that the theoretical curves
n Figs 26 and 27 have been computed
It 15 of interest to calculate the mean number of breaks
ponmanly formed per mable sperm (which will be a hittle less than
aD) Referring back to equations (2) and (3), this 1s seen to be
8,/S, 8,/8, 13 tabulated agamst agD m Table 42 Usmng the
value 2g=0 57 just found and mterpolating 1 Table 42, we
obtain the estimates given 1n Table 43 of the mean number of
primary breaks per viable sperm We can calculate from these
figures the number of primary breaks in the euchromatin of the

1 Catcheside, DG & Lea, DE {1845q)
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stock 1n which the X chromosome, mstead of being n the form
of & rod, 1s ning shaped, then the sex-ratio distortion 1s much
greater The reason for this 15 that not only does a break which
fails to jomn have a dominant lethal effect, but also & proportion

Ratio of females to males

¢ —_ L ! 1 1 ]
2 4 [ [ 8 [ 12 14
Dotre
}‘;:G 28 Depression of the sex ratio in the progeny of irradiated males Curves
eoretical points expertments of A rod \ stock + Hanson ¢ Muller

6%2:7:};:(}(;‘1521. O Bauwer x Catcheside & Lea B rning Y stock e Bauer,

of the breaks which restitute For, if the broken ends rotate
through half a revolution relative to one another before re
Joming, then when the chromosome «phts into two chromatids,
mstead of these forming two separate rings, they will form 1;
singlermg of twice thesize  Such a chromosome, being dicentric
wil} be lost and thus behave as a dommant lethal It 1s lmown:
that mn appronumately half of the cases restitution 1s wviable
Thus the probability that a single break shall have & dommant

1 From study of the relative fre
& quencsy of mmversions
rod X chromosomes Catcheside D G & Lea DE (1945“!:)rmg ¥ end
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X chromosome, by making use of the result that a fraction 0 162
of all observed breaks oceur there s Thus at 3000 ¢

0162x123=0199

primary breaks ocour in the euchromatin of the X chromosome

TanLr 43 Menn number of pnmary breaks per viable sperm

Dose (r} 1000 1500 2000 3000 4000 8000

Mean number of pnmary b
viablo sperm T reaksper 049 069 089 123 154 215

The analysis we havo just given of the dommant lethals and
chromosome aberrations leads to an estimate 0 109 of the number
of primary breaks produced by 3000 r 1n the euchromatin of the
A chromosome 1n sperm which remamn viable Qur analyss of
recessive lethals on the basis of the hypothesis that recessne
lethals are rej d brenhs led indep dently to an estimate of
this same quantity, the value obtamned (p 160)being 226 per 1000
sperm, 1e 0 226 per sperm The agreement between 0 199 and
0 226 15 satisfactory, and shows that the two theories are com
patible

We have mentioned that n the progeny of irradiated males
there are more males than females, indicating that fewer dom
nant lethals are produced 1n a Y bearng sperm than m an A
bearing sperm by a given dose This can be ascribed to the known
facts that fewer breaks are produced by a given dose m 2 Y
chromosome than in an X chromosome, in the ratio of 79 100
The calculation we have just given can readily be extended to
predict the ratio of females to males 1n the progeny of males
which have received a gaven dose of X rays, and the predlcteﬂ
curve,s together with the experimental pointss 1s given 10
Fig 284

It has been founds that if the irradiated males are of a special

1 Deduction by Fano, U (1941) from the observations of Bauer, H
(1939a)

2 Deducible from the observations of Bauer, H Demerec, M &
Keufmann BP (1938)

3 Details of the calculation are given n Lea D E & Catchesde D G

1945

¢ 4 I*‘Iz!)mson FB (1928) Muller HJ (1928) Gowen,J W & Gay EH
(1933) Bauer H (19396) Catchemde DG & Lea DE (1945g) The
expersmental data ere reviewed m the last of the references cited

5 Bauer H (1930b)
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siderations For (a) to be of sertous importance 1t 1s necessary
for sufficient spread of the effect of an 1omization to occur for
there to be appreciable probability of mutation in a gene when
an 1omzation 1s produced at a distance of the order of & gene
chameter or more outside 1t The possibility of some spread of the
effect of an 1onization has been discussed m Chapter 11 A spread
over a range of the order of 1 my can be understood Spread over
a distance equal to the separation of two sister chromatids at
prophase ( ~100my) has been shown experimentally not to occur :
The notion that the effect of an 10mization can spread appreciable
distances has been adopted by some geneticists: because the
yeld of mmute chromosome aberrations has been found to be
proportional to the dose of radiation (Chapter vi), and this has
been taken to mean that a single jomzation can produce two
chromosome breaks an appreciable distance apart However,
the proportionahty to dose does not necessarly mean that a
sgle 1onization causes the two breaks, but that a single tonizing
partscle causes them As explamed m Chapter vir we should mn
any event expect that two breaks pnmarily produced at asepara

tion of less than about 100mp would be produced by a single
10mzing particle and not by two separate tomzing particles Thus
vhe finding that the yield of minute aberrations 18 proportional
to dose confirms expectation, but has no bearing on the question
of whether two breaks can be produced by a single 10mzation
or not

It 15 probably safe to neglect the posnibility of gene mutation
resulting from 10mzation outside the gene by comparison with
the probably much higher chance that 10mzation mside wall be
effective, though the point 1s one which requires more investiga-
tion However, that consmderations (a) and (b) together do not
n practice prevent target theory calculations giving essentially
correct results 13 made clear by the argument we now proceed to
develop
The obvious methou vt testing the correctness of the method

by which 1t 13 proposed to calculate the size of the gene from

t Long wave length X rays, which dissipate their energy 1n tissue by
means of photoelectrons of range less than the separation of sister
chromatids are unable to break both chromatids simultaneously (Catche
side DG & Lea DE 1943, Lea DE & Catcheside D G 1946b)

2 Muller, H.J (1940)
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lethal offect 18 p+ g 1n the caso of a ring chromosome, agamst
2 1n a rod chromosome

Taking t of this pt the sex ratio depression
in ring X stock ean be predicted, and the agreement of the ex
perimontal points and the calculated curver 1sshownin Fig 283

Further, we ean, from the expertmentally observed propor
tions of the sex-ratio distortion in rod-A and ring A stocks,
deduce the ratio of p+ §g to p, which leads to values for pandg,
namely, p=0 26, g=0 74 + These values are i good agreement
with the values p=0 24, =0 76 already obtawmed (p 169)

We conclude that dominant lethal production 1s satisfactonly
expl d by the h and calculations we have given

Deductions concerning the size of the genes

At the time w hen the mmduction of gene mutations by radiation
was discovered, the ‘target theory’ of the brological action of
radiations was already current When 1t appeared that the
evidence on the production of mutations by radsation was con
mistent with the view that a single 10n1zation could cause muta
tion of a gene, 1t was natural that the radiation data should be
used to calculate the target size for mutation, and that the target
should be identified with the gene More recent wrters have
usually adopted & more cautious attitude, and some have gone
so far as to say that the size of the target has nothing to do with
the s1ze of the gene «

The reesons for doubting that the size of the target 15 a farr
approxmation to the size of the gene are principally

() It 1s argued that 1onization outside the gene may perhaps
cause mutation

() Tomzation mside the gene may not always cause mutation,
but may have a probabiltty of domng so considerably less than
umt,

V\Kz have already discussed in Chapter nr the modifications
made mn target theory calculations by mtroduemng these con

1 See Lea, DE & Catcheside D G (1945a) for details of the caloula

tron
2 Catcheside, DG & Lea DE (19455)
3 Ths section follows the treatment of Les D E & Catcheaide, D G

19455,
¢ 4 E’g Timoféoff Ressovsky, N W & Delbruck, M (1936), Muller HJ

(1940)
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bonds uniting the atom to its neighbours n the molecule We
should expect therefore omzation of an atom to result in chemical
change 1 the molecule The review of the chemucal effects of
radiation 1n Chapter 11 was consistent with this expectation, an
10me yield of the order of umty bemg the typical result obtaned
n radiochemical studies There are some cases 1 which a chamn
reaction 1s mnstituted so that many more molecules teact than
there are 1omzations produced There are other cases where the
10mue yield 15 low, probably owing to recombimation of the pro
ducts of decomposition of the molecule However, the more
comphlicated the molecule the less probable seems exact restitu
tion, and we can probably safefy assume that the gene w 1l suffer
chemical change as a result of the 1omzation of an atom m 1t
In attempting to picture the probable results of chemical
change m a gene we shall make use of the now widely adopted
view that genes have a good deal in common with the macro
molecular viruses It 1s hnown that a certain amount of chemical
change can be tolerated by @ virus wathout produeing any
permanent inherited change in 1t : Thus the chemical change
produced 1n a gene by an 1onization may somctimes not produce
any genetically 1mportant effect
Sometimes the change produced by the jomzation will be
permanent stable change, so that the gene reproduces 1tself in
the changed form This clearly happens in the case of gene muta-
tion, when the chemical change 1n the gene 1s recogmzed by a
detectable change 1n its behaviour = It must be realized that we
cannot be sure of detecting every permanent change m the gene
by a change In gene behaviour  For example, in the white eye
allelomorphs 1n Drosophiia we have a large number of different
states of the gene which are distinguishable because eye colout
18 & character in which many quantitatively shght differences
can be recogmzed The different allelomorphs also affect the
colour of the Malpightan tube in the larva, but if we had to rely
1 Miller GL & Stanles W M (1941) showed that 70 Y% of the amino
Broups of tobaceo mosaic virus protein could be acetylated by chemical
treatment without reducmg the mnfectivity of the virus  After mult:

Pplication of the treated virus in the host plant, the virus had returned to
1ts original chemucal composition

% We are not secepting the extreme view that all mutations are posi

tion effects and are supposin,
g that 1n a typical point mutat;
chemical change 1n the gene P 1on there is
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radiation expenimenta 1s to spply the same method 1n the case
of some objcct ns nearly as possible resembhing a gene but of
kmown mize Enzymes and siruses appear to satisfy the required
conditions  As shown tn Chapter 1, a single sonszation 10 an
enzyme molecule leads to ita mactivation, and as shown in
Chapter 1v, there 1s, in the case of the macromolecular yviruses,
a closo relation between the *target’ size for virus imactivation
and the size of the virus particle itself It 15 true that the target
dinmeter, although often closer, sometimes differs by 2 factor of
2 from the virus diameter, but in view of the extreme paucity of
our knowledge of the mze of genes by other methods,: an est:
mate which was probably correct to a factor of 2 would consti
tute much the most precise estimate at present available

The fact that tho probability of producing a gene mutation 18
propartional to the dose of radtion and mdependent of the
intensity makes 1t hkely that B gene mutation 1s produced by the
passage of a single rontzing particle through the gene In the case
of ¥ rayvs the 10mzing particle wall be a fast electron, successive

1 of fre ve primary tomzations) bewng

produced at intervals of the order of 1z along 1ts psth We can
be quite sure that the dinmeter of the gene 1s considerably less
than 1g, so that with y rays there 1s Little chance of more than
one1on cluster falling in the gene From the fact that y rays are,
per 1omzation, at least as effective as more densely 1omzing
radiations, we mfer that a aingle 1on cluster can cause a gene
mutation The majority of ion clusters are single 10mzations,
and only a small proportion of the total number of romizations
are located in clusters larger than about three jomzations Thus
we can fairly safely deduce that a single 1on1zation, or at most &
cluster of two or three, suffices to cause gene mutation, though
we have, of course, not yet given any proof that the probability
of & smngle 10nization 1n a gene causing mutation approaches
unit;

Wy!'xut changes may be expected to follow the 1omzation of an
atom n a gene? The energy given to an atom mn the process of
yonization exceeds the energy necessary to break the chemical

1 The various methods which have been proposed e g by Muller HJ

(1935) nnly give upper lumuts to the size of the gene
the p of a positive and a negative

z
10n {see Chupwr 1)
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enzyme and virus nactivation to be analogous to lethal mutation
1n these substances, the ratio of the size of the target to the size
of the molecule will be equal to the probability that an 1omza-
tron 1n the molecule shall cause lethal mutation In Table 44 we
Iist the target size and the particle size for the mactn ation of
some enzymes and viruses If we are correct n arguing by
analogy from the mactivation of viruses and enzymes to lethal
mutations 1n genes, the figures 1n Table 44 show that the target

TaBLE 44 Enzyme and virus mactivation

Molecular Target
Enzyme or virus weight weight Ratio  Reference
Ribonuclease 15x 10t 32 x10¢ 21 1
Phage S13 17x10¢ 15 x10¢ 09 2
Tobacco ringspot virus 34x10% 227x10° 067 3
Tobacco necrosis virus 72x10¢ 157x10* 022 3
Bushy stunt virus 10 6x 10¢ 232x10* 022 3

1 Les, DE, Smuth, KM _Holmes, B_ & Markham R (1944)
2 Lea DE & Salaman M H (unpublished)
3 Lea DE & Snuth, K M (1942)

smze agrees with the gene size within a factor of 5 m weight
(which1s a factor of 1 7 in diameter) Paying principal attention
to the virus data, the difference between target size and virus
size 18 1n the direction of target size being less than virus size,
which 15 to be expected i view of the fact, already discussed,
that some changes m the virus produced by an romzation leave
1t stall infective

To determine the size of a gene from raciation data we need to
denve from the obsery ations an estimate of the probability that,
with a g;iven doge, 10mization shall be produced in the gene From
the discussion which we have given, this means the sum of the
probabilities that there shall be visible mutation to any other
allelomorph, or lethal mutation (excluding chromosome deletion),
plusthe probabtlity that there shall be change m the gene which 1s
either not permanent or which gives no detected change 1n 1ts
Pproperties

Studying any given locus we are usually only 1n a position to
determine the probabihity that a recogmzable viable mutation
shall occur, which will be an underestimate of the total prob
abihity, and will thus lead to an underestimate of the size of the
gene The mutation frequencies mn Table 37 (p 144) are of the
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only on the colour of the Malpighian tube we should recognize
fewer allelomorphs and hence in radiation experiments often fail
to recognize the occurrence of n mutation when mutation had
m fact occurred  Even using the more sensitive eye colour as
a means of detecting mutation, changes in the gene can oceur
without being deteeted, mnce 1t 15 known that allelomorphs exist
having the same ey e colour but difening 1n other properties (e g
viability or fertilitys)

It 18 evident thercfore that the experimentally determned
mutation frequency of & given locus wall usually underestimate
the frequency with which permanent and wviable changes are
produced 1n the gene: This consideration probably applies
especally foraibly to the experiments descnibed earher 1n the
chapter (p 140) on the induction of mutations i a plant virus
Here mutation was recogmzed by the production of a local lesion
on & leaf moculated with virus, in place of the usual mottle It
would clearly be unreasonable to assume conversely that, if after
wraciation the virus still produced a mottle on the leaf, there was
therefore no permanent change induced 1n the varus molecule by
the radiation The fact that an 10mzation in the virus had rather
& small chance (of the order of 10-3) of producing the particular
effect studied does not necessanly mean that an 1omzation in the
virus has only this small probahility of producing a viable 1n
henited change

The complete deficiency of a gene, when homozy gous, 1s usually
lethal in Drosophile If as a result of 10mzation o gene suffers &
change which causes the loss of the power of reproduction or
alternatively the loss of all its charactenstic activity, a recessive
lethal will usually be recorded Lethal mutation at a given locus
(excluding defictency caused by deletion of a portion of chromo-
some) appears to be not much more frequent than visible muta
tion,s which 1s perhaps surprsmg The probability that an
jomzation produced m a gene shall cause a lethal mutation 18 &
quantity of which we can make some estimate by appeal to ex-
penments on enzyme and virus mnactivation, since, if we tahe

1 Timoféeff Ressovshy, N W (19335)
2 This pomt has been emphasized by Timoféeff Ressovsky NW
1937a)
¢ 3 Data bearing on this question have been given by Patterson, J T
{1932), Demerec M (1837) Muller, HJ (1940)
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tion, and then consider the medification introduced by allowng
for the probability of lethal mutation being less than unity As
explamed 1n Chapter 111, knowledge of the relative efficiencies of
soft X rays, neutrons and a-rays compared to y rays or hard
X rays enables an estimate to be made of the target diameter

In Table 45 we give the inferred target diameters (assuming
density 1 35 g fem 2} deduced from the relative efficiencies listed
m Table 39 with the aid of Fig 10 The estimate of the target

TasrLe 45 Target diameter for mutation

Hard X rays Soft X ravs Neutrons a rays

Radiation or y rays 2-34 {L1+D) ~3eMY
Relative dose for equal 100 130 145 344
yield of mutations
2rp (in my) — ] 12
Target rameter (in mp) —_ 44 9 66

diameter obtained from the relative efficiency of different radia
tions 13 very sensitive to error in the determination of this rela
tive efficiency, and may also be appreciably affected by over-
simplification of the caleulation : It 1s satisfying, however, that
the order of target diameter given by Table 45 (4-9mp) 18 con
sistent with that already obtamed on p 178 (2-6mg) by an
entirely different method

We may make an estimate of the number of genes 1n the X
chromosome (strictly the number of genes capable of showng a
recessive lethal mutation) as follows The yreld of sex-linked
lethals by X- or y rays 1s 2 899, per 1000 r, so that

1000/0 0289=3 46 x 10¢r

13 the dose required for an average of one lethal mut 1tion per X
chromosome For a given size of gene we can read off from
Fig 84 the dose required for an average of one mutation per
gene Taking the gene diameter to be 4y, the smallest value
which seems consistent with Table 45, we find that the dose of
X rays (0 16A ) required for an average of one mutation per gene
182 9% 107 r The number of genes in the A chromosome 1 there

fore deduced to be 2 9 x 107/3 46 x 10*=838 Larger sizes for the

1 Eg a target diameter of about 4mg was deduced from esgentially
the same data when this calculstion was first given (Lea DE 19404}
owing to the neglect of ¢ rays and some other simphfications
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order 1-10x 10~® per gene per roentgen, 1 ¢ a dose of the order
10%-10* r 13 requared for an average of ono mutation per gene
Consulting Figs 8 and 9 we deducoe that the molecular weight of
the geno 18 10,000-100,000, or 3ts dismeter (if sphencal) 1s 2~
Gmy  As cxplained, theae estimates are hable to be under
estimates for the sizes of the genes to which the data of Table 37
rofer, though they may not necessarily bo underestimates for the
average si1ze of & gene 1 Drosophila, sinco the genes of which the
mutation rates are known mclude those most frequently suffering
mutation under arraciation

Turning now to lethal mutations at random locs, we have the
advantage of knowing the relative efficiency of different racia
tions (Tablo 30) As discussed already, Jethals do not constitute
a singlo type However, according to the view put forward
earlierin the chapter, types A and Clethals do not differ in ongin
Type B lethals, namely, those involving cytologically detected
deficiencies, are, however, of different ongin At any rate,
deletions for moro than one band probably mnsolve two brehs
close together and the deletion of the part of the chromosome
between them, and therefore do not necessanly involve the
10n1zation of the gene responstble for the lethal effect We should
thereforo cstimate the mutation yield after excluding the
chromosome deletions, and calculate the relative efficiency of
different raciations also after their exclusion It 1s at present not
clear whether deficiencies for single salivary chromosome bands
should be excluded, o1 whether such deficiencies are due to
10nization 1n a particular gene causing loss of the power of repro
duction, 1n which case they should be retained The proportion
of X-ray random lethals which are deficiencies for one or more
bands 1s about 30%,: the proportion which are deficiencies for
more than one band 1s lower, there 1s as yet no information
available regarding the proportion of random lethals produced
by other radiations which are cytologically detectable de-
fictencies Lacking at the present time the information necessary
to correct Table 39 for the proportion of lethals due to cyte
logrcally detectable deficiencies, we shall, for the purposes of the
present calculation, have to neglect this correction

‘We shall first make the calcul on the P that one
or more 10mzations anywhere 1 the gene leads to lethal muta

1 Shzynsky, BM (1938 1942)
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tion, and then consider the modification ntroduced by allowing
for the probabthty of lethal mutation bemg less than umty  As
explaned n Chapter 1, knowledge of the relative efficiencies of
soft X-rays, neutrons and a-rays compared to y rays or hard
X-rays enables an estimate to be made of the target diameter
In Table 45 we give the inferred target diameters (assuming
density 1 35 g fom 3) deduced from the relative efficiencies listed
n Table 39 with the atd of Fig 10 The estumate of the target

TasLe 45 Target diameter for mutation

Hard X rays Soft X rays Neutrons @ Tavy
Radiation or ¥ ¥8y8 2-3A (La+ ) ~3eMt
Relative dose for equal 100 130 145 344
yeld of mutations
2rp (10 mp) — L] 12 9
Target diameter (in mpu) —_ 44 9 66

diameter obtained from the relative efficiency of different radia
tions 18 very sensitive to error 1 the deternunation of this rela
tive efficiency, and may also be appreciably affected by over-
simphfication of the calculation s It 1s satisfying, however, that
the order of target diameter given by Table 45 (4-9mpg) 1s con
sstent with that already obtamned on p 178 (2-6my) by an
entirely different method

We may make an estimate of the number of genes in the X
chromosome (strictly the number of genes capable of showing &
Tecessive lethal mutation) as follows The yield of sex linked
lethels by X- or y rays 1s 2 89 %, per 1000 T, so that

1000/0 0289=3 46 x 10 r

13 the dose required for an average of one lethal mutation per X
chromosome For a given size of gene we can read off from
Fig 84 the dose required for an average of one mutation per
gene Taking the genc diameter to be 4me, the smallest value
W'hlch seems consistent with Table 45, we find that the dose of
X rays (0 154 Jrequured for an ay erage of one mutation per gene
152 9% 107 r The number of genes i the X chromosome 18 thers

fore deduced to be 2 9 x 107/3 46 x 104 =838 Larger si1zes for the

T Eg a target diameter of aby
out 4my was deduced from essentiall
:3;0‘ same data when tns cafenlation was first given {Les DF 1940(1)y
ng to the neglect of § rays and some other simplifieations ’
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order 1-10 % 10-% per gene per roentgen, 10 a dose of the order
10%-10 1. is required for an asverage of one mutation per gene
Consulting Iign 8 and 0 we dedure that the molecular weight of
the gene 15 10,000-100,000 or ta dimeter if sphencal) s 2-
Omy Aa oxplained, these estimates nre Lable to be under
eatimates for tho aizes of the genes to which the data of Teble 37
refer, though they may not necessanly be underestimates for the
aserage fize of n gene in Drosophtla, sinco the genes of which the
mutation rates are hnown include those most frequently sufferng
mutation under irradiation

‘Turning now to lethal mutations at random locs, we have the
advantage of hnowing the relative efticlency of different rad
tions (Tablo 30) Aa discuased alrendy, lethals do not constitute
a singlo typo  However, according to the view put fo
earherin the chapter, ty pes A and Clethaladonot dlﬂcrmmg:l
Type B lothals, namely, those s olving cytologically detect
deficiencies, are, howey er, of different ongin At any n'l:
deletions for moro than one band probably 1nvolse two bres
close together and the deletion of the part of the chromoeom®
between them, and therefore do not necessanily involie ﬂIl;
1onization of the gene responsible for the lethal effiect We ﬁl'muh
therefore esttmate the mutation yeld after excluding ¢ ef
cliromosome delotions, and caleulate the relative eficiency o
different radiations also after thewr excluson It 1sat present oot
clear whether deficiencies for single salivary chromosome bends
should be excluded, o1 whether such deficiencies are due 0
lonization 1n a particular gene causing loss of the power of repr®
duction, 1n which case they should be retamed The proportiot
of X ray random lethals which are deficiencies for one or more
bands 13 about 80%,s the proportion which are deficiencies for
more than one band 15 lower, there 15 as yet no mnformation
available regarding the proportion of random lethals produced
by other radations which are cytologically detectablo de
ficiencies  Lackung at the present time the mformation necesssry
to correct Table 39 for the proportion of lethals due to cyto
logically detectable deficiencies, we shall, for the purposes of the
present calculation, have to neglect this correction

We shall first make the caleulation on the assumption that one
or more 10nizations anyw here in the gene leads to lethal muta

¥ Slizynski, B M (1938, 1942)
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strating the proportionality of yield to dose do not, of course,
extend to an intensity as low as that of natural radiation They
do, however, cover a very wide range (Fig 22), and 1f the theo-
retical mterpretation that a single 10nizing particle 1s responsible
for a mutation 1s correct, we should expect the yield to be pro-
portional to dose however low the intensity A generous esti-
mate of the dose rate due to natural radiation 13 50 1omzations
per cm 2 of air per second, or 2 5x 10~ r fsec , which corresponds
to about 0 05r 1 the Iifetime of a fly Thus the rate of produc-
tion of sex-linked lethals per generation by natural radiation
should amount to 0 00015 %, which 18 about a thousand times
smaller than the observed rate of spontaneous sex-limked lethals

This calculation, based on an estimate of the mtensity of the
natural radiation denved from measurements of the natural Jeak
of 1omzation chambers, 1s not entirely convineing since living
organisms sometimes concentrate radioactive matter m their
tissues Mott Smith and Muller,: however, made measurements
of the radium content of flies and concluded that 1t was msuf-
ficrent to account for the spontaneous mutation rate

A further argument comes from the fact that the rate of induc
tion of mutations by radiation 1s independent of temperature
{Table 40), while the rate of spontaneous mutation 18 increased
markedly by nse of temperature

It thus appears certain that spontaneous mutations mn Droso-
Phila are not due to natural radiation = There 18 some evidence
with less well-investigated orgamsms pomting n the opposite
direction,s but further experiments are required here

Genetical effects of ultra-violet light

The mduction of mutations by ultra-violet hight has been
studied 1 Drosophila, in maize, m Antirrhanum, and mn some
lower plants

The small penetrating power of the radiation complicates the
expeniments with Drosophila Some expeniments have been
made by wrradiating fertilized eggs 1n the polar cap stage,s as in

1 Muller, HJ (1930)

2 Seo Rajewsky, B N & Timoféefl Ressovsky, N W (1939) for further
discusaion and experiments strengthening this conclusion

3 Rajewsky, BN, Krebs, A & Zickler H (1936)

4 Altenburg E (1934, 1936)
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gone are permitted by Table 45 and would lead to smaller esti-
matea of the number of genea in the X chromosome Thus if the
gene dinmeter i 6my wo obtain 281 as our estimate of the num

ber of genes in the X chromosome These estimates are of the
right order, a figure of nbout 500 or 1000 having been puggested
by several suthors «

Tho ealeulation as we havo so far made 1t 15 based on the
assumption that the probability of a lethal mutation occurnng
when an jomzation 18 produced 1n the gene 15 umty A4 priors it
may be Iess than umty, though from the evidence of Table 44 we
do not expect 1t to be an order of magnitude less However, 1n
Chapter 111 (p 95) we went into the question of the effect upon
calculations of this sort of the probability, p, being less than
unity, and concluded that the effect was to cause the estimate of
tho si70 of the gene to be too small i the ratio of p 1, and the
cstimate of the number of genes to be too great in the ratio of
1 p* However, 1t 13 clear that there 13 not room for our estimate
of the number of genes to be too great by any large factor, cer-
tamly not by a factor of 10 Hence p* cannot be much less than
umty, certamnly not lower than 0 1 Hence p cannot be a8 low as
03 We deduce that our estimate of 4-9my eannot be greatly n
errur on this account It 1s probable that the average gene
diameter does not exceed 10my, and we shall take 4-8my, 28
suggested by Table 45, as the most probable value

Cosmic rays and mutations

Following Muller s discovery in 1927 that 1omzing radiations
are able to cause mutations, the idea occurred to several workers
that spontaneous mutations may be due to natural radistion,
1e cosme rays from outside the earth,  rays due to the radio-
active content of the floor and walls of the room, or a- and
B rays due to the content of radicactive matter in the organsm
atself This attractive possibility, however, has been ely
disproved m the case of Drosophia In the first place, the -
tensity of the natural radiation 1s msufficient s With X rays and
 rays the rate of production of sex linked lethals 18 roughly 3%
per 1000r, and 13 proportional to dose Experimenta demon-

1 Eg Muller, HY (1029), Gowen JW & Gay EH (1933},

Demerec M (1934}
2 Muller H.J (1930)
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According to Shzynski, some ultra-violet-nduced lethals mvolve
minute deficiencies detectable m the salivary chromosomes,: bub
other reports: suggest that ultra violet hght does not cause
mnute structural changes This important question 1s therefore
not yet settled
The small penetrating power of ultra-violet hght 1s of less 1m-
portance when small objects such as fungal spores are iwradated
Experments 1 which the yield of mutations as a function of
dose has been studied have shown that the yield 13 proportional
to dose at low doses, but that at sufficiently high doses the pro-
portion of the viable spores which carry mutants fails to nse
further and may even dimimsh ;s This unexpected result appears
at doses at which the fraction of wrradiated spores which survive
38 Jess than 19/, It 18 probably due to the mutant spores having
a lower viability than those which have not suffered mutation
As the result of extensive work by Stadler and his co-workers,
a consderable amount of information 1s available about the
genetical effects caused by rradiating maize pollen with ultra-
violet light, and about the differences between the effects of
X rays and ultra-violet Light « The maize pollen s spread mn a
single layer and uradiated from above After irradiation 1t 18
used to pollnate a maize plant The maize seeds developing are
examumed, and, 1f desired, sown to obtamn F, plants At the time
of irradiation the pollen grain contains two haploid sperm nucler
When they enter the embryo sac (which prior to fertiization
contams eight haploid nucle: as the result of three consecutive
divisions of one of the products of meiosis), one of the sperm
nucler fuses with the egg nucleus to form a diploxd zygote, which
by multiphcation forms the germ or embryo of the seed and

1 Shizynski, BM (1942) In 21 lethal bearing X chromosomes he
found 5 deficiencies viz 1 case of 1 band deficient, 3 cases of 2 bands
deficient, and 1 case of 14 bands deficient

2 Mackenzie K & Muller HJ {1940) Muller, HJ (1941 a) reportimg
the preliminary results of an experiment by Bridges PN & Muller, H.J

3 E CW & Hollaender A (1939a b) Hollaender A &
Ewmons CW (1941) using Trichophyton mentagrophytes Demerec, M
Kaufmann BP Fano U Sutton E & Sansome ER (1942) using
Neurospora crassa

4 Experiments with ultra violet hght are described by Stadler, L J
(1939 1941) Stadler, LJ & Sprague GF (19364a & ¢), Stadler, L.J
& Uber, F 3 (1938 1942) Compareble experimenta with X rays are
deseribed b% f;&;gl’e)r. LJ (1928¢ 1930a b 1931} Stadler LJ &
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Ward's a ray expenments alrendy described (p 152) More
usually adult males have been srradiated Tho flies are held with
therr abdomens compressed between quartz plates and their
undersides irradinted + By this technique the testes are brought
nearer to the surface, and a sufficient intensity of ultra violet
hight reaches the sperm to give a few per cent of mutations with
the largest doses which the fly 1s able to sustamn  Absorption by
the mtervening tissue 13, however, large and vanable, and it 13
not practicable to determne, for example, whether the yield 1s
nceurately proportional to the dose, or to compare the doses to
the sperm of radiations of different wave lengths required to
produce mutation i equal percentages of the sperm  In practice
the greatest percentage yields are obtanable with o rather long
wave length, 3130A , since the flies will tolerate greater intenst
ties of this wave length than of shorter wave lengths, and 2
greater fraction of the incident energy penetrates to the testes
Expressed mn terms of mutation frequency per umt energy
absorbed n the sperm, shorter wave lengths are, however,
probably more efficient

In X-ray experiments a practical limt 1 set to the percentage
of irradiated sperm m which mutation can be induced by the
fact that with large doses the proportion of sperm remaming
viable 1 greatly reduced by the induction of domnant lethals
In ultra violet hght experiments the practical imit seems to be
set by the damage to the flies by wradiation of thewr tissues rather
than by the induction of domnant lethals mn the sperm, and 10
occasional flies the percentage of viable sperm having sex linked
recessive lethals 1s as high as 509, 2

Of considerable interest 1s the questron whether recessne
lethals induced by ultra violet Iight are entirely gene mutations
(type A) or whether as with X rays, some are mnute deletions
(type B) and some are associated with gross structural changes
(type C) Gross structural changes mduced by ultra violet hght
are very rare by comparison with recessive lethals 1f they occur
at alls so that the proportion of type C lethals 1s neghgible

t Mackenzie K & Muller HJ (1940) Note that ultra violet light
intensities stated in this paper are by error 1000 times too great Also
Demerac M, Hollaender A Haulahan M B & Bishop M (1942)

2 Demerec M Hollaender A Houlahan M B & Bishop W (1942}

3 Isolated of chra ges 1n ultra violet
srradiated material hate been reported by Muller HJ (1841q) and by
Demerec M Hollaender A Houlshan M B & Bishop M (1942)

~
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enables deficiencies at selected loct to be detected which are pro-
duced 1 the sperm nucleus which fertilizes the egg nucleus In
this case 1t 18 necessary to sow the seeds and exammne the F
plants

Deficiencies can slso be detected without the use of marhed
loc by the fact that, while maize 1s farrly tolerant of deficiencies
when they are heterozygous m diploid or triploid tissue,: after
meiosis has occurred and haploid cells are produced, all except
the smallest deficiencies are usually lethal in the male gameto-
phyte  Consequently half of the pollen produced by an F, plant
which 13 heterozy gous for a defictency wall be defective, and can
be recogmized as such by mspection of the pollen

If the F, plant 1s heterozy gous for a chromosome interchange,
then about half of the pollen 1t produces will be defective, having
& deficiency of one chromosome segment and a duphcation of
another It is possible to decide whether a plant producing de
fective pollen 13 heterozygous for a deficiency or for an nter-
change by examining meiotic figures n the anthers =

The princspal interest of the maize experiments hes i a num
ber of differences between the effects of ultra violet hight and
X-rays Since dosages of ultra violet hight and X rays are not
measured 1 comparable umts,s absolute yields per unit dose of
the two radiations cannot be compared, and the comparnson rests
therefore upon quahtati e differences and upon differences 1n the
relative frequencies of different types of genetic effect These
differences we now proceed to enumerate

I Deficiencies of a large part of a chromosome arm (Singleton W R
1939, Singleton W R & Clark, F J 1940) or even of a whole chromosome
(Stadler, L.J 1931) are sometimes found n heterozygous condition in
the F, plants following pollen trradiation  Such plants are visibly de
fective n growth and may not flower

2 In mewais homologous chromosomes are pawred If an mterchange
:):tween two non homologous chromogomes has occurred one group of

ur chromosomes and eight groups of two will be seen at diakinesss
mnstead of ten groups of two (Stadler L.J 1931) The larger deficiencies

can 2lso be seen in merosts at the pachytene stage {Singleton W R 1939
Singleton, W R & Clark FJ 1940)

3 It would, of course be posstble 1n principle to express bath ultra
violet light and X ray dosages 1n terms of ergs per cubic micron iy
stpated in the ch but the exp I data at present do not
Permut this It 13 hikely 1n s1ew of results with viruses (Chapter 1v) that
10 terms of these umits ultra violet hght would be found to be much Jesy

effective than X rays i producing all types of genetic effects
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eventually the Fy plant The other sperm nucleus fuses with two
of the other haploid nucle: (the polar fusion nucles) to produce a
triplord nucleus, which by multiphieation develops into the endo-
sperm, the starchy tissue which constitutes the bulk of the seed
but does not persist an the F, plant
The radiation may produce genetical eflects in either of the
two sperm nucler A dominant lethal in the sperm which fuses
with the polar fusion nucler will result 1n a mimature seed having
a normal embryo but defective endosperm A dommant lethal
in the sperm which fuses with the egg nucleus will lead to & germ-
less sced, a condition which 15 detectable by examination of the
seed Visible mutations mduced 1n this sperm may be detected
by sowng the seed, when any dominant visible mutations will be
revealed by inspection of the F, plants and the (more frequent)
recessive visible mutations will be revealed by self fertilizang the
F, plants and looking for mutants in the F, generation
A large part of Stadler's work was concerned with the produc-
tion of endosperm deficiencies The pollen wrradiated came from
a stock having the dominant allelomorphs of a number of genes
affecting the endosperm (e g modifying 3ts colour or surface
texture) The pollen was used to poll a plant h gous
for the recessive allelomorphs of these genes The seeds develop-
g after fertihization normally showed the dommant phenotype
As a result of pollen wradiation, however, some of the seeds
showed the recessive phenotype This Joss of effect of the dom1
nant gene could be explained as bemng due etther to mutation to
the recessive allelomorph, or to removal of a portion of the
chromosome contammg the locus concerned In practice the
latter explanation (defictency) 13 believed to be n almost all casés
the correct one
A smmilar genetical tech employing marker genes affecting

q

plant characters mstead of (or as well as) endosperm characters

1 With a given dose of radi toa are
babl, noc ‘more i than are ) gene Since
h Ives many genes a apecified locus 13 more
likely to be aﬂ'ecﬁed by a deﬁclency than 1t 13 to suffer gene mutation
There 13 also sorme exp for the endosp effects bemg
due to defictencies rather than to gene mutations namely the observa
tion that when a chromosome contains two marhed loci these often lose
therr effects together, suggesting the deletion of a portion of the chromo
some which mecludes both genes
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enables deficiencies at selected loct to be detected which are pro
duced 1n the sperm nucleus which fertilizes the egg nucleus In
thus case 1t 15 necessary to sow the seeds and examwe the Fy
plants

Deficiencies can also be detected without the use of marked
loc1 by the fact that, while maize 15 fairly tolerant of deficiencies
when they are heterozygous m diploid or trplond tissue, after
meiosis has occurred and haplod cells are produced, all except
the smallest deficiencies are usually lethal in the male gamelo-
phyte  Consequently half of the pollen produced by an F, plant
which 18 heterozygous for a deficrency will be defective, and can
be recogmzed as such by mspection of the pollen

If the F, plant 1s heterozygous for a chromosome mterchange,
then about half of the pollen 1t produces w1ll be defective, having
a deficiency of one chromosome segment and a duplication of
another It 15 possible to decide whether a plant producing de-
fective pollen 15 heterozygous for a deficiency or for an inter-
change by exammng meiotic figures m the anthers

The principal interest of the maize experiments lies m a num
ber of differences between the effects of ultra-violet hght and
X rays Since dosages of ultra-violet ight and X rays are not
measured in comparable units,s absolute yields per umt dose of
the two radiations cannot be compared, and the comparison rests
therefore upon quahtative differences and upon differences n the
relative frequencies of different types of genetic effect These
differences we now proceed to enumerate

1 Deficiencres of a Iarge part of a chromosome arm (Smgleton W R
1839, Singleton, W R & Clark, F.J 1940) or even of & whole chromosome
{Stadler LT 1931) are sometunes found n heterozygous condition 1
the F, plants following pollen wuradiation Such plants are visbly de
feclive m growth and may not flower
N 2 In mewsis hoanoIog‘ous chroLmoeomes are pawred If an interchange
four chr:rvx:o e A bas 1, one group of

osomes and eight groups of two will be seen at diakinesss

mstead of ten groups of twa (Stadler, L.J 1931) The larger deficiencies

can 8150 bo seen 1n meiosis at the pachytene stage (Singletor
Smgl;:on WR & Clartk F.J 191;0) vt ge (mgleton W R 1939
3 It would of course be possible 1n principle to expr,

violet hight and X ray dosages in t,ermsp of efgs per c}:ﬂ:zs:‘?;:lo:l:‘r :

sipated in the ch but the exp I data at present do nl:\)t
permit s 1t 19 ikely, in view of results with viruses {Chapter v) that
11 terms of these umts ultra violet light would be found to be much lm

effective than X rays iz producing all types of genetic effects =
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(2) The ratio of the number of viable gene mutations to
chromosome deficiencies m the Fy plants 18 higher wath ultra
wviolet light than with X rnys

(b) In the majonity of cases an endosperm deficiency produced
by ultra violet wrradiation of the pollen affects only about half
of the endosperm This 1s taken to mean that the chromosomes
in the pollen grain are already spht into two chromat:ds at the
time of arradiation and the ultra violet hght breaks only one of
them s In the majority of cases endosperm deficencies caused
by wradiating pollen with X-rays affect the whole chromosome,
ndicating that both chromatids are usually brohen This dif
ference 1s readily understandable if 1t 15 remembered that 1omza
tions (but not ultra violet quantum absorptions) are locahized on
the paths of jomzing particles The chromatids bemng closely
Juxtaposed, an 10nizing particle which passes through one will
usually traverse both

{c) As already mentioned, chromosome deficiencies involving
selected loci may be detected either in the endosperm or 1n the
F, plants, and with X rays they occur with approumately equsl
frequency as1s to be expected, since there 13 no reason to antict
pate a difference 1n sensitivity between the two apparently
rdentical sperm nucler, one of which fuses with the egg nucleus
and the other with the polar fusion nucles With ultra violet

1 This 1s shown by the ratio of total visible mutations appessing 1n the

3 pared with total di inferred from the segregs
tion of defective pollen by the F; plants It 1s also shown imn the case of
a selected gene (A) by the fact that among 200 cases where X ray treat
ment caused loss of the domnant effect, all involved some loss of via
bility and were probably deficiencies, none was sunply due to mutation
to the recessive allelomorph, while among a smaller number of cases where
ultra violet light treatment caused loss of the A effect, four wers shown
to be true t: toa h (Stadler, L.J 1941)

2 In experiments n which end d for the 2

A Pr, Su were recorded, 79 8% of all deficiencies were fractional (figure
obtaned by groupmng all data given by Stadler LT & Uber F M 1942)
It 16 possible that the 20 % of entire deficiencies represent cases where, by
chance both sister ch ds have been independently broken That
such chance d 5 will not be q o] d by the fact
that in the same experiments 13 % of the seeds wers obseryed to be ssmul
taneously deficzent for two or more of the characters A Pr Su although
some comcident defictencies are not observable being phenotypically
mndistinguishable from single defi and others pi bly behave
as dominant lethals
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Iight, however, there 15 a great dufference, deficiencies being
much more frequent in the endosperm than in the F, plants
The difference 15 presumably due to restitution of an ultra-violet-
induced break being less probable in the endosperm than in the
embryo :

{d) Following X wrachation of pollen deficiencies and inter
changes are found with comparable frequency mn the F, plants
But after ultra violet wradiation of pollen, mterchanges are
much less frequent than deficiencies and such as have been
found are incomplete : If1t 1s borne in mind that the ultra violet
deficiencies observed n the embryo constitute a small fraction
only of those primanly produced (according to the evidence i
(c} above), 1t 1s clear that ultra-violet hght 1s able to produce
breaks but that these have much less chance of combining to form
nterchanges than when the breaks are produced by X rays The
Teason 1s not clear, the phenomenon appears to be general, be g
exhibited by Drosophila and Tradescantia as well as maize It
not to be explained on the single 10mzing particle argument used
in (b), since it 15 known (in the cases of Drosophila and Trade-
scantia) that the two breahs tahmg part in an X ray induced
nterchange are usually produced by separate 1omzing particles

() Ultra-violet mduced deficenues appear to be entirely
termanal,s winle X ray-induced deficiencies are mamly or en-
twrely interstial  An mterstitial deficiency nvolves exchange
between two breaks, so that we have here an additional mstance
of the smaller probabihty of exchange occurring between two

1 McChintock, B (1939) has shown that if a (mechanically) broken

h 18 present n endosperm oOr g phyte, sister union will
oceur at the breakage pont when the chromosome sphits  In the embryo
however mister union at a breakage pont does not occur Once sister
unton has oceurred, restitution 15 clearly impossible and thus the lower

probability of on m endosperm than m embryo suggested by
Stadler's ultra violet light experiments mav be due to sister umion
oceurring in endosperm and not i embrvo The difference will not be
shown by X ray deficiencies since the-e usually involve both chromatids
of the sperm chromosome and sister union will therefore presumably
occur before fertilization {But m any case X ray deficiencies are not
usually termmal )

2 I'e of the four breakege ends onlv two umte Ay a result an acentric
f::gt:l::t :i;eﬁ.e:lml:au;f:hed and ls{ ]os:f Such mncomplete nterchanges
Chnngcqp uce Y rays but less frequently than complete inter

3 Singleton W R (1939) Singleton W R & Clark, ¥ J (1940)
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breaks produced by ultra violet light than between two breaks
produced by X rays

Tho relative efficiency of different wave-lengths of ultra violet
Iight in inducing genetical change have been compared with

Wave length
Fio 29 The relative efficiencies of different wave lengths of ultra violet Light
m inducing mutations A maize pollen (Stadler & Uber) B fungal spores
{Hollaender & Emmons) C Inerwort spores (Knapp & Schreiber) The solid
£ 1

acid at dif

ourve shows the relative absorption o!
ferent wave lengths

several experimental matetials, and the results are given mn
Fig 20 It 1s interesting to note the similanty between the
various curves of genetic effect and the absorption spectrum of
nucleic acid The mnference 1s that 1t 13 absorption of ultra violet
light by the nucleoprotein of the ch which leads to the

genetical effect




Chapter VI

THE PRODUCTION OF CHROMOSOME STRUCTURAL
CHANGES BY RADIATION:

Expenmental materials

The production of structural changes m the chromosomes by
the wrradiation of Drosophila sperm and of marze pollen has been
briefly described m Chapter v 1n connexion with the genetical
effects associated with these changes In the present chapter
we continue this discussion, and describe also chromosome
structural changes in other orgamisms

In Drosophila melanogaster, which has been very extensively
studied genetically, chromosome structural changes can be
recognized by genetical means, based on the changes in the link
age relations of genes which follow their rearrangement mn the
chromosome set and on numerous spectal methods In recent
years, however, studies of chromosome changes in Drosophila
have increasingly been made cytologically by examnation of the
salivary chromosomes, and with other orgamsms which have
been less extensively studied genetically the cytological method
13 the normal one For the detailed study of structural changes
1t 18 necessary to use nucler n which the chromosomes are large
and few 1n number, and 1n relatively few species are these condi-
tions satisfied In view of the almost complete universality of
the chromosome mechamsm, 1t may reasonably be anticipated
that the main conclusions derived from the study of chromosome
changes 1n the relatively small number of favourable expen-
mental matenals will be of wider application Some caution 1s,
however, needed mn proceeding in this fashion, as 15 evidenced by
certamn detatled dafferences 1n the mechansts of production of
structural changes shown by the different organisms which have
been nvestigated

Chromosomes are, 1n general, only observable during cell
division, and observations of structural change are made by
1 This chapter 13 & d p pally to a stat of the exper:
mental results Detatled interpretation 1s deferred to Chapter v
0‘2 See Darlngton CD & La (‘Lour L} {1942), The Handling of

for the exp t que of prepanng mat
cytological examination paring material for
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examination of metaphase or anaphase figures in staned pre
parations  Irradiation during these phases does not cause 1m
mediate chromosome breakage, perhaps because of the existence
of o matrux of protein and nuclete acid which binds together the
coiled chromosome, o that even though the chromosome thread
may be brohen, the chromosome does not separate into two
preces  For tho production of structural changes 1t 13 necessary
to wwradiate during the resting stage, or early prophase s Thus,
the general procedure 1s to trradiate, to fix the material some
hours or days subsequently, and to e metaphase and
anaphase figures 1n the fixed preparations: Aberrations seen,
for example, 1n metaphaso are then due to radiation which was
given to the cell at a stage prior to metaphase corresponding to
the time mterval which elapsed between irradiation and fixation
If the time scale of the Iife cyclo of the material 1s hnown, the
stago at which the radiation was given 13 known Some un-
certainty, however, 18 introduced by the fact that wradiation 13
hable to cause a lengthening of the time scale s

This method has been adopted in studying rhromosome
aberrations 1n rapidly dividing root tips of seedlings of omon,
bean, tomato and other species + Root tips have the ments of
small size and ready availability, and also the ment that 1 the
growing regions of the tip the proportion of cells 1 mitosis 1s
high

Another method of studying chromosome aberrations m plant
material which has been found convement 1s to irradiate flower
buds and to study division figures 1n the developing pollen
Etther the merotic division of the pollen mother cell may be used,s

1 Irradiation during t hase may lead to aberrations
being discoverable at & subsequent dl\ 1sion Thus |f Scuzra oocytes are
uradisted dunng meictic first or ong can

be detected 1n the sahivary gland chromosomes of the F, larvas {Metz
CW & Bozeman ML 1940, Reynolds J P 1941 Bozeman M L 1843)

2 In favourable materials 1t may be possible to observe breaks i
prophase chromosomes and 1n this event fixation may be carried out
immediately after wradiation Thus Bishop DW (1942) was able to
demonstrate the existence of breaks m chromatids at the pachytene or
diaksnes:s stages 1n Orthoptera 3 min after wradation In general how
ever observations ate made at metaphase or anaphase

3 bee Chapter viIt

4 Eg Marshak, A (1937) Marquardt H (1938) Sax K (1941a)

5 Eg Marshak A (1935)
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or the first: or the second: haploid mutosis In Swanson's
method of studying the second baploid mitoss, which in Trade-
scantia occurs after germnation of the pollen, the pollen 15
germinated on a smear of artificial medium on a glass siide An
hour or two after germination the generative nucleus enters the
polien-tube which has a diameters of only 6 Consequently the
chromosomes are accessible to wrradiation even by weakly pene-
trating radiations such as ultra-v1olet hghts orsoft X-rays s The
pollen-tubes are fixed and stamed about 24 hr after germination
and the metaphase chromosomes are examumed It 1s convenients
to add acenaphthene or colchicine to the artificial culture
medum  These chemicals prevent spindle formation i the
dividing cell so that the chromosomes are seen lymg i tandem
formation 1n the pollen-tube i a manner favourable to the
observation of breaks
When chromosome breaks in Drosophila are bemg studied
cytologically the method 1s to irradiate male flies to mate them
to untreated females, and to collect the larvae from the culture
The salivary glands of the mature larvae are dissected ont
stamed, smeared and mounted, and the giant saliary chromo
Somes examined s Since many divisions occur between wrradia
tion of the sperm and fixation of the salivary glands, 1t 15 evident
that yviable chromosome changes will not he obseryable by this
method This 15 a disadvantage of the use of salivary chromo
somes which 13, howeter, for many purposes outweighed by the
fact that chromosome changes can be studied in a detail not
Possible n other materials
The chromosomes in the mature sperm are 1n an mnactive state
This results 1n a further difference between expernnents on
Drosophalz sperm and expenments on cclls which are either m
Interphase o1 in prophase but i ether event are developing
Chromosome breaks which are induced in Drosophila sperm by
Uradiation do not take part 1n structural rearrangement until
the sperm enters the egg  On the other hand, n developing cells

rearrangement takes place during and immedintely following the
uradiation

UEg Sax K (1940 2 E
g Swanson, CP (1940)
3 Catcheside DG & Ten D E (1943)
4 ;;mnson CP (1940 1942 1943)
5 Eg Catehesde D G (1938a) Cp Plate Illa b
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An amimal with large chromosomes, which has been found
convenent for the study of chromosome structural changes at
the divsion following irradintion, is the grasshopper: Either
mitosa and meioais of the germ cells 1n the testis are observed,
or mitoss of the neuroblasts of the embryo

Structural changes and physiological changes in chromo-
somess

The chromosome changes with which we are concerned in this
chapter are breakages, and structural rearrangements resulting
from the joining 1n vanous fashions of the several breakage ends
present 1n a nucleus 1 which two or more chromosome breaks
have occurred This action of radiation appears to be direct, n
the sense that breakage 13 caused by an 10omzing particle passing
through or in the immediate vicimity of the chromosome at the
point at which the breakage occurs  Breakages of this sort and
the resulting rearrangements are, how ever, not the only type of

hange produced 1 chr by the wradiation of cells
Another change consists 1n the alteration of the surface proper
ties of the chromosomes so that they tend to stick together Thi
results 1 chromosomes at metaphase adhering where they
happen to touch, and to sister chromatids failing to separate
completely at anaphase, giving bndges In severe cases the
chromosomes may remamn clumped at metaphase so that no
further division stages ensue, or the brnidges at anaphase may
fail to break so that separate daughter nucler cannot be formed
The changes of this type do not appear to be due to localzed

damage to the chr at individual points, such as could
be explaned by the passage of g particles through these
points, but to a general change in surface properties covering the
whole surface of the ch We can convemently denote

this change as & physiological effect of radiation on the chromo
somes, mn contrast to the term afructural change which we
reserve for breakages, and rearrang ts by union of breakage

1 White, MI D (1937) Carlson JG (1938a b 194la b) Bishop
DW (1942)

2 See Plate II1 for micrographs of division figures showing chromo
some structural changes (Ca.teheslde DG) and Plnte IV for micrographs
of dzvasion figures h physiol 1 changes (Lasmutzk
1, Marshek A Carlson, J Q)
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ends, which can be attributed to a localized action of the radia-
tion on the chromosome thread
The most definite hypothesis which has been suggested for the
surface stickiness of the chromosomes characterstio of the
physiological effect 15 that the matrix of nucleic acid deposited
on the chromosome when 1t 13 n the condensed and spiralized
form assumed 1n division 1s, after irradiation, 1n a fld unpoly-
merized state matead of n the polymerized non sticky form -
The surface stickiness can be produced by means other than
uradiation, and appears to be a much less specifio effect than the
structural changes
In favourable cytological matenal m which each cell contams
a small number of large, and 1 some cases indivadually recog
nizable chromosomes, 1t 1s possible to distingwsh with certainty
betw een the two types of chromosome abnormahty s Thus when
two chromosomes are attached at metaphase, 1t 1s possible to
decide whether the cause 13 a chromatid mterchange (F3, Fig
81), which 15 a structural change, or 1s due to the chromosome
surfaces sticking together along a portion of their length as a
result of the physiological effect When a chromosome which 1s
normally V-shaped sssumes the form of a ring 1t 15 possible to
deeide whether a ring and fragment structural change (D4, Fig
30) 1s concerned, or whether the ends of the chromosome have
simnply stuck together as an expression of the physiological effect
of radiation
By expertments on such favourable materials 1t has been
established that the phystological effect of radiation, resulting in
a stickiness of the matrix, 18 exhibited m cells which are already

I The terms employed 1n the hterature are primary effect of radiation
for what we describe as physiological effect and secondary effect for what
;’e deserbe as structural change (Alberti, W & Politzer, G 1923, 1924,
: :karek J 1927 Marquardt, H 1938) We have preferred not to use
w;::e t;:l'mﬂ, Since 1t 13 rather confusing mn & treatment which deals mainly
eﬂ‘eczt' '® mechanism of action of radiation to describe as a ‘secondary
e What 13 probablv s rather direct action of rediation on the

'mosome thread and as a ‘primary effect’ what 13 possibly a less
rect action of radiation

2 Datlington ¢ D (1942)

Cnilscop Marquardt, § (1938}, pollen grain mitos:s in Bellevalz romana

mos:-J G (19418) neurcblast mtosis i Chortophaga, Bax, K (1941a)

{1943, n Allum root tips Sax, K & Swanson, CP (1941) Koller, P C
- Pollen gramn mitoms and root t1p mutosis o Tradescantia
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in divasion at the timo of irradistion  Such cells continue
division, perhaps with some lengthening of the duration of the
various atages These colls, particularly those in prophase at the

SVMMETRICAL ASYMMETRICAL
INTRACHANGES INTRACHANGES
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Fio 30 Structural changes induced o unspht chromosomes

time of wradiation, are hable to show the stichiness of the
chromosome surface typical of the phymological effect, leadmg
to clumped metaphases and bridges at anaphase With large
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doses excessive clumping may prevent mitosis bewng com-
ploted «
Cells not already in division at the time of iwrradiation, but
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Fra 31 Structural changes induced 1n split chromosomes
neanng the end of interphase,2 experience a delay, and enter
mitosis some hours or days later, the duration of the delay

1 Soe Chapter 1x for further details
2 Orn the mitial stages of prophase, Carison, J G {1941a)
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depending on the matenal and the dose: By the time theso
cells enter division the cell has recovered from the physiologieal
effect,» which appears to be a roversiblo process, for the chromo
somes 1n the metaphase and anaphaso of these divisions do not
exhibrt the surface stickiness characteristic of the phymological
effcct They may, howeyer, show structural changes

It has been concluded, therefore,s that the physiological effects,
but not the structural changes, are exhibited by the cells already sn
division at the time of wrradiation, and that the structural changes,
but not the physiologrcal effects, are exhibited by the cells which enter
dwision after the expiration of the period of reduced mstotic
actinty which follows syrradiation This generalization s based
upon the study of a limited number of cytologically favourable
matenals (see p 193, footnote 3), which are however not hmited
to a single type of tissue or class of orgamsm  In a less favourable
material, in which the cell contans & large number of small, not
mdividually recognizable chre , 1t 15 not possible to dis
tinguish between the two ty pes of chromosome abnormalty by
oytological examination It1snot certain whether the generaliza
tion we have just given applies also to these materials

That the physiological effect (surface stickiness of chromo
somes) 18 not exhibited 1n cells which enter division some hours or
days after irradiation, requires no special explanation other than
that recovery 1s possible from the physological change con
cerned That chromosome aberrations of the structural change
type do not occur 1 cells already mn division and past md
prophase at the time of irradiation can reasonably be explamed
on the bass that although an 10mzing particle passing through
the thread may still cause a break, the nucleic acid deposited on
the spiralized chromosome tends to hold 1t together and hinders
the separation mto two parts of & chromosome of which the
thread has been broken If such separation occurs, the mutusal

repulsion that appears to exist bet metaphase chr 3
presumably prevents exchange occurring between breaks m
dafferent chr ymes « In Drosopkila sperm the chr

1 See Chapter vIII
2 At any rate m the materials mentioned 1 footnote 3, p 193 It

poasible that recovery 15 not complete 1n the case of some animal tissues
{see Chapter 1X) 3 Marquardt, H (1938)

4 Irradiation during metotic metaphase and ansphase does lead to
structural chenges m Scwgra {Bozeman ML 1943) Interchanges
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are beheved to be mn a highly condensed state sumilar to their
state during mitosis, and there 1s clear evidence that the chromo-
some thread can be broken by wrradiation of the sperm but that
breakage ends cannot jomn until the chromosomes assume a less
condensed state x

Fragmentation 1s sometimes found in cells exammed at ana-
phase m experiments 1n which, according to the generalization
gwen above, only the physiological effect of raciation 1s ex-
pected  Most authorss suppose these fragments to be due to
mechamcal breakage of chromosomes proceeding to opposite
poles at anaphase, but stuck together as a result of the physo-
logical effect It 15 not 1mpossible, however, that some breaks of
the structural type are mduced in chromosomes irradiated
sufficiently late 1n prophase to escape the miubition of divasion
expenienced by cells not so far advanced s Experiments such as
those of Marshak+ 1n which root tips of vanous plants are fixed
800n after wradiation, and the proportion of anaphases which
show fragments or bridges recorded, probably deal with a mux-
ture of changes of the physiological and structural types, and are
consequently difficult to interpret

TYPES OF STRUCTURAL CHANGE

The prmcipal types of chromosome structural change produced
by 1omzing radiations are illustrated diagrammatzcally i Figs
30and 31, Fig 30 applying to cells in which the chromosomes are
unspht at the time of rrradation, and Fig 31 to cells in which
the chromosomes are split At metaphase or anaphase, when the
aberrations are observed, the two sister chromatids formed by the
longitudinal sphitting of each chromosome are separately visible
The exact time prior to metaphase at which sphitting oceurs has
betueen ch
{

ns ) wnthin chr

1 Muller, HJ (1940)

2 Marshak A (1937) White, MJ D (1937), Marquardt, H (1938),
Bax K (1941a), Sax K & Swanson, CP (1941)

3 Thus Bishop, DW (1942) was able to detect breaks at diakinesis
m Chmophuga 3mun after irradiation The chromosomes ‘were not stuck
008831&!, and these breaks cannot bo explamned as h 1 breal
of g to sep but stuck t her as a remflt,

are rare pared to structural rearrangements
defi lunl

of the physiologieal effect
4 Marshal, A (1937 1939b) Marshak, A & Hudson J C (1937)
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been a matter for dispute, opinions ranging from early prophase
of the same division to as far back as prophase of the preceding
dimsion X ray expeniments themsoh es furmsh some mnforma
tion on the time of split « If, at metaphase, all aberrations are
seen to involve both chromatids in the same way, thisis evidence
that at the time when the structural rearrangement took place
the chromosome was single If, on the other hand, 1t 1s observed

h " 4
Tanrr 46 Tr from chror to chroma types of

a8 p 1

PP

Tradescantia pollen gran mutosis?

Hours before metaphase 34 33 32 31 30 29

1 t por 100 cells Ct 120 99 99 111 81 51
Chromat:d 00 06 00 39 42 33

Hours before metaphasa 28 27 28 25 23

Interch per 100 cells Ch 99 39 00 00 00
Chromat:d 21 61 66 108 177

Chortophaga neurcblast mitosis?
Hours before metaphass 72 48 38 24 12
Interch per 100 cells C 25 2 15 8 0
Chromatid [} 1 3 12 12

1 Bax, K (1941b) 160r Numbers given by Sax have been multiphed by
3 to convert from breaks per 100 chromosomes to sberrations per 100 cells
2 Carlson, J G (1941d), 125 ¢

that one chromat:d takes part in a structural rearrangement in
which the other does not teke part, 1t 1s evidence that the
chromosome was already sphit into chromatids at the time when
the structural rearrangement occurred The evidence of radiation
expenments 18 not completely conclusive,s but we shall for the
purpose of classification of types of aberration be content to
describe as unsplit a chromosome which behaves as such mn
radiation experiments

In Table 46 data are given illustrating the manner m which
the numbers of chromatid and chromosome aberrations per 100
metaphase figures vary with the time elapsing between wradia
tion and fixation 3 It 1s seen that if the radiation 1s gaven 26 hr

1 Mather, K & Stone LH 4 (1933), Riley, HP (1036} Sax K &
Mather, K (1839)

2 Seep 204
3 Additional data for plant materisl are given by Newcombe H B

(1942a)
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or less before fixation, only chromatid aberrations are seen in
Tradescantia pollen-grain metaphases If the radiation 18 given
32 hr or more before fixation, practically only chromosome
aberrations are seen The indication 18 that splitting m these
experiments occurred between 26 and 32 hr prior to metaphase

Chromosome breaks

The smimplest type of aberration produced m an unsplit
chromosome 1s a stmple chromosome break or terminal deletion, as
tlustrated i column A of Fig 30 Termunal deletions can be ob-
served m experiments in which the cell 1s fixed at metaphase or
anaphase of the division next following irradiation At snaphase
the chromatid fragments formed by the sphtting of the deleted

Tasrr 47 Number of fragmenta per cell at various times after wrradiation®

Days elapsng between 13 21 3 5 (] 8 9 14
irradiation and fixation

Meannu{lnberoffmgments 248 194 186 130 093 100 055 005
per cel

fragment, lag behind the centric chromosomes which are migra-
ting to the poles Lagging 15 due to the absence of the centro
mere, and usually leads to failure of the two fragments to be
incorporated 1n the daughter nucleiz Consequently, if many
divisions elapse between nradiation and fixation, acentnc frag-
ments will not be observed Table 47 shows how the number of
fragments observed per cell m spermatogonial divisions of
Locusta migratoria dimimshes wath lapse of time between irradia-
tion and fixation 3 The whole time covered by the table 1s enougl.
for about four successive divistons

In view of these results 1t 1s not surpnsing to find that m
Drosophila experiments, . which sperm are wradiated and

I White MJID (1935)

2 Anobservation of Carlson, J G (1938b) on Chortophaga suggests that
1 this matenal one ch ad fi 115 included 1n each daughter cell
in the majonty of divisons But m Chortophaga (and 1n other materials,
©8& Onion root hips Sax, K 1941a) the chromatid fragments usually fail
%0 be meluded 1n the cell nucler and form mcronueley which eventually
degenerate

3 White MJI D (1935) The disappearance of fragments in successiye

Q1v1810n9 has also by bs the
oK 194Ia)o een observed 1n other materials, o £ 1nonion root tips
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saltvary gland chromosomes are examined, no acentne frag
ments aro found

The two new ends formed by the breakage of an unsplit
chromosomo usually join either with each other, restituting the
onginal chromosome, or with other breakage ends in the nucleus
gving various types of structural rearrangement The termmnal
deletions obscrved at metaphase are thus only a small fraction
of those mtially produced The magnitude of this fraction eanbe
estimated, though only by rather indirect methods It 15 about
one twenticth for breaks produced 1n T'radescantia microspores :
The proportion of breakage ends produced by uradiation of
Drosophsla sperm which are still unjoined at the tume of chromo-
some spht 18 sbout one-querters In Tradescantia the sister
chromatids formed by the sphitting of a broken chromosome do
not fuse at the breahage point but remamn separate,s 83 indicated
i diagrams A3 and A5 of Fig 30 In some other matenals
however sister chromat:ds fuse at the breakage points giving &
dicentrio chromatid and a single acentric fragment (diagrams
Ad and A6, Fig 30) The dicentno chromatid forms & bridge at
anaphase, which usually eventually breasks The breakage ap
pears often to be at the pont at which fusion oceurred,s but
this 1s not mvarable, so that duplications and deficencies may
result from the anaphase bridge If the onginal break occurred
near the centromers, so that the two centromeres in the
dicentric chromatid are close together, the dicentric chromatid
inay remamn on thc metaphase plate and so be completely
ost 5

When an snaphase bndge breaks, each daughter cell 1s left
with a chromosome with a brokenend It 18 possible thatn such
cases sister unton again occurs when this broken chromosome
sphts, leading to further bndges,s until Joss of the chromosome
or death of the cell eventually occurs The manner mn which
anaphase bridges are gradually ehminated 1n the successive cell
divisions, probably by death of the cells carrymng the aberrant

1 Lea, DE & Catcheside, D G (1942)

2 Chapter v, p 169

3 Sax, K & Mather, K (1939)

4 Cerlson, J G (1938a)

5 Cp discussion by Pontecorvo, G (1942)
6 d 1 maeize g; hyts

As
MecClintock, B (1938)
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chromosomes, 18 lustrated m Table 48, which shows how the
proportion of abnormal anaphases dunmnishes durmg the develop-
ment of an omon root growing from a bulb wradiated in the
dormant state and subsequently germinated

TasLe 48 Gradual of st 1 h

{Onion root tips Sax 194la)

Koot length {em ) 1 2-3 6-8 1013 20-25
Abnormal anaphases (%) 48 33 21 1 0

The gradual dsappearance of abnormal mitotic figures after
iradiation has been demonstrated i chich fibroblast cells grow-
mng n culture 2

Chromatid breaks

Irradiation at a stage m which the chromosomes are already
split may produce a break m one only of the sister chromatids
ging a chromatid break, as illustrated 1n column A of Fig 31,
and Plate II1 d,e The broken fragment remains close to the
unbroken sister chromatid fragment i metaphase, possibly
being held to 1t by a matrix which envelopes both chromatids s
The chromatid breaks vary 1n distinctness, sometimes appearing
only as achromatic lestons 1n the chromatid, and are not easy to
score with accuracy In some materialss constrictions are seen
1n the chromatids at anaphase, and these may be half-chromatid
breaks,1e breaksinone only of the two threads of the chromatid,
which must (on this interpretation) be inferred to be already
sphit mnto two threads in anticipation of the next cell division

As with chromosome breaks 1t 13 believed that the chromatid
breaks observed at metaphase constitute only a minority of those
mtially produced, the majonty restituting or umting with other
breakage ends to give the more complex structural changes

1 Sax K (1941a) The dicentrics recorded in this expermment nre due
not onlv to the sister union of broken chromosomes but also to asym

metrical interchange between non homologous chromosomes

2 Lasmitzki I (1943a)

3 Swanson CP (1842) observing the pollen tube mitosis i Trade
acanha

4 F g Chortophaga neuroblast mitosis, Carlson J G (1938a) Trade
scantia pollen tube mitosis Swanson C P

(1943) Tradescantia poll
mother cell metosis, Nobel B R (1937) Feten
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Isochromatid breaks

In addition to cases where a singlo chromatid 13 brohen, there
are matances whero both chromatids are brohen at the samelevel
This typo of aberration 18 termed an wockromatid breal, and 13
illustrated n column B of Fig 31 and Plate Illc,d It s
behoved to be produced by o single 1omzing particle which
passes through, and breaks, both of the chromatids of the
already split chromosome It 1s clear that the metaphase con-
figurations (B3, Fig 31) are similar to tho metaphase configura-
tions possible 1n tho case of & chromosome which has suffered 5
termmnal deletion in the unsphit stage (A 3,4, Fig 30), and has
subsequently spht ‘The question obviously anses whether we are
Justified 1n regarding 1sochromatid breaks as twin breaks pro
duced at the stage when the chromosome 1s already spht, or
whether they aro not, in fact, produced by the breakage and
subsequent sphtting of a chromosome which 15 unspht at the time
of irrachation

The existence of the 1wochromatid break as s distinct type of
aberration 13 conclusively established i the case of Tradescania
microspores, the argument runs as follows It 15 known that
mterchange between breaks mn different chromosomes occurs
within & few minutes of the brenk bemng formed This follows
from the manner i which the yreld of mterchanges produced by
a given dose depends on the mtensity (see p 262) It 1s evident
therefore that if 1t 13 observed that the interchanges produced
when a microspore 1s arradiated are chromatid mterchanges s
volving one but not both sister chromatids (E, F, Fig 31), this
shows that at this stage the chromosomes are sphit But 1so-
chromatid breaks are obtamned nhen microspores are uradnnteti ab
this stage, and occasonally even m the same cells and the same
chromosomes m which chromatid interchanges are also found

The conclusion that 1sochromatid bresks are caused by a simgle
1omzing particle traversing and breahmng both of the mster chro-
matids of an already spht chromosome 1s strengthened by the
fact that ultra violet hght does not produce 1sochromatid breaks,
though 1t does produce chromatid breaks: Quantum absorp

1 D ted 1 ZTrade pollen tubes by Swanson CP
(1940 1942) confirmed by Catchesido D G & Lea, DE (unpublished)
Inferred also 1n maize pollen (see Chapter v, p 186)
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tions in an ultra-violet light experiment are not localized in hines
1n the manner 1n which Jonizations are localized along the paths
of 1onizing particles in an X ray expenment, 50 we should not
expect with ultra-violet light to obtamn breahs in both sister
chromatids at the same level (except by chance comncidence of
mdependently produced breahs)

The ratio of the number of 1sochromatid breaks to the number
of chromatid breaks obtamned with a given dose of X-rays varies
with the stage of prophase at which the chromosomes are wradi~
ated The ratio 1s hugher 1n early prophase than n late prophase,
ag1s shown n Table 49 At early prophase the chromatids are

TaBLE 49 The ratio of the bers of woek d and ct d breaks
nduced at different stages of prophase

Tradescantia prophase of pollen gramn divison?
Hours before metaphase 21 12 ]
Ratio 1sochromatid chromatid 243 147 079

Tradescantiz prophase of pollen tube division?

Hours after gormmation of the 0 1 2 3 4 5 6-15
pollen gramn

Ratio 1sochromatid chromatid 250 065 041 024 021 018 014
1 Sax K (19415) 2 Swanson CP (1943)

closely associated An onizing particle which passes through
one has therefore a high probability of also passing through the
other As prophase advances the chromatids spiralize mn separate
sprrals, and their distance apart increases The probability of an
lomzing particle which passes through one chromatid thread also
Passing through the other thus dimmmshes The chromosomes
‘were visibly split mto two chromatids 2 hr after germmation m
the Tradescantia pollen tube experiments: quoted mn Table 49
In view of the smooth rather than discontinuous change from
the stage at which most breaks affect both chromatids to the
stage at which 1sochromatid breaks are much less frequent than
chromatid breaks, 1t 1s evident that the X r1y method cannot
Bve conclusive evidence of a chromosome bemng unsplit  An
alternative view would always be that the chromosome 13 spht,
but the mster chromatids are still so closely juxtaposed that an
1on1zing particle w hich breahs one usually breaks both We hav e,
however, already pointed out that the X ray mcthod can give
1 Swanson, CP (1943)
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conclustve evidonce of the chromosome being splif We conclude
thereforo that of the X-ray experiments sudscate thut the chromo-
somes are spht, this can be rehed upon, but X-ray evidence for a
chromosome besng unsplst 18 not final

The typical appearance of an wochromatid break 13 that
ilustrated 1n the uppermost of the four alternative forms shown
in diagram B3 of Fig 81 After breakage, suster chromatids

Tapre 50 Frequenocy of non union of sister chromatids at
Isach id breaks in Trade

{Irradiated at room temperature oxcept whers otherwise stated )
Types of isochromatid break %% of ends

Division ———te——— . notshowing Re-
exammed  Radimtion SU NUp NUd NUpd Total union ference
Pollengrain X rays —_ - = = 8 b
X rays 240 28 23 17 308 138 2
Xrays 1° 1801 80 110 14 2005 54 3
20° 1027 98 68 33 1228 85
30° 3(7)? 33 21 "Bg 362 91
a ra; 27 2
Pollntbe Xras 48 1 2 2 a5 30 3
a rays 18 2 3 7 30 n7 5

1 Catchesido, DG & Lea D E (1043) 1n dustal fragments, proximal non umons
not scored ( ! gments, P

2 Kotval, JP_(unpublished)

3 Catchesido DG, Lea DE & Thodsy J.M _(1946a)

4 Kotval, TP & Gray, LH (unpublished) I am grateful to theso workers for
access {0 their provisional results prior to publication

5 Catcheside, DG & Lea D E (1943) with additional unpublished data

undergo union (SU) at the breakage pont Less frequently
sister unton fails to ocour, either on the side of the breal. nearer
the centromere (1 @ no sister union prozimaily, NUp), or on the
side further from the break (1 e no sster umon distally, NUd),
or on both sides (NUpd) The frequency of non union seems to
depend on the type of radiation employed, being more common
with & rays than with X rays, as1s clearly apparent in Table 50 «
The obvious explanationz 1s that the more densely iomzing
radiation (« rays) does more damage to a chromosome that it

1 Thoday, I M (1942) did not heep a record of the frequency of non
union 1sochromatid breaks in his X ray and neutron experiments but
states that they are rare It 13 to be presumed therefore that the fre
quency of non umon d with pp $es more closely
to the X ray than to the & rey frequencies histed 1n Table 50

2 Catcheside, DG & Lea D E (1943)
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breaks, and leaves less readily jomnable breahage ends than does
the less densely 1omzing radiation, X-rays

Chromosome intrachanges

When two breahs are formed n the same chromosome, the
four breakage ends may (apatt from restitution) jomnin erther of
two ways, one way (symmetrical infrackange) feading to the sn-
version of the part of the chromosome between the breaks
(cotumns B and C of Fag 30), and one way (asymmetrical wtra-
change) leading to the removal of the portion of the chromosome
between the breakage powmts (1@ wntercalary deletion), and thus
to & ring and a rod, one of which will be without a centromeres
(columns D and E of Fig 30) The behaviour of the varous
aberrations 15 shown m Fig 30 When the ring chromosome
formed i this way sphts, the chromatids may freely separate
(D5 of Fig 80), or mterlock (D7), or form a single double-size
dicentric rings (D6) depending on the amount of twist of the
chromosome which occurred between breakage (D2) and jommg
of the breahage ends (D3) A dicentnic ning, or a parr of nter-
loched rings, will give rise to bridges at anaphase After break-
age of theso bridges, fusion of the two breakage ends m each
daughter nucleus will probably oceur reforming & ring chromo
some 1n each nucleus 4 Acentric rings or fragments will usually

1 Since 1t 13 known that radiation given 1n early prophsse retards to
some extent the course of mitosis, end since dufferent doses and types of
radiation mey retard to different extents 1t 19 arguable that in the case
of observations made at the pollen gram mitosis the cells were not
necessarily all in the same stage of prophase when urradiated though in
all cases irradiated 24 hr before metaphase This mught explain the
difference between X rays and « rays if the Jomnabihty of breakage onds
wero greatly affected by the exact stage at which the chromatids were
broken Considerations of this sort should not, however, apply in th,
gollen tube experiments in which the stage at the time of yrradiation |:

d by the tiume el b of the pollen and
wrradiation

2 Tt 1s possible (McClintock, B 1938) for both the rin,
hav: a cemmm;;re when (fme of the !2 ray induced brgu:dd::‘:l:dﬂ:
centromere itself into two func
Sontromer tioning portions 1his 19 probably a very

3 Sax, K (1940 194la)

4 Arguing by analogy with the behaviour of interlocked an
Tings at somatic divisiona 1n a tn;
tock, B 1938, 1941b)

d dice:
g chromosome stock 1 marze (Mc?"i::‘:e
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conclusive evidenco of the chromosomo being aphit We conclude
thereforo that if the X-ray experiments sndicate thut the chromo-
somes are aplit, this can be reled upon, but X ray evidence for a
chromosome being unapht 1a not final

The typieal appearanco of an 1sochromatid break 1s that
ilustrated in the uppermost of the four alternative forms shown
mn dingram B3 of Fig 31 After breakage, sister chromatids

TanLe 50 I'mguenc) of non union of mster chromatids at
d breaka in Trad

{Trradiated at room temperaturs except whers otherwise stated }
f %
Division Types of isochromat:d break o :!{::—;d‘ng Pe-
examuned  Radistion SU NUp NUd NUpd Total unmon ference

Pollen grain X rays —_ = = e 6 T
X rays 240 28 23 17 308 138 2
Xraya 1° 1801 80 110 14 2005 54 3
20° 102 08 68 33 122 95
30" 32? 32 21 [ 362 9 ;
« rays 32 27 288 18 75 4
Pollen tube X rays 435 1 2 8'.’ 50 70 3
a rays 18 2 3 7 30 37 5
umons

1 Catcheside, DG & Lea DE M3} ximal non
so8 e (1943} 1n distal fragments, pro:

2 Kotval, J P (unpublished)

3 Catcheside DG Lea DE & Thodsy JM (1946a)

4 Kotval, JP & Gray L'H (unpublished) I am grateful to these workers for
access to thewr provisional results prior to publication

5 Catoheside, DG & Lea D E (1943) with additional unpublished data

undergo umion (SU) at the breskage pomnt Less frequently
sister union fails to occur, exther on the side of the break nearer
the centromere (1 ¢ no sister union proxmally, NUp), or on the
side further from the break. (1 ¢ no sister umon dustally, NUd),
or on both sides (NUpd) The frequency of non umon seems to
depend on the type of radiation employed, being more common
with a rays than with X-rays, as 13 clearly apparent in Table 50 :
The obvious explanations 15 that the more densely tomzing
radiation (a-rays) does more damage to a chromosome that xt

1 Thoday, J M (1942) did not keep a record of the frequency of non
umon 1sochromatid breaks in his X ray and neutron experimments but
states that they are rare It 13 to be presumed therefore that the fre
quency of non union obtamed with neutrons appro<umates more closely
to the X ray than to the & ray frequences listed 1n Table 50

2 Catcheside DG & Lea DE (1943)
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gramn mutosis as small bodies (ssodrametric fragments), pr d
to be rings, and most commonly of about 1z diameter

Chromatid intrachanges

The corresponding types of aberration occurnng in & chromo
some after 1t 13 split, 10 iversions and deletions nvolving a
single chromatid only, are shown 1n columns C and D of Fig 31
and Plate III f To avoid excessive multiplication of the number
of diagrams, only snter arm snfrachanges have been shown, and
wntra-arm ntrachanges (in which both breaks occur in the same
chromosome arm) have not been llustrated, although they occur

Tasre 51 Relat: qt of 1 and asy 1 types of
chromatid intrachange at the pollen gramn metaphase 1n Tradescantia®
No of h Prop of intra
Temp —_ —A— changes which are
°C Symmetnical Asymmetrical — Total asymmetrical
1 321 206 527 0394002
20 141 129 270 0484003
10 32 24 56 0431007

Fuither, mtrachanges between two breaks, one of wiich 13 m one
chromatid and the other of which 13 n the sister chromatid, have
not been shown It 1s not usually possible to decide by examina-
tion of the metaphase chromosome whether the intrachange has
occurred between breaks m the same chromatid or mn sister
chromatids Probably these alternatives are about equally
frequent

The mterarm intrachanges can be classified observationally
mto symmetrical and asymmetncal types, though subject to
some error In the event of the intrachange bemng between
breaks 1n the same chromatid, asymmetrical ntrachange means
mtercalary deletion (column D, Fig 31) and symmetrical mtra-
change means inversion (column C, Fig 31) Some experimental
data of the relative frequencies of the symmetncal and asym-
metrical inter arm 1ntrachanges are given m Table 51

Interchanges

If each of two (unspht) chromosomes 15 broken, joimng of the
four breakage ends can gve mse either to a par of centrc

1 Catcheside DG, Lea DE & Thoday JM (19465) A
constant
dose of 150t of X rays was delivered at various dose rates
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bo lost as o result of failure to bo included in esther daughter
nuclous, the eventual result bomg often death of the cell «

By mspecting Fig 30 and comparing column B with column
D and C with E, 1t will bo realized that inversion and deletion
are alternative aberrations resulting from two breaks in a chro
mosome It 13 of somo interest to know whether the alternatives
are equally probable, but 1t 18 not very easy to obtamn informa
tion on this point In plant matenal, wuradiated before chromo
somo split and observed at metaphaso or anaphase following
wradiation, deletions can be observed but inversions are not
usually distingwshable from unchanged chromosomes In
Drosophila oxpeniments in which sahvary chromosomes are
observed, inversions can be recogmzed, but deletions, unless very
small, are not found since they are inviable However, there 1s
some information mndicating that deletions and inverstons of the

same length are equally freq i the X chr of
Drosophila »
In bdth Drosophla and Trad: minule wnterstihral dele

tions, 10 asymmetrical intrachanges between breaks produoed
close together in the chromosome, occur with high frequency
In Drosophila they are usually 1dentified by genetical meanss
and their extent then determned by exammation of salivary
ohr In Trad they are observeds at the pollen

1 Different orgamsms vary n thewr tolerance of heterozygous de
fioencies

2 Fano, U (1941), quoting experiments of Bishop, M Normal males
were wradiated and mated to females having attached X chromosomes
Zygot g an X cf from their father and an attached X'
from their mother are normally mviable However, if a large part of the
X chromosome of the father has been deleted by the action of the radie
tion, a viable femele results, which may be distinguished from X X/¥
fernales by recessive characters for which the X X chromosome 18
h

bewng supp bynormal all hs of these Ioct carrsed

1n the remamng part of the deleted X chromosome In this way the
fi with which del, of & given range of sizes occur can be
lated, and p with the freq with which mnversions of

the same range of 81ze are found 1n sahvary gland chromosomes

3 Thus Demerec, M & Fano, U {1941) mated wraciated male flies and
selected F, females showing the character Notch {notched wings) Many
of thess flies had small deficiencies involving the locus concerned {band
307), which were examined cytologically i female larvas of the Notch
stoc]

ks
4 Rick CM {1940), Newcombe HB (19424,b), Giles, N H (1943}
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gramn mitosis as small bodues (1sodiametric fragments), presumed
to be rings, and most commonly of about 1z diameter

Chromatid intrachanges

The correspondmg types of aberration occurring 1n a chromo
some after 1t 18 spht, 1e mversions and deletions mvolving 2
smgle chromatid only, are shown i columns C and D of Fig 31
and Plate ITL § To av o1d excessive multiplication of the number
of diagrams, only enter arm ntrachanges have been shown, and
ntra-arm wtrachanges (in which both breaks occur 1n the same
chromosome arm) have not beenallustrated, although they occur

Tasre 51 Rel frequency of 1 and 1 types of
chromatid intrachange at the pollen gramn metaphase in Tradescantia®
No of intrachanges Proportion of intra
Temnp - ~  changes which are
°C Syraretrical Asymmetrical — Total asymmetrical
1 321 208 521 039+£002
20 141 129 270 048+003
30 32 24 56 043+007

Further, intrachanges betw een tw o breaks, one of which 13 m one
chromatid and the other of which 19 1n the sister chromatid, have
not been shown It 13 not usually possible to deaide by examina-
tion of the metaphase chromosome whether the intrachange has
occurred between breaks in the same chromatid or in sister
chromatids Probably these alternatives are about equally
frequent

The mterarm wntrachanges can be classified observationally
mto symmetrical and asymmetrical types, though subject to
some error In the event of the mtrachange bemng between
breaks 1n the same chromatid, asymmetrical ntrachange means
tercalary deletion (column D, Fig 31) and symmetrical intra-
change means nverston (column C, Fig 31) Some experimental
data of the relative frequencies of the symmetrical and asym-
metrical inter arm 1ntrachanges are given mn Table 51

Interchanges

. If exch of two (unspht) chromosomes 15 broken, jormung of the
our breakage ends can give rise either to a pawr of centnie

do;e(inru]:g;snde DG Lea DE & Thoday JM (1946b) A constant
v of X rays was delivered at various dose rates
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bo lost as a result of farluro to be included in either daughter
nucleus, the eventual result bemg often death of the coli:

By inspecting Fig 30 and comparing column B with column
D and C wath E, 1t will bo realized that inversion and deletion
are alternative aberrations resulting from two breaks in a chro
mosome It 18 of some interest todnow whether the alternatives
are equally probable, but 1t 15 not very easy to obtamn informa
tion on this point  In plant matenal, uradiated before chromo
somo spht and observed at metaphase or anaphase following
wradiation, delotions can be observed but inversions are not
usually distinguishable from unchanged chromosomes In
Drosophila oxperniments in which sabivary chromosomes are
obseryed, mversions can be recognuzed, but deletions, unless very
smell, are not found since they are inviable However, there 15
somo iformation indicating that deletzons and inverstons of the
same length are equally frequent in the X chromosome of
Drosophsla =

In bdth Drosophila and Trad: tia, minule intershibial dele
tions, 1 asymmetnical intrachanges between breaks produced
close together in the chromosome, accur with hugh frequency
In Drosophila they are usually identified by genetical meanss
and thewr extent then determmed by examnation of salivary
chr In Trede they are observeds at the pollen-

1 Different orgamisms vary i thewr tolerance of heterozygous de
fioiencies

2 Fano, U (1041}, quoting experiments of Bishop, M Normal males
were wrradiated and mated to females having attached X chromosomes
Zygotes recerving an X chromosome from their father and en attached X
from their mother are normally invisble However, if a large part of the
X chromosome of the father haa been deleted by the action of the radia
tion, a viable female results, which may be distinguished from X' XY
famalea by recessive characters for which the X X chromosoms 18

bein, by normal allel -phs of these loci carried

m the rammm.ng pm of the deleted X chromosome In ths way the
qQ y with which del of & given range of sizes oceur can be
leulated, and d with the freq with which inversions of

the same range of size are found 1 sshvery gland chromosomes
3 Thus Demerec, M & Fano, U {1941) mated wradated male flies and
) F, fernales sh the ck Notch hed wings) Many
of these ﬂ.\es had small defi lving the locus d {band
3C7), wiuch were examined cytologically in female larvae of the Noteh

stocks
4 Rick CM (1940) Newcombe H B (1942a b), Giles N'H (1943)

v
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gram mitosis as small bodies (1sodiametric fragments), presumed
to be rings, and most commonly of about 1z diameter

Chromatid intrachanges

The corresponding types of aberration occurring 1n a chromo-
some after 1t 18 split, 16 nversions and deletions wnvolving a
single chromatid only, are shown m columns C and D of Fig 31
and Plate I1I f To avoid excessive multiplication of the number
of diagrams, only wnier arm intrachanges have been shown, and
wntra arm ntrachanges (in which both breaks occur in the same
chromosome arm) have not beeniflustrated, although they occur

Tanre 51 1 freq 'y of 1 and 1 types of
chromatid intrachange at the pollen gramn metophase in Tradescantia®
No of intrachanges Proportion of intra
Temp ~ N changes which are
°C Symmetnical Asymmetnicel — Total asymmetrical
1 321 206 527 0394002
20 141 129 270 048+003
10 32 24 56 043+£007

Further, intrachanges between two breaks, one of which 13 1n one
chromatid and the other of which 1s 1n the sister chromatid, have
not been shown It 13 not usually possible to decide by examina-
tion of the metaphase chromosome whether the intrachange has
occurred between breaks i the same chromatid or in sister
chromatids Probably these alternatives are about equally
frequent

The mterarm mtrachanges can be classified observationally
mto symmetrical and asymmetrical types, though subject to
some error In the event of the intrachange bemg between
breaks 1n the same chromatad, asymmetrical intrachange means
Intercalary deletion (column D, Fig 31) and symmetrical intra-
change means myersion (column C, Fig 31) Some experimental
data of the relative frequencies of the symmetrical and asym
metrical mnter arm mntrachanges are given in Table 51

Interchanges

. If each of two {unsplit) chromosomes 1s broken, Joimng of the
our breakage ends can give rise either to a parr of centric

du;eCz;ul:heslde DG Lea DE & Thoday, J M (1946b) A constant
of 150r of X rays was delwered at various dose Tates
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chr ( trical snterchange, nlso ealled eucentric inter-
change, column F of Fig 30), or to a dicentnio chromosome and
an acentric fragment (asymmelrical snterchange, nlso called dys

cenlric or tric anlerchang 1 G of Fig 80 and
Plate III 4, 5) Tho behaviour of these abetrations at anaphases
shown in the diagrams Symmetrical interchange does not lead
to any mechameal difficulty, nor are the daughter cells deficent
for any portion of the chromosome Symmetrical mterchanges
should therefore be viable, and they are frequently observed
salivary chromosomes They are not readily distinguished m
mitosis from unchanged chromosomes Asymmetrical mnter-
changes result 1n the formation of an acentric fragment, which
usually fais to be mncluded 1n either daught leus At ans

phase the dicontrio chromatids formed when the dicentrie chro

mosome splits may either go to separate poles (G& of Fig 30}
or form & cnss cross bridge (G 6), or mterlock (G7) The relative
frequencies with which these types are seen 1n omon root-tip:
anaphases are 2 3 1, 1n grasshopp blasts anaph

9 &5 1 These figures suggest that types G5 and G6 aro ap-
proximately equally frequent and that type G7 1s rarer

Symmetrical and asymmetrical interchanges wvolving &
smngle chromatid only are shown in columns E and F of Fig 31,
and Plate ITl g,

Asymmetnical mnterchanges, whether chr or chro-
matid, since they mvolve the formation of acentric fragments, are
hikely to be non-viable Apart from the deficiency caused by the
loss of the fragment, the exwtence of dicentric chromosomes
which sometimes form bridges also causes mechameal difficulties
at divison In consequence the proportion of cells carryng
acentric fragments or dicentric chromosomes gradually d-
mimshes m succesnive divisions following wradiation The data
we have already given in Tables 47 and 48 illustrate this

The death of cells as a result of asymmetncal interchange, or
of mster-union following a chr or 1sock t1d break, 18
due not only to geme unbalance resulting from losses of the
chromosomes affected (though 1 many orgamsms this would be
a sufficient cause for death) but sometimes also to other causes,
perhaps the mechamcal difficulties expenienced by diniding cells
in which brdges sre formed at anaphase For mn Drosophila

1t Sax K (1941a) 2 Carlson, J G {19415)
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chromosome loss following either type of aberration 1s lethal in
& large majority of cases, even in experunents where by use of
spectal stocks 1t 18 contrived that the orgamsm could be viable
without one or two of 1ts chromosomes

It 15 of interest to compare the frequency with which sym
metrical and asymmetrical interchange occurs  In unspht chro
mosomes this 18 difficult, since symmetrical interchanges often

TaBLE 52 Rel of sy 1 and

1 o} d h

(X rays at room temperature except where otherwise stated }

Nos of interchanges
——A————

Sym Asym Re
Matenal irradiated Division d 1 metncal ference
Tradescantia rmicrospores  pollen gramn mitosis 26 66 1
182 402 2
1° 856 798 3
20° 508 472
30° 149 154
Tradescontia pollen grama pollen tube mitosis
Ungermunated pe 49 16 4
15 70 5
Germunated 53 60 5
12 9 6
Chortophaga embryos neuroblast mitosis 5 9 7
1 8ax K & Mather K (1939} 4 Newcombe HB (1942a)
2 Bax, K (1840) 5 Swanson CP (1042)
3 Catchemde DG Lea DE & &

Catcheside DG & Lea,DE (1943
Thoday, J.M (1946a) 7 Carlson J G (19418) (1943)

cannot be distinguished from unchanged chromosomes at meta
phase, so that only asymmetrical interchanges can be scored with
accuracy, while 1n salivary chromosomes, in which symmetrical
interchange can be scored with certainty, asymmetrical inter
changes are absent, bemg non-viable In chromosomes which are

1 Pontecorvo, G & Muller, HJ (1941) Irradiated wild type male
Drosophila were mated to triploid females homozygous for brown in
chromosome 11 and ebony 1n chromosome III Loss of chromosomes 11
rﬂ) 1Xl’Ilras the result of asymmetrical interchange between them could be
troe o hr;he #perm concerned fertilized an egg containing two each of
bro ;: gmegmes, aEd the offspring formed would be recognized by the
t:hmmo:n ebony 3 otherwise supp d by the
rore o omes Novertheless such brown ebony offspring were extremely

» 8howing that the process of loss was almost invariably lethal
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split whon the wnterchange occurs, so that only one chromatid of
cach chromosome 15 mvolved, symmotrieal and asymmetrical
interchanges can bo separately scored The data collected 1n
Table 52 suggest that symmetnieal and esymmetneal nter
changes are approximately cqually frequent Though 1n some of
the data statistically sigmificant departures from equality oceur,
1t 18 doubtful 1f the rehability of the distinction between sym-
metneal and asy mmetncal interchange 1s sufficient to make such
a difference certain
Tho indieations afforded by the data wo havorosiewed arethat
m both wntrachanges and interchanges symmetrical and asym-
motrical types are equally probable These results are clearly
related, they indicate that there 1s no evidence 1n the umon of
radiation mduced breaks of any polanzation m the chromosome
such as would prevent random joinng of breahage ends of a bar
magnet broken into preces  Muller: has pomnted out that this fact
makes 1t tmprobable that breahage and union occur 1n hinkages
1 a polypeptide chain, since such linkages are polanzed
In Tradescantia 1t 18 found that some interchanges are incom
plete, only two of the four breahage ends jonmng The propor-
tions of incomplete interchanges which have been found in
vanous experiments are hsted i Table 53 The proportion of
mnterchanges which are mcomplete 13 greater for « rays than for
X-rays The explanation 1s presumably the same as that offered
m the case of non umon 1sochromatid breaks, namely, that the
densely 10mzing a particle does more damage 1n traversing the
chromatid than does a less densely 1omzing electron or proton,
5o that the breakage end 15 less likely to be jonable There1sa
general similanty between the two sets of data as1s, mdeed, only
to be expected smee sister umon at an 1sochromatid break 1s &
type of mterchange
The 10n density of the protons which traverse tissue wrradiated
by neutrons 18 much higher than the average lon density of the
electrons which traverse tissue mradiated by X rays It mught
have been expected therefore that the proportion of incomplete
interchanges and non-unmon 1sochromatid breaks would with
neutrons have been mtermediate between the values found with
X rays and o rays, mstead of approximating to the X-ray value
as appears to be the case However, the 1on density of an elec-
t Muller, HJ (1041)
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tron vares considerably along its path, and there 13 evidence:
that 1t 18 manly the more densely 1onizing parts, where the jon-
denstty 18 not muchless than that of a proton, which are effective

Tasre 63 Proportion of chromatid nterchanges which ere
incomplete 1n Tradescanita

Proportion of interchanges

Division examined Radiation which are incomplete Reference
Pollen gram metaphese ra; 221n 34l= 659, 1
& i zmﬁ 58w 444=131%, 2
X rays 20m 330= 579Y% 1
X rays 121n 206= 58% 3
Xrays 1° 2191 1754=125% 3

20°  1321p 980=135%
=1659

30° 50 303 %
Neutrons 51 T77= 635% 5
o Tays 38 165 % [
Pollen tube metaphase X rays 2 2= 74% 7

1 Kotval J P (unpublished)

2 Catchesrde D G, Lea DE & Thoday J M (1946a)

3 Catcheside D.G, quoted by Thoday J M (1942)

4 Catcheside DG, Tea DE & Thoday, JM (19485) A constant dose of
150r was given st dosa rates rengmg from § to 300 r/mmn There are no
signuificant differences in the propoertions of *h which are !
st different dose rates nor are the proportions sigmficantly different at the
three different temperatures

5 Thoday J M (1942)

6 Kotval J P & Gray, L H (1947) The proportion s independent of the dose

7 Catcheside, DG & Les DE (1943)

n breaking Tradescantia chromosomes The fact that the pro
portion of ncomplete mterchanges and non union 1sechromatid
breaks 1s approximately the same for X rays and neutrons may
be regarded as supporting this view

Relative frequency of interchanges and intrachanges

Tt 15 obvious that exchange between two breaks can only occur
if the breakage ends have opportumty to come into contact It
18 of mterest 1n this connexion to compare the frequency with
which exchange occurs when the two breaks are

(A) 1n the same arm of a chromosome, or are

(B) m opposite arms of the same chromosome, or are

(C) 1 different chromosomes

The expenimental frequencies can be compared with fre-
quencies calculated on the agsumption that union between breaks
1s random, 1e that the chromosomes are suffictently sntimately

ILes DE &C DG (1942), d

d 1n Chapter vix
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mngled during the time union 13 occurning for the probability
of exchango to bo idependent of whether the breaks are 1n the
same or different chromosomes

If there aro i the cell m chromosomes having & centrally
placed centromere (1o cach chromosomo having two arms) and
t chromosomes having a termmally placed centromere (1 each
chromosome having ono arm), then if breaks are produced
equally frequently in all the arms, tho expected relative fre
quency of the threo types A B C s readsly shown to bes

1 2m dm -+t
- -1
(2m+1) (2m4)? 2m IR Vi)

Tasre 51 Proportion of intrachanges in which both breaks are in the same chromosome arm
{\ rays at room temperature unless otherwise stated )

Propottion of intrachanges
in ,;ohlth both breaks sre
No of major in ssme arm
Vatena Examined o CLomomes v Ex = Re
T
frradiated at chromatid  m ¢ Expenmentsl  pected ference
hosophiia Balivary Chromosome 2 ) 2Tin 41-066 0535 T
s serin lands
ulip micro- Pollen grai,  Chromosome 12 0 181 33-055 030 12
Epored dinsion
rudescantia Pollen tube  Chromosome 6 [ Hin121=081 030 2
ollen gramns dinision

?ungmmnated)
‘radescantia Pollen tube  Chromatid ¢ ] 2in 6033 050 3
pollen grams dinision
(germinated)
tadescantia Pollen gran  Chromatid 6 @ 4
iCToSpoTes division 1¢ 201in 527=039 050

200 1011n270~037 050

30° 2o 5=l 050

1 Catcheside DG (19384) using ¥ beanng spern
2 Newcombe JJ It {18420)

3 Catcheside, D G & Lea, DE (1943)

3 Catcheude’ DG Lea, D1 & Thoday, I M (1943a)

In Table 54 are collected experimentally determined propor
tions of mtrachanges having both brenks m the same arm, to-
gether with the theoretical values 2

1 Newcombe, HB (1942a)

2 When mtrachanges are produced m chromosomes not yet spht at
tho time of irradhation 1t 18 not possible to observe both the symmetrical
(nversion) type end the asymmetrical {deletion) type in the same
orgamisms, and the figures in the case of Drosophila are based on the
observation of inversions only and in the case of plant material on the
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There are some 1nstances m Table 54 where departures from
expectation are recorded which are statistically sigmficant, but
taking the table as a whole 1t appears that there 1s not a very
marked preference for intrachanges between breaks in the same,
as compared with breaks m opposite arms, or vice versa How-
ever, taking 1nto account the fact that intra arm mtrachanges
are more likely to be overloohed than mter-arm intrachanges, a
certan amount of preference for mtra-arm mtrachanges cannot
be conudered excluded Further, munute ntersiiial deletions
have not been included m the mtra-arm mtrachanges hsted 1
Table 54 If these are included, the proportion of (asymmetrical)
chromosome ntrachanges which have both breaks m the
same arm (in Tradescantia microspores) 1s 0 84, according to
Rick =

In Table 55 are collected data on the proportion of the total
number of exchanges m which both breaks are m the same
chromasome 2

The majonity of the experiments cited (viz 10 out of 12)
mdicate that the proportion of exchanges m which both breaks
are 1n one chromosome 1s somewhat hugher than s to be expected
on the basis of random unson between breakage ends

When unfertiized eggs of Sewaras or of Drosophilas are
uradiated, the preference for exchange between breaks in the
same chromosome as compared to breaks in dafferent chromo-
somes 13 extreme, the number of nterchanges bemng very small
compared to the number of mtrachanges This exceptional be-
haviour 1s presumed to be due to the chromosomes m the un-
fertihzed eggs being 1n meiosis when wradiated

observation of deletions only In the case of chromatid mntrachanges
(produced 1n spht chromosomes), where both types are observable, the
figures refer to total hanges, sy 1 and asy trical

1 Rick CM (1940)

2 In Drosophila the observations ate imuted tosymmetrical exchanges
In plant material 1 which unsplit chromosomes are iradiated, the
Obsers ations are himited to asymmetrical exchanges, and 1n some exper

ments {noted 1n the footnotes to Table 55} intra arm intrachanges are
not recorded

In plant material 1n which the
trradiation, all types of ch
tended to be included, but the

mg looked cannot, be

3 Bozeman ML (1943) 4 Glass, HB (1040)

chromosomes are spht at the time of

a hange and 1 are n

possibility of some intra arm intrachanges
tuded
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mingled duning the tune union s occutning for tho probabihity
of exchango to bo independent of whether tho breaks aro in the
same or differont chromosomes
If thero are m the coll m chromosomes having o centrally
placed centromere (1o cach chromosome having two arms) and
t chromosomes having a terminally placed centromere (1e each
chromosome having ono arm), then if breahs are produced
equally frequently in all the arms, tho oxpected relative fre
quency of tho threo types A B C1s readily shown to bes

- Am+!
H (Im+iy

1 2

(2m+1) (2m+4

viy

Taner St Proportion of inlrachanges in which both breaks are in the same chromosome &2

\faterial
frradiated
Drosophla
3 serin
Tulip micro-
Kporea
Lrudescantia
ollen grains
ungerminated)
Tradescantia
len grains
{germnated)
Tradescantia
fuctospores

{\ rays at room temperature unlew otherwise stated )
Proporion of intrachanges

€1 wsome chromosomes

Examined or
st chromatid

Salivary Chromoseme
glands

Pollen grain ~ Chromosome
dlvbici‘r{“

Pollen tube  Chromosome
diviston

Pollen tube Chromstid
dinsion

Pollen grain ~ Chromatid
fr

Do of major

" H
1

120
8 O
8

]
1°
200
30°

n whith both Lreaks are.
same erm
Ex
Expenmental  pected [
o7in 4l=086 055
18in B~035 050
T4in 131061 030
2in B=033 050
201in 52T=039 050
101 in 270=0-37 050
231n 56=046 050

1 Catcheside D G (1938a) using 1 beanng sperim

2 Semcombe 11 1 {19130)
3 Calcheside DG & Les DE
4 Catcheside DG, Lea, D!

¢

1943)
% Thoday, J.M (1948a)

Re-
rencs
H

In Table 54 are collected experimentally determned propor-
tions of mtrachanges having both breaks in the same arm, to
gether with the theoretical values z

1 Newcombe H B (1942q)
2 When mtrachanges are produced m chromosomes not yet spht at
the time of irraciation, 1t 18 not posstble to observe both the symmetrical
(inversion) type and the asymmetrical (delstion) type in the same
orgsmsms and the figures in the case of Drosophila are based on the
observation of nversions only and m the case of plant material on the
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chromosomes, the observations are then limited to breaks which
have taken part m viable types of structural change, namely
mversion and symmetrical mterchange The first pomt to be
considered 1s the distribution of breaks between euchromatin and
heterochromatin The parts of the chromosomes nearest the
centromeres (prozimal heterochromatic regions) dffer from the
bulk of the chromosomes 1n bemng genetically tnert, 1e 1 con-
taning few genes (or at any rate few genes detectable by their
producing sharply alternative effects in different allelomorphs)
They are also distinguishable cytologcally by differences in their
staining properties at mitoss and meoss, believed to be due to
a difference 1n the amplitude or timing of the nucleic acid cycle
These heterochromatic regions occupy an appreciable fraction of
the whole length of the chromosomes at mitosis or meosis (one-
third in the case of the X chromosome), but only a minute fraction
of thelength of the salivary chromosomes It has been found that
therelative frequency with which breaks occur in the euchromatic
and heterochromatic regions approximates to the relative lengths
of these regions 1n the mutotic chromosomes, not to their relative
lengths 1n the salivary chromosomes Thus Kaufmann finds that
about 309, of all breaks m the X chromosome occur 1 the
proximal heterochromatin,: which occupies one third of the
length of the chromosome as seen 1n mitosis

The conclusion that the break frequency 1s proportional to the
mtotic length rather than to the salivary length 1s confirmed by
the fact that the break frequency n the ¥ chromosome, which
18 mainly heterochromatic, and very short 1n the saltvary glands,
18 comparable with that in the X chromosome and n the four
arms of the autosomes 2

The salivary X chromosome map 1s divided into 120 lettered
segments of approximately equal length Part of the last
81X represents the proximal heterochromatin Kaufmanns

1 Kaufmann, BP (1946a) The observed proportion of breaks in the
heterochromatin was 259, and the figure 309, makes allowance for
exchanges entirely within the chromocentre, which escape detection

2 Kaufmann BP & Demerec M (1937) Bauer, H Demerec, M &
Kaufmann, B P (1938) The X and Y chromosomes, and the four auto
some arms 2L 2R, 3L 3R are of comparable lengths in mitosia

3 Kaufmann B.P (1946) see also Prokofyeva A A and Khvostova
V1 (1939) Simular but less extensve data are given for the autosomes

y Baver H Demerec M & Kaufmann B P (1938) Bauer, H (1939)

nd for Drosophila pseudoobscura by Helfer R G (1940}
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TanLx 55 Proportion of eschanges having both breaks in the same chromosome

(X reya at room temperature except where otherwise stated )

rtion of exchanges 1n
No_of major wh ch bnlh bruh arein
hromo- hromosome

¢
Chromosome  somes

Matena) Enmlncd or Ex  Re
irradiated chromatid LI Experimental pected ference
Drogophila B:mnry Chromosome 2 1 dlin  B1-05086 03 1
melanogaster glands

sperm
Drosophily SBalirary Chromosome 1 3 MM3in  361.0208 0 2

preudoobiesra glands
sperm

Onionroot tip  Roobtip  Chromosome 16 0 61 om2 3
mitoas
Tuhp micro Pouan-gnln Chromosome 12 0 33In  101=0173 003 4
spores dinsion
Tradescantia Tollen grun  Chromoso .webno H-023 0wl s
microepores division me < %m- 0274 01 6
mln 4170245 0001
106in  S37T=-0315 0091 7
Tradescantia  Pollen-grain  Chromatid 8
microspores davision 527in 2281=023 0167
270in 1250=023 G167
56in 830~016 0187
68in  TI4-~0088 0161 9
18in  181=0088 0187 1
Tradescantia Pollen tube  Chromosome 125in  336=0360 O167 4
ollen grains dinsion
ungerminated)
Tradescantia Pollen tube  Chromatid 6 o0 6in 27-022 0167 u
ollen grains divimon
(germinated)
¥ Catcheside DG (19384) Sal lands of femals larvse wers examned
5 ol BT & Alma T Aoy Bl ol e e R & (1040) Sairary gands o
{ema\ehrvuwere used Inter-arm intrachanges were classed 3 intercharges, but his wll not leed

to l{‘! appreciable distortion of the ratio a3 only one of the four major chxomowma s a median
cent

3 ?\ax l\ lsll a) (Ctntnc) ning chromosomes and dicentnc chromosomes were scored

3 Newcoml

5 Ssx K 1940) Lenl.ncn and dicentne wers scored The propor
tion o! intrachangzes was ind ndmz of the dose

Sax, b & kozmann EV (1939) Tables 2 and 8 Centne ring chromosomes and dicentnc

chromosomes were acored

7 Thoday IM (1842) Centnc nng ¢h 5 snd dicentne were scornd The
0se

Cnlch!suﬂe DG Lea D b & Thoday J u usma) The proportzon of intrachanges was
ndependent, of the mtens.zy
o Thoday J M (19i2)
1o hotval JP & Gray LH (1947)
11 Catchesde DG & Lea Db (1943)

Location of breaks in chromosomes

1t 1s of interest to determine whether breaks occur at random
m the chromosomes, or whether certamn points are specially
lLable to be broken Breahs can be located with high precision
10 Drosophila melanogaster by observation of the sahivary gland
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Frequency relations

As well as the distribution of breaks in chromosomes, the
distribution of numbers and types of aberrations in cells has been
vestigated

If a single chromosome breah 1s produced by the direct action
of a single 1omzing particle on a chromosome and 18 unaffected
by the presence or absence of other breaks in the cell, we may
expect the relative frequency with which cells are found con-
tatng different numbers of such aberrations to be distributed
according to the Poisson formula That 1s to say, 1f m 1s the mean
number of aberrations per cell, e= m7/r! 1s the proportion of
cells expected to contain 7 aberrations This expectation has been
confirmed for chromatid breaks produced by neutrons i Trade-
scantic microspores, and for breaks produced in grasshopper
neuroblast chromosomes The cxperimental figures, together
with the expected hgures, are set out m Table 56 The x* test
shows that the agreement between the experimental and ex-
pected frequencies 1s satisfactory Results included m the table
also show that in T'rad the fieq of occurrence of
different numbers of 1sochromatid breaks, of interstitial dele
tions, and of exchanges are approximately m accord with the
Poisson distribution

In experiments n which Drosophila sperm are iradiated and
the sali ary chromosomes examned, the relative frequency with
which different numbers of exchanges, and also exchanges of
different degrees of complexity, are found 1s affected by therr

viability, smee only viable configurations survive to be clagsified
In attempting to interpret experimental data m Drosophila the
usual procedure 15 to assume (on the basis of the experunents
cited in Table 56) that the numbers of breaks primanly produced
mn different sperm are distributed 1n a Poisson distmibution, and
then to calculate, on the basis of certan assumptions regarding
the conditions affecting the combination of primary breahs, the
relative frequency of different types of viable aberration Com
parison with experiment then affords evidence on the extent to
which the assumptions are correct

All viable structural changes 1 Drosophila are symmetrical
exchanges of varymg degrees of complication The simplest
13 an exchange between two breaks, which we term type 2
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dotormined tho distribution of 1048 breaks among 114 lettered
scgments An apparently high frequency of breaks in certan
interealary heterochromatic regions may be explained as due to
the known compreasion of heterochromatin relative to euchro-
matin 1n salivary gland chromosomeas We conclude that
Drosophila breaks are fairly umformly distributed along the
length of the chromosome, and that, providing that mitotie
length and not salsary length 15 considered, cuchromatic and
heterochromatic regions are approximately equally breakable

In other organisms the location of breaks cannot be deter
mued to such fine hmuts In T'radescantia microspores the
relativo numbers of breaks induced by X-rays tn successive fifths
of a chromosome arm from the proxamal fifth to the distal fifth
have been determined s The data show a tendency for more
breaks to occur per unit length near the centromere (which 13
1n the centre of the chromosome) than near the free end When
Tradescantia pollen tubes are wradited, however, either by
X-rays or by ultra violet light, breaks are more frequent near
the free ends than near the centromere : The differences in break
frequenay between the proximal fifth and the distal fifth found
1n either microspores or pollen tubes, though statistically signu-
ficant, do not exceed a factor of 2

An expeniment on Tradescantia microspores m which the fre-
quency of production of breaks 1n ordinary centric chromosomes
was compared with the frequency of production in acentric frag-
ments showed that the frequency of breaks observed per umt
length was only one mnth as great in acentnc fragments as 1n
centric chromosomes s The explanation suggested 1s that, since
the centromere 15 largely responmble for movement of the
chromosome dunng division, the strams would be less m an
acentric fragment than mn a centne chromosome, thus making
restitution more probable

1 Sax, K & Mather, K (1939) cp alsoSax, K (1938) whoshows that
the distribution 1s the same for single breaks and for breaks taking part
m exchange

2 Swanson CP (1942)

3 Sax K (1942) Fragments were produced by a prior wrradiation
with X rays before the chromosomes were split The aberrations pro
duced then were chromosome structural changes and could be distin
guished from the chrometid structural changes mduced by the second
dose given three days later after the chromosomes had sphit
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Frequency relations

As well as the distribution of breaks in chromosomes, the
distribution of numbers and types of aberrations i cells has been
mvestigated

If a single chromosome break 13 produced by the direct action
of a single 1omzmg particle on a chiomosome and 1s unaffected
by the presence or absence of other bieaks 1n the cell, we may
expect the relative frequency with which cells are found con-
tamng different numbers of such aberrations to be distnbuted
according to the Poisson formula That 1s to say, if m 13 the mean
number of aberrations per cell, e~ m'/r! 1s the proportion of
cells expected to contain r aberrations This expectation has been
confirmed for chromatid breaks produced by neutrons 1n Trade
scantia microspores, and for breaks produced n grasshopper
neuroblast chromosomes The experimental figures, togcther
with the expected hgures, are set out in Table 56 The x? test
shows that the agreement between the experimental and ex-
pected frequencies 1s satisfactory Results mncluded m the table
also show that m Trade the freq of occurrence of
different numbers of 1sochromatid breaks, of nterstitial dele
tions, and of exchanges are approximately mn accord with the
Poisson distribution

In experiments m which Drosophila sperm are mradiated and
the salvary chromosomes examined, the relatrve frequency with
which different numbers of exchanges, and also exchanges of
different degrees of complexity, are found 1s affected by thewr
viability, smee only v1able configurations survive to be classified
In attempting to interpret experimental data i Dresophila the

usual procedure 13 to assume (on the basis of the experiments
cited m Table 56) that the numbers of breaks primanly produced
i different sperm are distributed 1n a Poisson distribution, and
then to calculate, on the basis of certain assumptions regarding
the conditions affecting the combmation of primary breaks, the
relative frequency of different types of viable aberration Com-
Panson with experiment then affords evidence on the extent to
which the assumptions are correct

All v1able structural changes 1n Drosophila are symmetrical
eﬁ‘(c—)mnges of varying degrees of complication The sunplest

1 exchange between two breaks, which we term type 2
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The only way in which a nucleus 1 which three breaks
persist can bo viable 18 for cyclic oxchange to occur (type 3)
With four breaks permsting one may either have a cyclic ox
change involving all four breaks (type 4), or two separate two
break exchanges (designated 2+2) Similarly, with six breaks

BTRUCTURAL CHANGES IN CHROMOSOMES

Tavte 58 Numbers of cells containing 0 1, 2, 3, ete., aberrstions

Aberrations per cell
Matenal Aberration [} 1 2 3 > X'teat  Reference
Chortaphaga Chromatid + lsochro- 174 12 28 5 1 X'=10 T
neuroblaste matid breaks 184 1062 305 58 10 ne=3
625t A rays Pu08
Tradesrantia Chiromatid breaks 408 263 36 8 1 X'=6D
microspores 4237 2331 638 118 18 A=3
46 Ov neutrons Paf8
Isochromatid breaks 483 204 33 10 1 K= 2
4804 2050 437 €2 07T ;-3-3
Chromatid exchanges 478 02 490 7 [ Xim 1 2
4758 2075 433 66 08 rmd
P=07
[} 1 2 23
Trad, Ch: 814 219 33 3 x'=10 3
microspores defetions 6108 2008 335 43 =2
400 % rays Papg
Chromosome asym 25 192 12 0 X=62 3
metneal exchanges €178 1685 209 18 ;-2
Ty Ch: tad 2278 213 15 [ Xt=08 4
TCTOBpOTes 22803 2002 159 07 ne
150¢ A rays P07

The upper figure is the expetimental numbee of cells mith the stated number of aberrations, the
lower figurs 13 the number expected on the Pomson distnbution

1 Carlson, J G (19414)

7 1 am inciebted to e Thoday for thess unpublshed data
s 1942 pape:
Catcheside DG Lea, DE & Thoday, J M (1346a), wrradsation at 30°

the experiments he describes in
4

r (Thodav J ¥ 19

hich were obf
12)

taned mn the

e course of
3 Rick, C M (1940}

persisting there are four alternatives (6, 4+2, 3+3, 242+ 2)
Experimental data exist of the relative frequencies of these
+arous types n aberrant nucley, and are reproduced in Table 57
The ‘expected’ frequencies listed m Table 57 for comparnson
with the experimental frequeneies are calculated by an extension
of the theoryz described 1n Chapter v in connexion with domt
nant lethals The proportion of sperm urradiated by dose D in
which 7 breaks are primanly produced which umte in viable

[
combinations was there found to be e-=2{2xgD)" (27;“ It can

1 The experimental figures in Table 57 are taken from the analysis by
Fano U (1941) of data of Bauver H Demerec M & Kaufmann BP
{1938), and Bauer H (1939a) Sumilar data are available for Drosophila
pseudoobscura (Koller P C & Ahmed, I A 1942)

2 Lea DF & Catcheside, DG (1945a)



FREQUENCY RELATIONS 219

be demonstrated that of such sperm a fraction 1/2 (n—2)" will
show a type 2 exchange, a fraction 1/3(n~ 3)! will show a type 3
exchange, a fraction 1/4(n—4)! will show a type 4 exchange, a
fraction 1/8(n—4)! will show type 2+2 and so0 on: These
formulae are based on the same assumptions 18 were used n

TABLE 57 P of cells
types of chromosome exchanges

(Drosophila sperm irradiated by X rays Upper figures expenmental, lower
figures calculated assuming random unior of breakage ends }

Type of exchange %,

Doss More Total no
roentgens 2 3 4 2+2 complicated of cells
1000 80 133 87 —_ - 15
835 60 03 02 _

2000 734 125 — 125 16 64
873 108 11 06 02

4000 596 1ns 42 146 98 144
61 181 36 18 14

Chapter v, namely, random jomnng between breakage ends, and
each break supposed in a separate chromosome arm The ex-
pected frequencies calculated on this basis are seen to agree
tolerably with the expenmental frequencies for 2-, 3 , or 4 break
cyche exchanges The serious discrepancies: hie 1n the fact that
a greater number of cells showing more complicated types of
aberration 13 found experimentally at the higher doses, and n
the fact that, experimentally, aberrations comprising four breaks
are usually type 2+ 2, while, theoretically, type 4 aberrations are
expected to be twice as frequent as type 242 The cause of these
discrepancies 1s not yet understood

Among viable structural changes induced by wradiation of
maxze pollen, and detected at diahmesis in the pollen mother
cells of the F, plants, 11 configurations of type 242 and 3 of

1 Tn general, the fraction of viable sperm of n primary breaks which
will show an aberration totalling r breaks, made up of & 2 break ex
hanges f 3 break exch ¥ ¢ break exch ete, 13

1
(n—r)tarftyr 2= 38 4v

2 As pomnted out by Fano, U (1941)
(19415 1943) Fano, U (10438)

See also Kaufmann B P
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Tho only way in which & nucleus 1 which three breaks
persist can be viable 13 for eyche exchange to occur (type 3)
With four breaks permsting one may esther have s cyclic ex
chango 1nvolving all four breaks (typo 4), ar two separate two
break oxchanges (designated 2+2) Similarly, wath sic breaks
Tasze 56 Numbers of tells conlaining 0 1, 2, 3, ete., uberrations
Aberrations per eet

Matenal Aberration [} 1 2 3 > X'teat  Reference

Chortrphaga Chromatid + hachro. 174 112 28 5 1 X'=10 X

neuroblasts matid breaks 1784 1042 305 59 10 A=

625r A mypy

Tradescantia Chromatid breaks 408 263 88 8 1 T

microspores 257 2331 638 116 18

46 Gu neutrons

Isochromatid breaks 2

43 06 3 16 1
4804 2050 437 62 07
Chromatid exchanges 418 202 49 7 O
4158 075 453 66 08

° 1 2 3
d 1 614 219 8 3 3
microspores deletions 6108 2006 355 43
400r X rays
Chromosorme asym 685 192 1 o 3
‘metncal exchangrs 6778 1835 208 18
Tradescantia Chromatid interchanges 2218 213 15 0 4
microspores 22802 26092 159 OF
1501 \ rays

The upper figure 13 the expenmental number of cells mth the stated number of abermations the
lower figure 18 the numbet expected on the Powsson distnbution
T Cartson, J & (194]a!
3 Fammiebied o My Thoday for these unpublisked data, which were obtained i the cousse of
1942) M (1940)

the experiments ko describes i fus 1942 paper [Thoday, I \ 3 Ruck, €
4 Catcheside DG Lea DE & Thoday J M (1946a) reraduation at 30°

persisting there are four alternatives (6, 4+2, 3+3, 2+2+2)
Expernimental data exist of the relative frequencies of these
various types in aberrant nucley, and are reproduced 1n Table 57 «

The ‘expected’ frequencies histed 1n Table 67 for comparison
with the experimental frequencies are calculated by an extension
of the theoryz described n Chapter v 1n connexion with domi-
nant lethals The proportion of sperm irradiated by dose D m

which n breaks are primanly produced which umte n viable
!
combinations was there found to be e=*P(2zgD)™ q 27;) i 1t can

1 The experimental figures in lable 57 are taken from the analyss by
Fano U (1941) of data of Bauer H Demerec M & Kaufmann BP
(1938), and Baver H (1939a) Sumilar date are available for Drosophila
pseudoobscura (Koller, PC & Ahmed 14 10842}

2 Lea DF & Catcheside DG {1945a)
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be demonstrated that of such sperm a fraction 1/2(n—2)! w1l
show a type 2 exchange, a fraction 1/3(n—3) ' will show a type 3
exchange, a fraction 1/4(n—4)! will show a type 4 exchange, a
fraction 1/8(n—4)! will show type 2+2 and so on: These
formulae are based on the same assumptions as were used mn

TaBLE 57 P of cells duffe
types of chromosome exchanges

{Drosophila sperm 1rradiated by X rays Upper figures expenimental, loner
figures calculated assuming random unior of breaksge ends )

Type of exchange %,

Dose More Total no
Toentgens 2 3 4 2+2 compleated of cells
1000 80 133 67 — — 15
935 80 03 (34 —

2000 734 125 — 125 16 64
873 108 11 06 02

4000 506 118 42 146 98 144
751 181 36 18 14

Chapter v, namely, random jotming betw een breakage ends, and
each break supposed n a separate chromosome arm The ex-
Ppected frequencies calculated on this basis are seen to agree
tolerably with the experimental frequencies for 2-, 3 , or 4-break
cyche exchanges The serious discrepanciess Lie in the fact that
& greater number of cells showing more complicated types of
aberration 1s found experimentally at the igher doses, and 1
the fact that, expertmentally, aberrations comprising four breahs
are usually type 2+ 2, while, theoretically, type 4 aberrations are
expected to be twice as frequent as type 2+ 2 The cause of these
dlscrepancxes 18 not yet understood

Among viable structural changes induced by wradiation of
maze pollen, and detected at diakinesss n the pollen mother
cells of the Fy plants, 11 configurations of type 2+2 and 3 of

1 In general the fraction of viable sperm of n prumary breaks which

W;:ll show an aberration totalling r breaks, made up of « 2 break ex
changes, £ 3 break exchanges y 4 break excl ete 18

1
(n—r)tatfryr 2= 36 4y

pomted out by Fano, U (1941) See also Kaufmann BP
1943) Fano, U (1943b)

2 As
(19413
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The only way m which a nucleus 1n which three bresks
persist can be viable 18 for eychc exchange to occur (type 3)
With four breaks persisting one may either have & cyche ex
chango involving all four breaks (typo 4), or two scparate two
break exchanges (designated 2+42) Similarly, with six breaks
Taptt 56 Numbers of cells containing 0, 1,2 3 ete aberrations

Aberrations per cell
Matenal Aberrallon [} 1 2 3 >4 x*test  Referencs
Chortophaga Chromatid + Ivochro. 174 112 28 5 1 X=10 H
neuroblasta matid breaks 1784 1012 05 59 10 “a=3
2357 A rays P08
Tradescantia Chromatid breaks 408 263 34 8 1 x'=89 2
mictospores 4237 2331 638 1146 18 n=3
48 Gv neutrony P08
Trochromatid breaks 43 204 38 10 1 X=34 2
4304 2050 437 62 07 ;-(3)3
Chromatid exchanges 478 200 49 7 O 20=14 2
4758 2018 43 68 08 am3
Pe0T
[ 1 2 >3
Trad Ch 814 219 3|3 2 x=10 3
microspores deletions 6196 2006 358 43 n=2
400r X rays P=08
Chtomosome asym- 685 192 12 0 x=82 3
metncal eschanges 678 1685 N9 18 ; -gm
Tradesrantia Chromatid interc! 206 213 15 ] =08 4
Facthapore tanges 2182 Ime e o1 75-;-'(-‘) :

1507 X rays

The upper figure 13 the experimentat number of cells with the stated number of aberrations the
Jower figute is the numbet expected on the Poisson distnibution
3 T e 1o A2 Thoday for blisbed data, which wers obtained in the course of
ted obtamn
2 Iam indel 0 Me ay for these unpul ata, whuch were obtained 18 loe SO

the expeniment be describes 1n s 1912 paper (Thoday JM 1042) 3
4 Cacheside DG Lea DE & Thoday J M (1936a), uradsation at 30°

persisting there aro four alternatives (6, 4+2, 3+3, 2+2+2)
Experimental data exist of the relative frequencies of these
various types n aberrant nucles, and are reproduced in Table 57 ¢

The ‘expected’ frequencies isted m Table 57 for comparson
with the experimental frequenceies are calculated by an extension
of the theoryz described in Chapter v mn connexion with dom!
nant lethals The proportion of sperm irradiated by dose Dm
which n breaks are primanly produced which umite 1n viable
combinations was there found to be =P (2xgD)» (T;%T It can

1 The experimental figures 1n Table 57 are taken from the analyss by
Fano, U (1941) of data of Bauer H, Demerec, M & Kaufmann, BP
(1938), and Bauer H (1939a} Sunilar data are avmlable for Drosophila

pseudoobscura (Koller PC & Ahmed TA 1942)
2 Les DT & Catcheside, DG (1945a)
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to the colehicine reducing the movement of the prophase chro-
mosomes and so favourmg restitution compared with re-
arrangement

The yrelds of various kinds of aberrations induced by a given
dose of radiation n Tradescantia microspores 18 influenced by the
temperature, as shown m Fig 324,B : The flower buds remammed
at the given temperature during the wradiation and for about an
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Tradescantia microspores Drosophila sperm
Fio 32 The influence of temperature on the yweld of radiation induced

chromosome structural changes A rings and dicentrics 1n unsplit chromo
somes B, split ch h

e a; d breaks (b} 1soch d breaks,
{c) ¢l romatid interchanges C, rings and dicentries m unsplt chromosomes
(a) ot 3° then T to 3 or 38°, (b) wrradiated at 38°, then
transferred to 3or 38° D h between ch I
and IIT irrad at d & T

between ch 1I and IIT fi at

1 The sources of the data are as follows A bSax K & Enzmann, EV
(1939) The data of Tables 6, 7 and 8 of this paper have been grouped
together Doses 300-360r B Catcheside D G ,Les,D E & Thoday,J M
(unpublished) Dose 150 r Rick CM (1940) has irradiated unsplit
chromosomes at 3° and 33°, fi Sax and E: s results with

Tings and d and further sh that a sumilar
effect occurs also
with minute interstitial deletions -
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220 STRUCTURAL CHANGES IN CHROMOSOMES

type 4 were observed, showng a similar departure from ihe
oxpected rat1o of 1 2 to that found i the Drosophsla expen
mems

Modifying factors

The probabiity of restitution of a break pnimanty mduced by
radintion can bo modibied by other factors besides the position
of the breah 1n the chir and the g or absence of a
centromere n the chr If T'rad f1a buds are centnt
fuged dunng wrradiation, the yield of structural changes 18 n
ereased, as shown in Table 58 s The explanation of this effect 1s
preswnably that the increased stresses 1n the chromosome thread
caused by centrifugation tend to separate the breakage ends at
a newly formed break and thus reduce the probability of resti
tution

TapLe 58 I d yield of ch 1 changes

owing to centrifugation duning srradistion

(Tradescantia microspores Sax 1943)
I h and int p d by ~120r tn unspht chromosomes
Without centnfugation 669,
With centrifugation 132%
Tsochromatid breaks produced by ~150r in spht chr?mommes

Without centrifugation 276%
With centrifugation 458%
h and i produced by ~150r n splt chromosomes
‘Without centnfugation 267%
With centrifugation 363%

What may be regarded as the complement of this experiment
was performed on omon root tips s Trwo batches were exposed to
the same dose of X-rays, 300r One batch had been treated
with colchicine, the other had not The yield of chromatid aber
rations m the colchicine-treated series was only one third as
great as m the untreated series, which was believed to be owing

1 Experimental data of btadler L J & Sprague, GF (1937) and of
Catcheside, DG (1948%) combined See Table 2 of Catchesides

aper
P F Sax, K (1943) Centritugation alone did not produce aberrations
Saxs figures have been converted from breaks per chromosome to

per cell by multiplying by six 1n the case of single break

aberrations, and by three 1n the case of two break aberrations

3 Brumfield RT (1943)
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hour following The yield of nberrations at the Ingher tempera
tures 15 significantly Jower than at the lower temperatures »

If the viow 53 correct that modifying factors such as tempera-
ture affect the joming of breakage ends rather than the PrUDSTY
production of breaks, then 1t should be posaible to reduce the
yield of structural changes by rasing the temperature dusing the
jounng process  Sax and Enzmann carried out an expenment of
thus sort, the reanlts of which are shown in Fig 320 s The flower
buds were wrrdinted at 3° for 2 min , and 2 min later half of
them were transferred to 38° for 1 hr The yield of aberrations in
this batch waa less than in the batch which was kept at 3° dunng
the hour following srradiation, but not 50 low s 1n expenments
m which the buds wero at 38° during the irradiation as well as
for the following hour The result of this experiment indicates
that some joiming takes place during the wradiation, and that
Jomng continues also for some time sfter the end of the wradia-
tion This cone} 1310 completo ag with the result of
expeniments on the vanation of dose rate (desenibed Inter)

The yields of structural changes induced by wradiating Droso-
phila sperm at different temperatures aro shown i Fig 32ps
There 12 some indieation that the yreld 1s reduced by raming the
temporature, but the expeniments aro not m good agreement and
the effect 13 not certamly established

3 This has been blished both for P diated 24 hr
before ph when the ¢k are spht (Fig 328) end for
rcrospores arrachiated 5 days before when the ct

areunspht(Fig 324, alsoFabergd, A C, ]9«{00) Sax,K &Enzmann,EV
(1939) made & tnal in which microspores were wrradiated 4§ hr befors

metaphase at & time when spl wea The of
the structural ch wore of the ch type but a munerity were
chromatid changes The number of ch 1 ch P

ancreased at the higher e m this In view of the

eontrary results ot din in which the p wers
wradiated either 24 hr or § days before metaphase 1t seems hilefy that
the effect of rassmg the temperature at 48 hr was to merease the propor
tion of ch which were |y spht, rather than to raige the
weld of ab per sphit el

2z Bax K & Enzmann EV (1838) Dose 160r

3 The data for curves {a), {b), {¢} are taken from the following sources
(a) Muller and Pontecorvo, reported m Muller, HJ (1840), (b} Mickey
G H {1938) {¢} Maklujam dose 2000 r, reported i Muller, HJ (1840)

4 Muller, HJ (1940), placing principal reliance on the data shown es
curves {a) and {c) of Fig 32D concludes that the yield s ndependent of

the temperature
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1t 18 behieved: that the joimng 1 new arrangements of breaks
mduced by wradiating Drosophila sperm 18 delayed untal fertihza-
tion of an ovum by the wradiated sperm occurs In this event
one mght expect that the effect of temperature, if 1t exists,
would be shown by the yield obtaned bemg dependent upon the
temperature at the time of fertiization The data reproduced in
Fig 32E: do not show any such dependence

According to an expeniment of Kaufmann and Hollaender,s
wradiation of Drosophila male flies by either infra red or ultra-
violet radiation between the admimstration of two 2000 r X-ray
treatments reduces considerably the yreld of chromosome struc-
tural changes induced by the X rays The infra red or ultra-
violet radiation alone had no effcet These resnlis suggest that
sone restitution of breaks primanly nduced by the X rays 13
possible 1n the sperm, and s aided by the admimstration of
ultra violet or mfra-red hght If the diminution of yeld at
Tigher temperatures suggested but not established by Fig 32p
18 confirmed, the explanation wil presumably be that restitution
m the sperm 1s mided by rise of temperature

Marshak s has found that treating onion seedhings with a didute
solution of ammonia prior to srradiation reduces the proportion
of abnormalities seen 1n anaphases 3 hr after uradiation It 1s
not at all obvious what conclusion to draw from this observation
The treatment with ammonia delays the onset of prophase Thus
cells seen 1m anaphase 8 hr after rradiation are not in the same
stage at the time of wradiation 1 the ammoma treated and un-
treated semes, and this, rather than any more fundamental
effect, may explam the observation In any case, the chromo
some aberrations studied are probably largely phy siological
changes (cp p 192)

The yeld of chromosome structural changes obtained wath a
gren dose 1 a given species 15 affected by the state of the
chromosomes at the time of wrradiation This effect 15 best -
vestigated n materal i whnch 1t 13 possible to determine with
certamty the stage of the cells at the time of wradiation In the

1 Muller HJ (1910}

2 Xuﬂerta&\d Pgntecono reported in Muller, HJ (1040}
3 Reported in Demeree A | Kauf B
o E ot » Kaufmann, BP, Fano U Sutten E &

4 Marshal A (lBBSa.b)
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oxpenntents of Swanson,s the results of which are reproduced m
Table 59, Tradescantia pollen grains were germnated on an arh
ficinl medivm and srradinted ot varous times after germmation,
representing varous stages of prophase of the pollen tube
mitosis

Tho yield of aberrations 18 at a maxumum 4 hr after germua-
tion, when the ecll 19 1n mid prophase and the chromosomes are
spiralizing Tho 3ield 1s small in the ungermunated pollen gram
when the chromosomes are at rest The results are consstent
with tho experiments already desenbed 1n which chromosome
movement was wncreased by centnfugation or decreased by
colehiemno or removal of the centromere, and from which 1t was
concluded that movement of the chromosomes during irradiation
favours permanent structural changes by ndering reststution

Tanre 69 Yield of chromatid breaks and chromatid interchanges in
Tradescantia pollen tubes irraduated at vanous tumes
after germination (Swanson 10843 370r)

Hours after Ung d 1 2 3 4+ 5
Chromatid breaks per 100 cells 20 256 283 304 380 340
Interchanges per 100 cells 390 68 I11 141 152 60
Hours after germination ] 7 8 10 15
Chromatid breaks per 100 cells 180 416 19 14 08
Interchanges per 100 cella 77 0o oo 00 08

The almost complete disappearance of aberrations when the
chromosomes are 1n the fully condensed state 15 hr after germm
nation 15 attributed to the formation of & matrix round each
chromosome which holds the chromosome together although
breaks may be induced m the chromosome threads In expen-
rents on Sciara cocytes 1t has been established that irradiation
during first: merotic metaphase and anaphase can producs chro
mosome structural changes (not detectable at the division con-
cerned but observed mn the salivanes of the F larvae) actually
with a greater frequency than during prophase a The changes are,
however, nearly all intrachromosomal, exchange between breaks
1 different chromosomes hardly ever occurning s It 1s probable
therefore that wradiztion of metaphase and anaphase chromo
somes can cause breaks which are not cytologically detectable

1 Swanson, CP (1943)
2 Reynolds J P (1941) 3 Bozeman, ML (1943)
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at the division during whieh uradiation takes place, and which
are less Iihely to give interchromosomal structural changes than
are breahs induced 1n nterphase or early prophase If sister-
unton occurs at the breakage ends when the chromosomes spht,
such breaks induced at metaphase and anaphase may have a
lethal effect at a subsequent division

Experiments on a variety of materials have been deseribed i
which cells are irradiated, fixed after the Japse of varying inter-
vals of time, and metaphase or anaphase figures examined for
chromosome changes These experiments therefoie consist essen-
tially 1 determiming the sensitivity of chromosomes 1t various
stages prior to metaphase Their mterpretation is complicated by
the fact that radiation delays division, so that even though the
time scale of the cell cycle miy be known 1n the umirradiated
matenal (which 18 not always the case), there 15 hable to be a
doubt concermng the stage which has been reached at the time
of rradiation by a cell which 1s found, for example, to be 1n
metaphase 24 hr later The general result appears to be that
cells become less sensitive as prophase advances,: mn agreement
with the data shown in Table 59 The sensitivity i nterphase,
prior to chromosome split, 15 rather lower than 1n early prophase,
50 that the highest sensitivity 15 reached 1n prophase

Dependence of the yield of structural changes on radiation
intensity

Studies of the dependence of the yild of varous types of
stiuctural change on the ntensity, dose, and kind of radiation

1 See for ple, Sax, K & & CP (1941) on Tradescantia
microspores, Marquardt H (1938) on Bellevalia mucrospores, Carlson
TG (1941a) on Chortophaga neurcblasts

2 Marshak, A (1937, 19395 1942« 1942b) has iwrradiated rat and
mouse tumours, and the root tips of & vanety of plants and examned
the proportion of anaphases which are abnormal at various times after
trradsation The maximum effect 15 shown by cells which are in anaphase
3 hr after wradiation It appears probable that the abnormalities at
3 hr 1n thege expenments are mainly physiological effects induced 1n
cells sufﬁcnemly advanced in mitosis to escape the temporary inhibition
of division expenienced by cells less far advanced at the time of irradia,
tion When instead of ‘abnormal pt » an ab defi ly of
the structural change’ type was scored, the maximum yteld was found

in cells wradiated 18 by before metaphase (Marshah A 1939p scoring
Tmnute delotions in bean root. tips)
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have been of great value in elueidating the meck of the
inductton of structural chnnges by radiation, and these expen
mental results wo now proceed to revien

A number of authors have investigated the manner i which
the yield of chiromosome structural changes induced n Trade
scanhia mierospores by a given dose of radiation depends upon
tho time over which the srradiation 1 extended The prncipal
results arc given an Fig 33: It may be seen that with both
X-rays and noutrons the yield of chromatid and 1sochromatid
breaka 1s indopendent of intensity This 1s the result to be
oxpected on the view that theso aberrations are produced by the
passago of & single 10mzing parttcle through one or both respec
tivoly of tho chromatids of a splht chromosome

It may be seen further that with both chromat:d and chromo
some interchanges, the yreld produced by a given dose of X rays
diminmishes with inerease of tho time over which the wradiation
18 oxtended This result 13 readily explamed on tho views that
the two breaks which take part 1n an interchange are produced
by separate 1ontzing particles If the uradintion is extended over
5 prolonged time, a break 1n one chromosome has time to restt
tute boforo another break 1s produced in 1ts vieiity with which
exchange s possible Experiments have also been made in which
a given dose 18 either given 1n one concentrated exposure, or
divided anto fractions with rest penods between s The yield 1
less wath the fra ted dose, n ag t wath the results of
the intensity vanation experiment

In contrast to the X ray results, it 1s found that wath neutrons
the yield of both chromosome exchanges {curve ¢, Fig 33) and
of chromatid exchanges (curve g, Fig 33) 19 independent of the
time over which a given dose 15 spread + This suggests that a

1 Derived from the experiments of Sax, K (1939, 1940) Marwelh
LD,Nebel BR,Giles N H &Charles, DR (1942), Gules, N H {1943),
Catcheside DG, Lea DE & Thoday JM (1946b) The results of
Giles and of Catcheside, Lea and Thoday shown m curves ¢ and f of
Fig 33 agree well Those of Sax and of Marmell, Nebel, Giles and Charlea
ghown m curves @ and b agree badly quantitetively, but both show a
reduction of yield with prolongation of the time of exposure

2 Sax, X (1939) A fuller discussion 18 given i Chapter vit

3 Bax, K (1939 19413)
4 Giles N H (1943) 1t was also found that the effect of a gaven dose

was dependent of whether 1t was given as a smngle exposure or divided
1nto two fractions separated by an intervel of 15 or 32 min
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sngle tomzing particle usually causes both the breaks m the
neutron induced exchanges

Experiments have been made to test whether the yield of
structural changes induced 1 Drosophila spermn by a given dose
of X rays or y rays 1s mndependent of the tune over which the
dose 15 spread The experiments are made by irradiating male
flies, or impregnated females, and detecting structural changes,
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P by = constant dose A chromosome
exchanges @ 300r X rays (Marinelli Nebel Giles & Charles) b 320r X rays
&SGX) ¢ 650 noutrons (Giles) B chromatid and 1sochromatid breaks
¢ chkr:mntld breaks 150 X rays {(Catcheside Lea & Thoday} e 1sochromatid
.";:3 (M 1501 X rays (Catchesido Lea & Thoday) x 130T M rays {Giles)
2z ni;\euémns (Giles)) ~ C chromatid exchanges f M1%0r X rays (Catche
» & Thoday} x 130t X rays (Gues) g @ 26v neutrons (Giles)
1T Giles NH (1940) A full discussion 13 deferred to Chapter v11
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either eytologically in thesalivary chromosomes of the F, larvag,:
or gonotically by breeding tests + The resuita are given 1n Table
60, and show on the whole no evidence for any effect of reduction
of mtensity or fractionation of dose In either method only
viable changes, 16 symmetrical exchanges mnvolving two or
mote breaks, aro mvestigated

Tasty 60 Ind d of i th of the yield of
chromosome structural changes (nducod in Drosophsla sperm
Dose Intensity  II-TII interchanges
Radiation r r /min per 100 sperm Reference

A rays 2 250 29403 1

X rays 2 100 38105 1

7 1ayy 2000 08 34x09 1

7 rayy 2 005 £2%10 1

X rays 5000 187 172418 2

X rays 5000 125 170313 2

Dose B per
Raduation r How fractionated 100 sperm  Reference

X rays 3000 Single dose 4024 3

X rays 3000 3 fractiona of 1000r 5217 3
at 1 day intervals

X rays 4000 Singls dose 8376 3

X rays 4000 4 fractions of 1000r 8182 3
at 1 day intervals

X rays 4000 2 fractiona of 2000r 8387 3
at 16 days interval

1 Muller, HJ (104 Dempster ER (10418)

Kzufmnnn BF (1941b)

The independence of yield on ntenstty or fractionation found
1n these expeniments contrasts with the results obtamed wheu
X ray mnduced two break exchanges are studied in T
Two alternative explanations for this difference suggest them-
selves One 18 that in Drosophila the two breaks taking part in
an mnterchange are usually even with X-rays, produced by the
same lomzing particle The other 1s that no union of breakage
ends takes place m the sperm, and that the breaks accumulate
until opportumty for umon occurs after fertihzation The first
explanation would require the yield of aberrations to be drectly
proportional to the dose, and 1s ruled out by the experimental
evidence (given below) that the yield mcreases more rapidly than

1 Kaufmanu, BP (18415)
2 Expenments by Muller, HJ (1940} in collaboration with Ray
Cl and 1l Also Demp ER (1941d)
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the first power of the dose The second explanation: 13 the ac-
cepted one It 1s supported by the fact that cases have been
reported of structural changes which apparently mvolve ex-
change between a paternal chromosome broken by irradiation
of the sperm, and a maternal chromosome spontaneously brolen,
suggesting that joiming of chromosomes broken by wrradiation of
the sperm 18 sometimes at any rate deferred until the sperm and
egg chromosomes come into contact during the first cleavage of
the fertilized egg -

Dependence of yield on dose

The manner m which the yield of structural changes increases
with imerease of the dose of radiation has been extensively
studied, and the results of these studies form the man basis on
which theories of the mechansm of induction of these changes
are bmlt The curves in Figs 34 and 35 1flustrate some of the
principal results obtamed s

In some matenals 1t 15 posmible to observe simple breaks
These may be erther chromosome breaks (affecting an unspht
chromosome) or chromatid breaks (affecting only one of the
sister chromatids of a sphit chromosome) or 1sochromatid breaks
(affecting both smster chromatids of a spht chromosome at
approximately the same locus) The yield of each of these types
appears to increase hinearly with increase of dose, as illustrated
for X-rays and for neutrons 1n Fig 34 « This result 18 consistent

T Muller H.J (1940)

2 Sidky AR (1840) Helfer RG (1940) Expeniments designed to
secure hange b n 1 and p 1 ch by
wradiation of both egg and sperm prior to fertihzation have given
negative results (Glass, HB 1940) Probably union of maternal broken
chromosomes 13 not delayed until fertihization

3 Taken from the following papers Bauer H Demerec, M &
Kaufmann B P {1938), modified by addition of later work by Kaufmann
BP (19415) Baver ¥ (1930 guoted by Keufmeann, BP 1941b) Sax,
K (1940 1941%), Rick CM (1940), Giles N H (1940 1943), Carlson,
J G (19410} Thoday, I M (1942}, Newcombe H B (19426) Mannell,
LD Nebel BR Giles NH & Charles DR (1942) Catcheaido DG
Lea DE & Thoday J M {19464}, Kotval J P (unpublished)

4 In Fig 34m (1soct d breaks produced by X rays) the results
of Sax and of other workers do not egree oxactly buy each separately

gtves astraight line The estimates of doss given by Sax are probablv tao
tigh (Gilles N'H 1943) The lineanty 18 not convinemng i Figs 34p,x
(chromatid breaks produced by X raysand neutrons) Chromatid breai;s
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cither oytologically in the sahs ary chromosomes of the F, larvae,:
or genctieally by breeding tests » The results are gisen i Table
60, and show on tho whole no evidence for any effect of reduction
of intenmty or fractionation of dose In ether method only
viable changes, 10 symmetrieal exchanges involving two or
more breaks, aro investigated

TaBLE 60 Ind g t of the yreld of
chromosome nmcmml chnngu {nduc«l in Drosophila sperm
Does Intensity  11-III interchanges
Radiation r r frmn pee 100 aperm Reference
X rays 2000 250 29403 1
N roys 2000 100 38+05 1
7 rays 2000 o8 34100 1
Y rays 2000 005 42210 1
X rays 5000 167 172415 2
X rays 5000 128 17013 2
Dose Breaks per
Radiation r How fractionated 100 sperm  Referenco
X rays 2000 Single dose 4024 3
X rays 3000 3 fractions of 10007 8217 3
at 1 day intervals
X rays 4000 Bingle dose 83176 3
X rays 4000 4 fractions of 1000r 8182 3
at I day interials
X rays 4000 2 fractions of 2000r 8357 3

at 16 days interval

1 Muller H.J (1540) Dempster, ER (18413)
3 Kaufmenn BP (18418)

The independence of yield on intensity or fractionation found
mn these experiments contrasts with the results obtamed when
X ray mduced two break exchanges are studied in 7
Two alternative explanations for this difference suggest them
selves One 1s that m Drosophila the two breaks talng part
an mterchange are usually even with X-rays, produced by the
same 10n1zing particle The other 1s that no union of breakage
ends takes place i the sperm, and that the breaks accumulate
until opportunity for union occurs after fertiization The first
explanation would require the yield of aberrations to be directly
proportional to the dose, and 15 ruled out by the experimental
evidence (given below) that the yield mcreases more rapidly than

1 Keufmann, BP (19415)
3 Expenmencs by Muller HJ (1840} mn collaboration with Ray
Cl end Also Demp: ER (19415)
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Fla 35 Tield of two break aberrations as a function of dose Absclssae are
doses n roentgens (\. rays) or v units d per
coll (Tradescantia) or breaks per sperm (Drosophila) A chromosome ex
changes in Trad, p timeof 3mmn  constant
mntensity of 160 permin X constant wmtensitv of "0 r per m\n O constant,
wtensity of 27 r per mn d
microspores X Thoday (Li+deuterons of 1eMV energy) + Gnles {Be+deu
terons of ll1eMV energy) @ Gnlcs (Be+deuterons of 3eMV energy)

minute snd mature
pollen  Marineli Nebel Giles & Chnrles [J Newcombe “x Rick + Giles
(BeJ-deuterons of 11eMV energy}) L F exchange breaks in Drosophila
!spir‘:: Bauer Demerec & Keufmann O Bauer, x Deperec Kaufmann &
ul
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Fic 34 Number of breaka per cell as & function of dose (X ray doses
roentgens _neutron doses i uBumts) A chromatid and sochromatid breaks
C

ph d breaks in 7 micro

spores D, E bresks in 7 F, G chromo
some braalu 1n Tradescantia microspores or mature pollen Sax A Carlson
x Thoday [N + Giles O Cs Lea & Thodey 7 Kotval

are difficult to see and the departure from hnearty may be subjective
error (cp discussion by Lea D E & Catcheside D G 1942) Newcombe
H B (l942b) fouml that the number of chromosome breaka produced by

mcreased bly more rapdly
than the ﬁrﬂt power of the dcse ‘This result, obtamned with doses of 240~
960r he explams by supposing thas the propertion of breaks primanly
produced which restitute 15 reduced at high doses
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The yield of chromosome and chromatid exchanges induced in
Tradescantia by neutrons 13 found to increase 1 direct propor-
tion to the dose, as 1illustrated (for chromosome exchanges) m
Fig 358 : This 1s believed to be due to both the breaks tahing
part 1n the exchange being produced by the same 1omzing particle
m neutron experniments,2 a hypothesis which also explams the
fact (mentioned on p 226) that the yield of exchanges 13, with
neutrons, found to be independent of the intensity With & rays
also, the yreld of chromatid exchanges has been found to be
directly proportional to dose s

Interstitial deletions form a special class of exchanges which
have been separately studied 1 Tradescantia  As shown i Fig
35 ¢ and D, the yield of interstitial deletions 13 proportional to
dose 1n neutron experiments, but in X ray expentments increases
with dose according to a power of the dose intermediate between
the first and the second

Extenstve experiments have been made to study the yield of
structural changes induced n Drosophila by wradiation of the
sperm The exchanges are detected erther by examination of the
salivary chromosomes of F, larvae, or by breeding tests 1In
erther event study 1s hmted to viable types involving structural
changes which are all exchanges mnvolving two or more breaks
The results by the cytological method are gnen m Fig 35
and F, and by breeding methods i Table 61

It 15 seen that 1n all experiments on the production of gross
structural changes by X wrradiation of Drosophila sperm, the yield
ncreases 1n proportion to a power of the dose intermediate be-
tueen the first power and the square, and 1s generally stated to
be proportional to the 3/2 power of the dose Mullers beleves
the power to approach the square more nearly at the lower doses,
but the evidence 1s not at present convincing on this pomnt

When minute structural changes are studied, 1e changes in-
volving two breaks separated by a distance of the order of 19
of the length of the chromosome or less, the 31eld 1s found to be
proportional to the first power of the dose, as illustrated in

1 The difference 1n gradients between curves d and e 1n Fig 358 15
believed by Giles N H (1943) to be real, and due to the fact that the
neutrons used in d were somewhat less energetic than those used i ¢

2z Giles NH (1940)

3 Kotsal JP & Gray, LH (1847}

4 Muller HJ (1940)
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with a break being produced by a single 1omzing particle ‘The
yield of breaks in Tradescantia has also been found to be hnear
with & particles «

Moro comphieated types of structural change 1nvolve exchange
betweon two or more breaks, and tho number of these aberrations
produced by X rays increases more rapidly than tho first power
of tho dose Accopting that the yield of breaks primanly pro-
duced by X rays 1s directly proportional to tho dose (on the basis
of Fig 34) wo should expect that structural changes involving
two or moro indopendently produced breaks should increase
more rapidly than the first power of tho dose, at any rate when
the doso 18 such that tho mean number of breaks per cell 1 Jess
than one This expectation 13 borne out by expenment both on
Drosophsla sperm (Fig 35%) and on T'radescantia microspores
(Fig 354) s The first expeniments with Tradescantia were made
by varying the duration of exposure at constant intensity, and
showoed that the yield of chr hang d as the
3/2 power of the dose s It will be remembered however that with
Tradescantia the yicld of aberrations produced by a given dose
dimimshes as the duration of wrradiation 15 extended In con
sequence the shape of a dose curve obtamned by varymng the
duration of exposure at constant mtensity depends upon the
tensity employed This 13 illustrated 1n Fig 354, 1n which the
curves a, & and ¢ apply to vely d 1 t
In curve a, obtained at the highest intenmty, the yield 1s pract
cally proportional to the square of the dose A square law curve
18 also obtained 1f the dose 1s varied by varymng the mtenmity at
constant exposure time It 1s concluded therefores that funda-
mentally the yield of exchanges produced by X-rays in Trade-
scanta mcreases a8 the square of the dose but that the results
are distorted by restitution of breaks occurring unless 1t 13
arranged either that the irradiation 1s completed mn a skoré time
(malking restitution negligible duning the exposure) or that the
srradiation extends over the same time at all doses (so equalizing
the effects of restitution at the different doses)

1 Kotval, JP & Gray, LH (1047)
h

2 Fig 354 refers to unspht The
yield of ch 1 t d by d. spht chromo

somes also increases more rapidly than the first power of the dose (Sax

K 1940 Thoday, J M 1942)
3 Sax, K (1938) 4 Sax, K (1040, 19413)
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The y1eld of chromosome and chromatid exchanges induced m
Tradescantia by neutrons 18 found to mcrease n direct propor-
tion to the dose, as 1llustrated (for chromosome exchanges) mn
Fig 35B: This 15 believed to be due to both the breaks taking
part 1n the exchange being produced by the same1omzing particle
1n neutron expernments,z a hypothesis which also explains the
fact (mentioned on p 226) that the yield of exchanges 15, with
neutrons, found to be independent of the intensity With « rays
also, the yeld of chromatid exchanges has been found to be
directly proportional to dose 3

Interstitial deletions form a special class of exchanges which
have been separately studied n Tradescantia  As shown mn Fig
35 ¢ and D, the yield of interstitial deletions 13 proportional to
dose 1n neutron experiments, but in X ray experiments increases
with dose according to a power of the dose intermediate between
the first and the second

Extensive experiments have been made to study the yeld of
structural changes induced 1n Drosophila by radiation of the
sperm The exchanges are detected either by exammation of the
salivary chromosomes of F; larvae, or by breeding tests In
erther event study 1s humited to viable types involving structural
changes which are all exchanges 1nyvolving two or more breaks
The results by the cytological method are given n Fig 35
and ¥, and by breeding methods 1n Table 61

It 13 seen that 1n all experiments on the production of gross
structural changes by X wrradiation of Drosophila sperm, the yield
increases i proportion to a power of the dose itermediate be-
tween the first power and the square, and 1s generally stated to
be proportional to the 3/2 power of the dose Mullers beheves
the power to approach the square more nearly at the lower doses,
but the evidence 1s not at present convincing on this pont

When minute structural changes are studied, 1 changes in
volving two breaks separated by a distance of the order of 19,
of the length of the chromosome or less, the yield 1s found to be
Proportional to the first power of the dose, as ilustrated mn

1 The difference in gradients between curves d and e i Fig 358 13
boheved by Giles N H (1943) to bo real, and due to the fact that the
Reutrons used n d were somewhat less energetic than those used in ¢

2 Gils NH (1940)

3 Kotwal JP & Gray, LH (1947)

4 Multer, H J (1940)
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Table 61 Ths suggests that o single 1omzing particle usually
causes both breaks i such rearrangements

The evidence nvmlable nt present on the vanation with dose
of the yield of gross structural changes induced by neutrons
cannot be considered adequate to determine the shape of the
curve Itisgivenin Fig 363

TasLe 61 N\ rny induced structural changes in Drosophula chromosomes
inveatigated by genetical methods

Doso Aberrations Power
Chango studied T per sperm of dose Reference
Gross structural changes
Chromosome eoxchanges 1n 1500 00058 30002 188 T
volving 1 chromosome 3000 00214 40005 108

6000 00735 001

Chromosome interchanges bo 380 00021 +00008 180 2z
tween chromowomes Il and 1500 00252 0003

I
1600 0 0L16 +0001 142 3
4000 00830 +0 008 =
Chromosome ex.hanges n 1000 0000434000008 (o 4
volving chromosome 1V 7 4000 00031840 0004

1000 00007 00002 103 5
200 00014 +00003 1
4000 00036 0 000b 1
6000 00053 +00010
Chromosome exchanges 1000 0017 +0003 124 5
2000 0041 ¥0005 37
3000 005 0008 %0
6000 0200 %0018

Minute structural changes

Minute reatrangements mn X 1000  000043+00000%7 4 6
chromosome? 4000 000162 0 00022
1000 0000874000014 g 4

4000 000317100004

1 Timoféeff Ressovsky N W (1639}
2 Muller HJ (1940) The yield quoted at 380r 13 compounded of some
X ray data at 375r and some ¥ ray data st 4001
3 Muller, HJ (1940) quoting experiments of Muller and Sidky
3 Muller H.J (1940} quoting experiments of Muller and Makin
5 Ehvostova V1 & Gavnlova A A (1938)
6 Belgovsky, ML (1939)
Exchanges detected are those which transfer the IVth chromosome gene
us tnferruplus to a region of any Such
have the effect of weshenung the dominance of the gene and permit & fly
‘heterozygous for the wild tye and the recessi @ to show the phenotype of the
latter
8 The X chromosome used 19 one 1n which a large mversion (sc?} has brought
the gene y* close to the L h The app: rate of the
3+ gene )3 much gre er than m an ordinary \ chromosome and 1s due mainly
to mmute h 10f the gene (possibly deletions)

rather than to gene mutation praper
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Experiments are sometimes made in which a matenal 1s
iradiated, fixed some hours or days later, and anaphase figures
examined and classified as normal or abnormal This procedure
gives less msight nto the mode of action of radiation than does
the more laborious process of clasufymg the chromosome strue
tural changes mto the various ty pes It may, however, be the
only procedure practicable when dealing with cells with a large
number of small chromosomes, and even with more favourable
materials may be adopted when 1t 15 desired to obtam rapdly a
statistically sigmficant amount of data  As a gwde to the mter
Pretation of such experiments we have plotted m tlns manner
the results of experiments: on the wradiation of Tradescantia
microspores, irradiated either when the chromosomes were spht
(Frg 364,B) or when they were unspht (Fig 36¢,p} Plotted on
& loganthmic scale, the points representing the percentages of
normal division figures he quite close to straght lines

With neutrons the yields of all types of structur1l changes
nduced i Thadescantia chromosomes were, found to be pro-
Portional to the dose, so that we should expect the percentage of
normal divasion figures to be Imear agamst doe when plotted on
a loganthmie scale s In the case of the X ray experiments where
the yields of some of the structural changes aie proportional to
dose, while the yields of others are more nearly proportional to
the square of dose, we should expect the curve of the percentage
of normal dvimon figures agamnst dose to be convex upwards
when plotted on a logarithmic scale The square Jaw aberrations,
however, being 1n a minonity, the convessty 13 hardly noticeable 5

InFig 36 5 and ¥ we show the percentage of normal anaphase
figures 1n a mouse lymphoma fixed 12 hr after iwrradiation 4

I Thoday, M (1942) 2 Up Chapter 111 pp 72-75

3 InFig 36 A and ¢ approximate more closely, perhaps, tostraight lines
than s typical In the case of Fig 364 (wradiation 24 hr before meta

Phase) there 1s beltes ed to be some obsert ational error leading to under-
sstimation of the number of chromatid breahs at high doses {cp footnote
4,p 229}

As regards the

experument in which micro~pores were irradiated § days
before metaphas

e (Fig 36C), Amernican authors (Sax Riel CGales) find a
relatively higher proportion of two break types of aberration than does
Thoday, and curs es of normal div 1s10n figures deriv ed from their material

when plotted as n Fig 36 would probably depart more marhediy froma
straght line

4 Marshal, A {1042p)
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‘Tablo 61 This suggests that a single 1omzing particle usually
onuses both breaks in such renrrangements

The ovidence available at present on the vanation with dose
of the yicld of gross structural changes induced by neutrons
eannat be considered ndequate to determmo the shape of the
curve It 1 gnvenn Fig 35¢

Tante 61 N m) induced atrueturnl changes in Drosophila chromosomes
insestigated by genetical methods

Domo Aberrations Power
Change studied r per sperm of dose Reference
Grox structural changes

Chromosome exchanges 1o 1500 00058 +0002 188 ¥

volving \ chromosome 3000 0024 $0005  ygg
6000 00735 001
Chromosome interchanges be 380 00021 +00003 180 2
};vlnn chromosomes I and 1600  0-0232 0003
1600 V0118 0001 142 3
4000 00830 0008 -

Chromoeome ex hanges in 1000 000043+ 0 00008 144 4
volving chromosome 1\ 7 4000 000318~ 00004
1000 00007 00002 103 5
2000 QU014 £00003 33
4000 00036 +00006 IO;
8000 00054 +00010

Chromosome exchanges 1600 0017 +0003 24 5
2000 0041 0005 137
4000 0105 0008 130
000 0200 +0016
Minute structural changes
Minute rearrangements an L 1000 0 000430 00007 096 6
chromosome? 4000  000!82+0 00022
1000 0000874000014 (gs 4

4000 000317:£0 0004

1 Timoféeff Ressovaky N W (1939)

2 Muller, HJ (1940} The yweld quoted at 380r 33 compounded of some
X ray data at 375r and some y ray datn at 400r

3 Muller HJ (1940) quotuig expersments of Muller and Sidky

4 Muller HJ (1940) quoting experiments of Muller and Makk:

5 Khvostova V1 & Gavmlova A A (1938)

& Belgovsky, ML (1939)

7 Exchanges detected are those v hich transfer the IVth chromosome gene
cubitus interruptus to region of any ch
have the effect of weakenmg the dommance of the geno and permit a fly
heterozygous for the wild type and the recessit e ta show the pherotype of the
Tatter

8 The XX chromosome used 13 one in which a large mversion (sc%) has brought
the gene y* close to the The apy rate of the
y* gene 13 much greater than m an ordinary \ chromosome and is due manly
Yo munute rearrangenents m the neighbourhood of the gene (possibly deletions)

yather than to gene mutation proper
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some, or an 1sochromatid break in  split chromosome which are
first-power-law processes The curve shown mn Fig 365 suggests
that the single break process 1s predominant 1 these expen
ments, as 1 the Tradescanhia expermments shown in Fig 36 4
and ¢

Marshak has also made a number of experiments on rapidly
dividing tissues m which the percentage of abnormal anaphases
was determined 1n material fixed three hours after irradiation, at
a tune when the temporary reduction of mitotic activity caused
by the radiation was most marked The results of experiments of
this type: are shown in Fig 36 @ and 1 If, as suggested earher,
abnormalities observed at anaphase three hours after nradiation
are s mixture of physiological changes and structural changes 1n
the chromosomes, 1t appears from these results that the propor-
tion of cells subject to the former type of effect as well as the
latter ncreases approximately 1n linear proportion to the dose

The relative efficiencies of different wave-lengths and types of
10nizing radiation

Study of the relative efficiency of radiations of different 10n-
density n producing structural changes in chromosomes 1s an
amportant method of attack on the mechamsm of this process
The efficiencies of X-rays and neutrons have been compared with
anumber of materials Providing that X-ray doses are measured
1n roentgens, and neutron doses m v umts,> units which represent
approxymately equal energy dissipations i tissue, the ratio of
the yields for equal doses of the two radiations may be taken to
be the ratio of the efficiencies per 1onwzation of the densely
onizing particles (protons) in the neutron experiments, to the less
densely 1onizing particles (electrons) i the X ray experiments

Some experiments have been made to compare the efficiencies
of X rays and neutrons m producing structural changes by
wradiation of Drosophila sperm The results are not at present
conclusive the exper ts shown m Fiag 35 £ and Fasuggesting

1 Marshak A & Malloch, W S (1942)

2 In reporting American experiments in which the neutron doses are

Biven mn n umits we have throughout converted to ¢ units on the bass

that 1 n umt=25 vy units {cp p 20)

a ga g\ rgy expeniments by Bauer, H, Demerec, M & Kaufmann B P

| D) aver H (1939}, Kaufmunn, b P (19413} neutron experiments
¥ Demeree M, Kaufmamn, BP & Sutton, E {1942)
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Dyvision figures wero clasmficd as abnormal when they showed
lngging (acentric) fragments, or bridges (dicentrie chromatids)
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Fio 36 ‘The percentage of normal division figures as a function of dose
Abscissae are i roentgens (\ rays) or » umits (neutrons) A, B Tradescantia
division irrad Hbr before (Thoday) C D Trade
scantia mucrospore division irradwtion 5 daye before metaphase (Thoday)
E F mouse ly mitons o 12 hr before phase (Marshak)
H bean root tip mitonts irradiation 3 hr before anaphase {Marshak &

G
Malloch)
Such fragments and bridges can be produced erther by asym
metrical interchange between two chromosomes, a process ex
pected to be approximately square law with X-rays on the basis
of Tradescantia experiments, or by a break m an unsplit chromo




DIFFERENT WAVE-LENGTHS OF \-EAYS 239

of physioiogical and structural changes in the chromosomes The
lower value of the ratio of efficiencies of neutrons and X-rays
then obtamed suggests that there 1s less difference 1n efficiency
between the two radiations in producing the physiological effects
than mn producing structural changes

In experments on Tradescantia microspores, the yields of
chromatid and 1sochromatid breaks have been found to be
greater with « rays than with neutrons, wlle the yield of chro-
matid exchanges has been found to be less with a-rays than with

TABLE 63 Relative efficiencies of dufferent wat e lengths i inducing breaks

Wave length  Number of breaks per
A

Aberration 100 cells per r
A Tradescantia pollen tube yitoss®
Chromatid breaks ~0 15 058 004
15 082 012
41 110 +011
83 0065 +0015
Isochromatid breaks ~0 15 0099 +0018
15 0092 #0046
41 0158 +0040
83 00034+ 00034
B  Tradescantia pollen gran mtosis?
Chromatid breaks ~015 05040015
~0 015 04740013
Isochromatid breaks ~0 15 02540011
~0015 023+0009

1 Catcheside DG & Lea D E (1943) It s doubtful if any 1sochromatad
breaks are produced by X rays of 8 3A The yield given 13 based on the one
1ochromatid break observed in the chromosomes wrradiated by this wave
length 1t was probably & sp b not caused by the radiation

2 Kotval JP (unpublished)

neutrons : The explanation of these results 1s discussed n
Chapter vir  An important difference between a rays and other
radiations 18 the fact (pointed out on p 210) that breakage ends
produced 1n Tradescantia chromatids by & rays appear to be un-
jomable i a much higher proportion of cases than breakage ends
produced by neutrons and X rays

The efficiencies of X-rays and ¥ rays i producing structural
changes by wrradiation of Drosophila sperm have been compared
by Muller and Ray Chaudhur: : The efficiencies per roentgen of

1t Kotval, JP & Gray L H (1947) The ex
periments were made b:
immersing the inflorescences mn a solution of radon i

2 Reported by Muller HJ (1940)
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that neutrons are shghtly less effectiv e, w hile other experiments:
suggeat that they are shightly more effective

With all other matenals which have been mvestigated, and
for all types of chromosome aberrations, neutrons have been
found to produce a greater yicld of aberrations for the same dose
than X-rnys, as may be seen by comparing curves for the two

Tanr 82 Relativo efficienciea of neatrons and \ ravs

(A figure greator than 1 0 means that s greater yinld of aberrations 1s pro-
duced by 1 v umt of neutrons than by Ir of X rayn )

Hottrs between
Matenial Typeof uradiation Relative Re
atudied aberration and fizsation  efficiency ference
Tradescantia Chromatid breaks 24 22 1
microspores Isochromatid breaks 24 3 ? 1
4 2
Chromosome breaks 120 43 1
Bean root tips Abnormal anaphases 12 6o 3
Mouse ly At 1 anaph 12 35 H
Abnormal anaphases 3 23 4
Seedlng rool tips Abnormal anaphases 3 Bean 28 3
Pen 26 5
‘Tomato 26 5
1 Thoday J B (1942) ss workad upby Lea D E & Catcheaide D G (1942)
2 Qiles N'H (1843) 3 Marshak A (1942a)
& Marshak A (19320) s Marshak, A (19395)

radiations in Figs 34, 35 and 36 It s only possible to state &
preaise figure for the ratio of efficiencies when the dosage curves
are of the same shape for both radiations, otherwise the ratio
varies with dose  In Table 62 we give the ratios of efficiencies i
cases where the yield of aberrations 15 a Iinear function of dose
with both radiations

In addition to ratios of effictencies for aberrations of known
types, for which data are only available for T'radescantia, ratios
obtaned by Marshak by recording abnormal anaphases in rapidly
dividing tissues have also been included In the cases where
fixation was made 12 hr after irradiation the anaphase abnor-
malities are pr bly structural changes, probably mainly
chromosonie or 15ochromatid breaks, and the ratios obtaned are
comparable with the ratios for these types of aberrations ob-
tamed with Tradescantia Where fixation was made 3 hr after
wradiation, the anaphase abnormalities are probably a mixture

1 Dempster ER (1941qa)
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gven are the values of m obtamed by fitting the equation y =mx

to the expenimental results by the least squares method y1s the
number of aberrations per cell, and x the dose mn roentgens or

COEFFICIENTS OF ABERRATION PRODUCTION

Taner 64 Coetlicients of pruduction of aberritions m Tradescantia nucrospores

Chromatid  Isuchromatid  Chromatid exchanges per cell
breaks per reaks per ,._—-—-»——-—-;——\
cell perr cell per r per ¢ perr
Split chromasomes 107t x 10-% « 10t x 10-x  Reference
\ rags (0154 ) 0725 $008 — 1R1+0-21 1
153) 062 2012 — — 2
(414} 110 +011 —_ - 2
834} 0065 +0015 —_ - 2
Neutroush (La+ D) 188 +008 099 2003 09074£0U -— 3
arays(Ru+Rasd+RaC) 198 008 210 3000 039 2005 - 3
Mmute 1 exch
Chromosome  deletions per cell per cell
Unsplit b“llaks = rt r rrt
ns] ve)] T 1T T per
cbmmogoma “ m-P'ex l%e-' X 0~ x 0-1x fg—‘ % Reference
Arays (0154 ) 006 1001 -— -~ —_ 052 008 1
(01-14 —~ - 040 — - ‘
Neutronsé (La+D) 0262042 — — 0322002 - ¥
Be+D) - 019:003  — - - 5

t Thoday, J M (1942} as worked up by Lea, D & Catchende, D G (1942)

2 Catchende, D G & Le:
tubes and bave bren converted to Fields

a, D E (1943)
1n mucrospores for

he expennmenta with solt X rays were made with polley
the puspose of Table 64 The conversion

1s made posuble by the fact, that yields bave been determined m both pollen tubes and mcrospores
54 )and a rays  For a given type of aberration, the ratio of the
pears to be not very different for the two radiations, The
0 tubes and microspores are equal within the error of the expen
ment The yield of 1sochromatid breaks 1s defimitely less mgollm tubes the ratio of yelds being 0-35
{for X rays) Thus 1s believed to be due to the sister chromatids being farther spart 1o the pollen tubes
3-3} br after sowing than 1n the microspores 21 hr before metaphase The yield of chromatid inter
2 2i30 13 less in Xo\len tubes than in mucrospores the ratio of yields {for X rays) bemng 0267
Thus is belreved 10 be due to the ch being less f; dusposed for mterch n the
tube shaped polfen tube than in the sphencal microspore
The yield of 1sochromatid breaks with 8 34 X rays 18 described a3 <0-000 per cell per 100 7
for the'followang reason 1 1sochrornatid break was obtained 1n 181 arradiated nucler, which corre
#ponds to the coefficient 0000 Among 415 unirradiated nucley however, 3 1sochromatid breaks were
vbserved, indicating a spontaneous rate of 1 per 148 nucler The 1 1sochromatid break observed 1n
lga 181 irradiated nucler was therefore probably spontaneous The yield 13 therefore recorded as

3 Kotval J P & Gray L.H (1941

4, The coethcaent, grven 1o deruved (rom Fig 35¢, p 231, which includss the results of Rick G M
(1640), Neweorabe T B (1943, Marineily LD Neber BB eoen N i & Coatio DA
s Gles NB- 1043

s, DR (1942)
Aeutron doses are in trunits
etncal exchanges are recorded 1n unspht chromosomes
g 2]

7 Only as; To allow also £
metncal the yields of gven n the table should be m\f\iq"m

vunits In the case of X ray-induced exchanges, mn which the
yeld obtamed with a given dose dimimshes with increase of the
duration of the exposure, the yelds are first extrapolated to zero
€xposure time, and the extrapolated yields then fitted to the
€quation y=AXz? by the least squares method

1 Extra;

polation 1s made with the aid of the theoretical formul,
a
relating yield to exposure time deniverl in Chapter vt
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X-roys genorated at 50kV and y raya wors equal Kotval found
that y rays wero elightly, but not eigmificantly, Jess efficient
than X rays in producing chromatid and 1sochromatid breaks
in Tradescantie microapores (Table 63n)

Tnborgé,s irracinting Tradescantia microspores, found no dif
ference in tho yield of aberrations between X rays of effective
wavo lengths 0077 and 0 44A, gonerated at 400 and 50kV
reapectively  As oxplained in Chapter 1, however, a conmderable
chango in tho wave Jength of X rays can be made 1n this region
without causing a very marked change in the average 1on-density
of the cloctrons traveraing the tissue, and greater sigmificance
thercforo attaches to expenments made with still longer wave
lengths By germinating pollen grains on artificial mediums and
wradiating the pollen tubes 1t 1s practicable to work with very
soft X rays of long wave length The yields per roentgen of
chromatid and 1sochromatid breahs produced by X-rays of dif
ferent wave length are given 1n Table 634 « It s seen that &
maximum efficiency 1s attained at & wave length of about 44,
and that a wave length of 8 34 13 very mefficient s The explana-
tion of the exmstence of a wave length of maximum efficiency 13
discussed in Chapter vir

Cocfficients of aberration production in Tradescantia

To serve as the basis for the theory of structural change m
Tradescantia given in Chapter vi1, we have collected 1n Table 64
the coefficients of production of the various types of aberration
In the case of aberrations the yield of which 1s proportional to
dose and independent of y (viz chr tid, chr
and 1sochromatid breaks in X-ray expeniments, and all types of
aberration in neutron and « ray expeniments), the coeflicients

1 Kotval, J P (unpublished)

2 Fabergé, A C (19405} The number of extra chromosome bodies per
cell wag scored

3 According to the method of Swanson CP (1940)

3 Catchemde, DG & Lea, D E (1943)

5 X rays of this wave length are very soft, and the explanation 1m
mediately suggests itself that the low efficiency 13 due to the dose re-
cewved by the chromosomes bemg on this account much less than the
eatumated dose (despite allowance for absorption having been made 10
estimating the dose) This expl 18 d by the fact
that a rays, which are also very soft were found to be highly efficient n
the same series of expersments
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changes, the frequency of which did not exceed the frequency of
spontaneous aberratons m umrradiated material These ob-
servations therefore are in agreement with the results with maize
and Drosophila n showing that ultra violet ight can produce
breaks but that the breaks do not take part i exchanges
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F1a 37 Yield of ultra violet induced deletions per 109 nucle: as a function of
?cﬁdent e}x:ergy for wave length 2536A A : d breaks in Trads
ollen tubes (8 ) B d 11
(Stadler & Uber) ’ 1 matze pollen grains

The yields of breaks produced in Tradescantia pollen tubes
and m maize pollen gramns: by monochromatic hight of wave-
length 2536 A 1s plotted against dose m Fig 87 It 1s seen that
with Tradescantia the yield 18 proportional to dose With maze
the yield increases rather less rapidly than the first power of the
dose It has been shown that this non lmeanty 13 due to the
Ch‘ Detected by g end defi s 8s deseribed 1n
@ apter v p 184 The method would only record deficiencies iy olvung

© three marker genes employed 1n these e pel s and thus record
8ame but not all of the breaks mn three of the ten chromosomes The
experiments and caleulations are by Stadler, LI & Uber, F M ({1942)
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Structural changes {nduced by ultra-violet light

Tho mduction of chromosome structural changes by the
uradintion of maizo pollen with ultra violet light has already
been discussed in Chapter vi The prineipal result 13 that terminal
deletions (1 simple breaks) are freely induced by ultra wiolet
hight but that aberrations involving exchange between two
breaks, namely, iterstitinl delettons and chromosome imter
changes, occur with very low frequency Al of the very few
interchanges detected are incomplete It 1s also found that
usually deletions affect only one chromatid and rarely both mster
chromatids smultancously, in other words that chromatid
breaks, but rarely 1if ever 1sochromatid breaks, are caused by
ultra-violet hght

Experiments m which Drosophila sperm have been radiated
by ultra viclet hight: hasve shown that gene mutations are freely
produced but that gross structural changes (which with X-rays
valve breaks produced by separate 10nzing particles) are rare,
if they occur at all Evidence regarding the anduction of minute
structural changes, mvolving exchange between two breaks
which 1n X-ray experiments are produced by & single 1onzing
particle, 18 at present conflicting, salivary chromosome observa
tions having been reported as showing that a proportion of
ultra violet induced lethals are minute deficiencies,s while genetic
tests designed to detect a particular type of minute rearrange-
ment which with X rays 1s comparatively frequent failed to re-
veal 1t n ultra violet experiments s

Inrect observation of chr hang duced by ultra-
violet hight at the metaphase following irradiation have been
made by Swi ¢ who ger ted Trad pollen grams
on a synthetic med and 1rrachated at d t mntervals after

germnation Chromatid breaks were the only structural changes
observed, apart from a very few isochromatid breaks and winter

1 Muller, HJ & Mack K (1939) Mack K & Muller HJ
{1940) Demerec M, Hollaender A, Houlshan M B & Bishop M
(1942)

2 Shzynska B M (1842)

3 Mackenzie, K & Muller H.J (1940) looking for a minute rearrange
ment mvolving the y* locus mn the sc® chromosome 8es footnote 8,
- 074
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changes, the frequency of which did not exceed the frequency of
spontaneous aberrations i unuradiated material These ob
servations therefore are in agreement with the results with maize
and Drosophila mn showing that ultra violet hight can produce
breaks but that the breaks do not take part in exchanges

%
%
O A
wb
0
10 t
. o L
0 T %10 ergsymm® 2 3 )
8
16}
a
21 B
21
10}
F1%
b}
s
2F
0 L L -l W — i R— L
2 4 6 8 10 12 14 16 1

x 107 erps/mm ¥
Incident energy

Fia 37 Yield of ultra violet induced deletions per 103 nuclet as & function of
incident energy for wave length 2536A A ck d breaks 1n
B endosp d

pollen tubes (S
oty e ) 1 maize pollen grewns

The yields of breaks produced in Tradescantia pollen tubes
and m maize pollen gramns: by monochromatic hight of wave-
length 2536 A 18 plotted against dose m Fag 37 It 1s seen that
with Tradescantia the yield 15 proportional to dose With maize
the yield increases rather less rapidly than the first power of the
dose Tt has been shown that this non lineanty 1s due to the

1 Detected by ding endosperm defi as d bed 1n
?:&pter ¥ P 184 The method would only record deficiencies involving
® three marker genes employed 1n these exp and thus record

some but not all of the breaks m three of the ten ch
romosormes
©Xperiments and calculations are by Stadler L J & Uber F \‘In (193;‘;
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cffect of unequal absorption of the ultra violet light in differently
orientated pollon grams The curve in Fig 37813 a theoreticalone
celeulated by Stadler and Uber on the basis that the probability
of a chromosome break 1s strictly proportional to the dose de-
livered to the sperm nucleus, and making allowance for the
absorption suffered by the radiation before reaching the sperm
nuoleus



Chapter VIT

THE MECHANISM OF INDUCTION OF
CHROMOSOME STRUCTURAL CHANGESy

The production of structural changes 1n the chromosomes by
wradiation of Tradescantia microspores and Drosopinla sperm
has been extensively studied, and a certain amount of progress
has been made towards the eluadation of the mechamsms
mvolved Other materals have not yet been investigated
sufficiently
The process of structural change following wrradiation of Droso-
phila sperm was disenssed an Chapter v, mn connexion with
domunant lethels The yields of dominant lethals and of viable
structural changes could be correlated on the view that union
among the breakage ends was random, but that a certamn pro-
portion of the brenkage ends failed to umte before splitting, and
sister unmon oceurred at these breakage ends More experi-
mental data, particularly concermmng the yields of dominant
lethals and wiable structural changes with neutrons and «-rays,
are required to test this theory, and to determine whether a
single 10mzation or many 1omzations are required to cause a
break
In the case of Tradescantia, experiwental data of this sort are
availeble, and the theory of the process of structural change ean
be carred further than has so far been possible with Drosophila
1t appears that union of breakage ends 1n irradiated microspores
18 far from random, only breakage ends which at the time of
Pproduction were close together having much chance of joumng
The contrast of thus standpoint with that provisionally adopted
1 the case of Drosophila does not iy weaken the latter,
#ince union 1n T'radescanfia microspores takes place within a few
1 In this chapter aitation of experimental data will waually be made
by figure table or page reference to Chapter 11, rather than to the
ongmnal authors The sources of the data are stated in Chapter v1 The
theory of the process of structural change in Tradescantia which occupies
the bulk of the chapter 1 based on the treatment, of Lea D E & Catche
side DG (1942 and unpublished) A number of the bame pringiples
were first stated by Sax, K (1940) All calculations are based on the
Physical data tabulated in Chapter 1, which fact necessitates cortain

numerical changes 1n the published theory of Lea and Catch:
used less acourate physical data Y cheside, which
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mnutey of breakage, and in the case of Drosophila 13 deferred
until after the chromosomes of the irradiated sperm have entered
the egg, when the spatial relations of breakage ends may bear
hittle relationship to their spatial relations at the time of
wrradiation

It further appears with T'radescantia that breaks are caused by
single 1onizing particles, but that a single 1omzation does not
suffice It 18 not yet known whother a singlo 10mzation suffices
to break a Drosophila chromosome

Reasons for believing that a break is caused by a single fonizing
particle

The theories of chromosome structural change tahe as ther
starting point the assumption that a break in a chromosome 13
produced by the passage of an 10mzing particle, and we shall
begint the discussion therefore by assembling the arguments on
which this assumption 1s based

Several of the tests brought fornard in Chapters 11, 1v and ¥
m discussing the view that the mactivation of a virus particle
or the mutation of a gene 13 caused by a single 10mzation may be
expected to apply here also, and we should expect that if a
chromosome break 15 produced by a single jomzing particle, the
number of breaks produced by a given type of radiation will be
proportional to the dose and mndependent of the ty and
temperature However, we are not 1n a position to observe all
the breaks primanly produced In Drosophila, the aberrations
detectable 1 the salivary glands, or by breeding methods, are
not simple breaks, but are rearrangements mvolving two or more
breaks In Tradescantir, in which, mn addition to more comph-
cated rearrangements, simple breaks are observable, the latter
do not constitute the total number primanly produced but the
residue after some of the pnmary breaks have taken part in re
arrangements and many others have restituted x Smce the pro
portion of breaks which undergo r g t or
may very well depend on intensity and temperature, 1t 15 evident,
that there are difficulties 1n applymg the tests suggested above

1 Restitution means the jommg of a parr of breahage ends to reform
the original chromosome We avoid the term heal, which 18 ambiguous,
being used by some authors to mean restitution and by others to mean
& change 1n & breahage end as a result of which 1t 15 no longer capable of
umting with another breakage end
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In Tradescantia, for example, the yield of chromatid breaks
dimmmishes with nse of temperature (Fig 328, curve a, p 221),
which 15 probably to be explamed on the view that rise of tem-
perature promotes restitution There 1s some evidence that rse
of temperature (Fig 32D, p 221) or exposure to ultra-violet or
mfra red ight (p 223) promotes restitution tn Drosophila sperm
Thus the experiments on the variation of the yield of chromo-
some aberrations with temperature probably have moie bearing
on the restitution process than on the primary breakage process
The mtensity test can be apphed to Drosophila, smce 1t ap-
pears that rearrangement 1s deferred until after fertihzation has
oceurred It 1s found (Table 60, p 228) that the yield of struc-
tural changes produced by a given dosc 1s independent of the
mtensity and manner of fractionation The inference 1s that the
number of breaks 1 the sperm 1mmediately prior to fertihzation
18 independent of the manner 1 which the dose given to the
sperm 13 distributed 1 time
In Trad a2, Tearrang t takes place during and im
medately following irradiation, and the yield of X ray-mduced
chromosome and chromatid exchanges (1 e aberrations involving
two mdependently produced breaks) markedly dimimshes with
ncrease of the duration of exposure (Fig 33, curvesa, b, f, p 227)
In view of the fact that the observed simple breaks constitute
the residue of the primary breaks which remains after some
breaks take part 1 exchanges and others restitute, 1t would not
have been surprising to have found that the yield of simple
breaks observed increased somewhat with mcrease of the dura-
tion-of exposure However, the proportion of the breaks pri-
manly produced which take part in exchanges beng small, this
increase will be very slight Within the accuracy of the experi-
ment, the observed yield of stmple breaks 1s mdependent of the
duration of exposure (Fig 33, curve d) Thus the mtensity ex-
Penments with Tradescantia, as well as with Drosoplila, are
consistent with the yield of breahs primanly produced being
independent of the mtensity
The expectation that the number of primary breaks per sperm
13 proportional to dose cannot be applied directly to Droso, phila,
snce sinple breaks are not observable cytologically If, how-
‘:‘ er, the view 15 accepted that domimnant lethals are largely due
osumple breaks (p 164), then the fact that the yield of dommant
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lethals 18 proportional to dose at small doses (Fig 27) 15 evidence
that the yield of primary breaka 18 proportional to dose
In Chortophaga neuroblasts and Trad
which simple breaks are cytologically observable, the yxe]d 18
proportional to dose (Fig 34, p 230) Thus the experiments on
the dependence of the yteld of structural changes on dose and
mtenmty are consistont with the pnimary breaks being produced
by single 10mzing particles The processes of rearrangement and
restitution which mtervene between the production of the breaks
and their observation, however, lead to complications which, 1t
must be admitted, weaken the cogenoy of theso expenments as
positive ovidence that single breaks are produced by single
1omzing particles
In the case of Z'rad, tia, these arg ts can be supple-

mented by an additional piece of evidence which, 1 the opimon
of the present wnter, renders them conclusve This 1s the fact
that the yield of exchanges which in X-ray expeniments mcreases
more rapidly than the first power of the dose (Fig 354,0,p 231)
and 1s dependent upon ntensity (Fig 33, curves a, b, f, p 227),
m neutron experiments increases linearly with the dose (Fig
358,0) and 18 independent of intensity (Fig 33, curves ¢, g)
Now with the doses commonly used a microspore 1s traversed by
a score or 5o of 1omzing particles (protons) mn neutron experi-
ments or a few hundred 10omzng particles (electrons) in X ray
experiments The view we are advocating 1s that a particular
break 18 produced by a particular one of these particles The
alternative hypothesis would be that a break cannot be agenibed
to & particular 1omzing parttele but 18 1n some way & cumulative
effect due to them all {for example, caused by a change in the

1 ] composition of the nuclear sap) Now the yield of
primary breaks 1s proportional to dose on the average, and sub
ject to Posson distribution in any mdividual nucleus (Table 56,
p 218), which conclusions are based on experimental evidence
and while favouring the first hypoth are not 1ly mn-
consistent with the alternative hypothess Granted this, we
should then expect on etther hypothesis that the probability of
a pair of breaks bemng independently produced within a given
short distance of each other would be proportional to the square
of the dose Exchanges, which involve the production of two
breaks a short distance apart, are in fact produced by X rays




SEPARATION OF BREAKS WHICH EXCHANGE 249

with a frequency approumately proportional to the square of
the dose This result therefore 18 not inconsistent with either
hypothesis about the mechamsm of production of the primary
breaks But the fact that with neutrons the yield of exchanges
18 proportional to the dose shows that the two breaks are not
independently produced and can only be explamed on the view
that the same 1omzing particle causes both breaks The fact that
the yield of neutron induced exchanges 1s independent of m-
tensity leads to the same conclusion It 1s evident, therefore,
that despite the fact that several 1omzing particles traverse the
nucleus, 1t 13 possible to ascribe the production of particular
breaks to particular 1omzing particles The only reasonable
mterpretation 1s that a break 18 caused by the passage of an

romzing particle through the breakage pomt, or its immediate
vicimby

Distance apart at the moment of breakage of breaks which
exchange
The theory of the process of structural change in T'radescantia
which we develop n this and subsequent sections 15 founded
upon the results of neutron and X ray expeniments Most X ray
experiments have been made with mhomogeneous radiations of
wave length 0 1-1 0A Tissue rradiated by X-rays of this range
of wave lengths 1s traversed by electrons of a rather wide range
of mitial energies (Table 3, p 12), which fact complicates calcula
tions Such experiments as have been made on the dependence
of the yield of chromosome structural changes 1n Tradescantia
on wave length have indicated little varation of yield when the
wave length has been varied between 1 5and 0 08 A (p 240, and
Table 63, p 239) We shall therefore simphfy the calculations by
using physical data for monochromatic X-rays of wave length
15A even when the experiments were made with shorter wave-
lengths The ady antage of the longer wave-length from the point
of view of caleulations 1 that all the electrons projected i tissue
by this wave length have the same mitial energy, namely,
75ekV Therr range (in tissue of density 1g/em3) 15 } 54
6 7 of these photoelectrons are projected from each cubic micron
of tissue by a dose of 1000 ¢ (Table 18, p 32) Thus a dose of
15: :h:ax\xmef the projection, on the av erage, of 303 photoelcctrons
ucleus of diameter 124 of the Tradescantia microspore
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The protons which tras erse the tissuo in a neutron expeniment
have for the most part ranges greater than the diameter of the
Tradescantia nucleus, so that most of the protons which traverse
the nucleus oniginate outerde 1t The mean path of a proton 1
the nucleus s 8 (viz two thirds of the diameter), and with a
doso of 1 v umt the total range of all the protons i the nucleus
18 3 00 (boing 4 05 per 1000 ¢ unita per cubic micron 1 fissue
afumt density for L1+ D nentrons, seo Table 18, p 32) Wenfer
that wath a dose of 50 v units the Tradescantia nucleus of dia
meter 124 1s traversed on thoe aserage by 23 protons

It 13 because the number of somizing particles trasersing the
nueleus 13 much smatler i neutron experiments than m X ray
experuments that neutron induced exchanges are pred ntly
1 2ttt e both the breaks taking part in the exchange are caused
by the snme 1omzing particle), while X ray mduced exchanges
are predommantly 2 ki (1¢ the two breaks are caused by sepa
rate romzing particles) The difference 1s of course quantitative
rather than qualitative  If1t were practicable to use much larger
doges, neutron exchanges would be pred ntly 2 t, while
1f 1t were practicable to use much smaller doses, X ray exchanges
would be predorunantly single mt

The fact that with the doses commonly used neutron induced
exchanges are predomnantly 1 lut means that exchanges be-
tween breaks 13 by no means random For with 23 protons eross
g the nueleus (with 6@ v units) the chance of a given break
exchanging with a break produced by the same proton would,
if exchange were random, be 22 times smaller than the chance of
exchanging with a break produced by a different proton:
Evidently exchanges are n practice confined to breaks which
(at the tame of production) are close together This argument can
be made quantitative as fo)lows Suppose that a given break wiil
only take part i exchange if a second break 1s produced within
adistance & For a 2 hit exchange to be produced 1t would there-
fore be necessary for a second proton to pass through a sphere of
racdhuis A centred at the given break The fact that neutran ex-
changes with 50 v units are not usually 2 hit means that a second
proton will not usually pass through this sphere The sphere of

1 We suppose here and elsewhere i this section that the dose 13
administered m a short overall trme 8o that the breaks first formed have
not time to restitute before the remaning breaks are formed
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radius k must therefore have a cross sectional area less than 3’y
of the cross sectional area of the nucleus of radius 64 We deduce
that & 1s less than 1 3p
Turning now to X-ray induced exchanges, the fact that these
exchanges are usually 2 hit with 50 r means that more than one
electron 15 usually found within a radius % of a given break Thus
the sphere of radius k must have a volume exceeding 53z of the
volume of the nucleus, since with this dose 303 electrons me
found m the nucleus It follows that & exceeds 0 9
These upper and lower limits for . are of course only vald as
to order of magmtude, being based on the rather crude model
that exchange 1s impossible outside the distance A, whereas no
doubt the truth 1s that the probabihity of exchange dimmmshes
smoothly with increasing separation of the breaks at the moment
of formation We may justifiably infer, however, that the dis-
tance apart at the moment of formation of breaks which tahe
part in exchange 1s typically of the order 1z, which means that
exchange 1s far from being random 1n the nuecleus
A second method of estimating k comes from consideration of
the relative frequencies of exchanges betw een breahs in the same
chro (intrachanges) and between breaks mn different
chromosomes (interchanges) If for exchange to occur two breahs
have to be very close together at the moment of breahage, then
there 13 a high probability that pairs of breaks which exchange
will be 1n the same chromosome If, on the other hand, there 13
no such necessity, we shall expect there to be more interchanges
than ntrachanges (since there are six chromosomes) The rela-
tion between mtrachanges and mterchanges 1s geometnically
analogous to the 1elation between I-lat exchanges and 2 t
exchanges The two breaks taking part n an ntrachange are
located on a single chromosome The two breaks taking part m a
1 ltexchangeare located on the path of a smgle omizing particle
Suppose that 1n the nucleus of radus R the total (haploid) length
of chiromosome thread 1s L In the sphere of radius % centred at
a given break we shall expect to find a length of chromosome
thread equal to L(k3/R3) additional to the segment of chromo-
some thread m which the given break 13 located Now of
L{k3/R% exceeds 2k, the second break with which the given
break exchanges wiil usually be in an mdependent chromosome
segment, and a gross structural change will result If, however,
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L (KR 13 less than 2h, then the second break 13 more Likely to
b in the chr gment wlnch contains the given break
(By chromosome segment we mcan here the length 2k which s
contained in the sphere of radius & ) In this ovent the result will
bo & minute intrachange, 1 e ether inversion (which will escape
notice) or a minuto interstitial deletion (which 13 observable)
Now the number of mnute wterstitinl doletions cbserved 1m
Tradescantia microspores wradiated at a time when the ¢hromo
somes are unspht 1s roughly equal to the number of gross asym
metrical exchanges (Table 64, p 241) We infer that 2h and
L(k3/R3) are approxtmately equal, so that i = (2R%/L)! Taking
L, the total haploid length of chromosome thread,: to be 4864
and R, the radws of the nucleus, to be 6z, we deduce that
h=0 9p, again mndicating that exchanges ususlly occur between
breaks separated by 1z or less at the moment of breahage

A further indication of the distance apart, at the moment of
breakage, of breaks which exchange, 13 afforded by a study of
the size distribution of minute interstital deletions It 1s found:
that the most frequently occurring mterstitral deletion 18 2
sphers about 1 4 ter Tlis s tent with the distance
apart of the breaks at the moment of formation bemg of the
order of 15

To sum up 1n Tradescantia exchange between breahs 1 far
from random, but 1s for the most part confined to breaks which,
at the moment of breakage, are separated by a chstance of the
order of 12 or less This conclusion has been separately reached
from conmderation of the following three independent lines of
evidence

{a) With doses of the order of 50 v umts or roentgens re
spectively, neutron induced exchanges are predommnantly 1-hit
and X-ray-induced exchanges are pred tly 2 hit

(b) Minute mterstitial deletions and gross asymmetnical ex-
changes are approximately equally frequent

() The most frequent size of mmnute mterstittal deletion 15
about 12

It 1s mteresting that three such superficially unrelated facts
should be determmed bv a single circumstance, namely, the
velue of 2

1 Sax HJ & Sax K (1935) 2 Rick CM (1940)
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The proportion of breaks which restitute in Tradescantia

1418 generally supposed: that of the breaks primanly produced
1n chromosomes or chromatids of Tradescantin microspores, only
s fraction, and probably & small fraction, survive to the time of
fixation when they are observed either as mmple breaks or
structurs] rearrangements In developing theones of the
mechanista of chromosome breakage by radiation 1t 18 necessary
to be able to deduce from the observed aberrations the number
of breaks primanly produced It 13 particularly important to
know whether the proportion of breaks which restitute 1 the
same for different radiations, since if the proportion 18 not con-
stant, 1t will be necessary to allow for this fact i deducing from
the observations the relatsve efficiencies of different types of
radiation 1n breaking chromosomes We shall therefore devote
this section to a discussion of several methods by which 1t 1s
possible to estimate the proportion of breahs which restitute,
and the number of breaks prnumanly produced per umt dose

Method [ 2 The suggestion has been made that a connexion
exists between the followmg facts (a) a proportion of inter.
changes are incomplete, (b) a proportion of wochromatid breaks
fail to show sister-umton, (c) & proportion of chromatid breaks
fail to restitute, and that experimental determunations of the
proportions under headings {a) and (b) may be used to deduce
the proportion under heading (¢) Each of the three phenomena
Iisted consists 1n the failure of & pair of breakage ends to unite
Tius fadure might he attributed to a chance farlure of the ends
to come into sufficiently close proxumity , alternatively, 1t mght
be attributed to one or both of the breakage ends bemg un.
Jotnable, & dufferent m some way from a normal breakage end
Twa considerations favour the latter alternative One1s that the
frequency of the NUpd type of 1sochromatid break greatly ea.
ceeds the product of the frequencies of the NUp and NUd types,s
sa suggesting that faiure of a breakage end to Join 18 not & chance

phienomenon but 15 due to some cause which 13 hikely to affect
both breahage ends of a broken chromosome 1if 1t affects one
The second consderation 15 the fact (Table 50, p 204, ang
1 Eg Sax, K (1938, 1840), Faberge, A C (1940a)
2 Catchesido D (3, Lea, D E & Thodsy, J M (1946a)

3 Refer to Chapter vi,
Ui expenmmantar Bt P 204, for the termunology and Table 50 for
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L{#[R) is lesa than 2h, then the second break 1s more likely to
ho 1n the chromosome segment which contains the given break
(By chromosomo segment we mean here the length 2k which 1
contained 1n the sphero of radius /i ) In this event the result will
be & minuto intrachange, 1 e either inversion (which wall escape
notico) or a minute interstitial deletion (which 1s observable}
Now the number of minute interstitinl deletions observed m
Tradescantia microspores iwrradiated at a time when the chromo
somes are unsplit 18 roughly equal to the number of gross asym
metrical exchanges (Table 64, p 241) We infer that 2k and
L({k¥/R?) are approximately equal, so that A= (2R3/L)t Taking
L, the total haploid length of chromosome thread,: to be 4864,
and R, the radis of the nucleus, to be 64, we deduce that
h=0 9, agan mdicating that exchanges usually occur between
breaks separated by 1y or less at the moment of breahage

A further indcation of the distance npart, at the moment of
breakage, of breaks which exchange, 1s afforded by & study of
the size distbution of minute interstitial deletions It s founds
that the most frequently occurring interstitial deletion 15 2
sphere about 1z d ter This 13 with the distance
apart of the breaks at the moment of formation being of the
order of 1

To sum up n Tradescantia exchange between breaks 1s far
from random, but 1s for the most part confined to breaks which,
at the moment of breakege, are separated by a distance of the
order of 14 or less This conclusion has been separately reached
from consideration of the following three independent lnes of
eviderice

(a) With doses of the order of 50 vumts or roentgens re
spectively, neutron mduced exchanges are predommantly 1 hit
and X-ray-induced exchanges are predommantly 2 hit

(b) Minute mterstitial deletions and gross asymmetrical ex-
changes are approximately equally frequent

(c) The most frequent size of minute mterstitral deletion 13
about 1z

Tt 18 interesting that three such superficially unrelated facts
should be determined by a single circumstance, namely, the
value of &

1 Sax H.J & Sax K (1935) 2 Rich, C M (1940)
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data given 1n Tables 50 (p 204) and 53 (p 211), shows that
equation (1) 15 1n fair agreement with the expenimental data
Table 65 also hsts the values of f calculated from equation (2)
Combimng all the X-ray data we obtam f=0094 while com
bining all the « ray data we obtain f=0 667

While data concerming non-umon 1sochromatid breaks are
lacking for neutrons, since 1t 18 hnown that the proportion of
neutron induced nterchanges which are incomplete 1s the same
as with X rays, the value f=0 094 wil be taken to apply also to
neutrons

TasLz 85 Correlation between non umon d breaks and h
Tsochromatid breaks Interchanges
5
2=
= +
RO
5 I8
Sla S
Bli Bl
5 . 5 i s £ &
% g v 5F 5% % OF OB 3
) § S
i § 5 &£ 8 & =& Sy & g gF
& ] >3 E 3 i 3 [5 & =
Xmys pg 1027 98 68 33 01391 00BB3 848 132 01337
Xrys pg 210 28 23 17 01753 01241 330 20 Q057
Xmys pt 45 1 2 2 00625 00526 25 2 0014
amys  pe 71 82 27 280 0454 0708 126 39 0236
amys  pt 18 2 3 7 0217 0280 @~ — @ —

W w8~ Reference

1 Catchemde DG Lea DE & Thoday J M (19464)
2 Kotval J P (unpublished)

3 Catcheside DG & Lea, D E (1943)

4 Rotval JP & Gray LH (1947)

The observed yield of chromatid breaks per roentgen being
known (Table 64, p 241), we are able from equation (2) to deducs
the number of chromatid breaks per roentgen which restitute
Adding the numbers observed per roentgen as chromatid breaks,
n sochromatid breaks, and 1n exchanges,: we deduce the total

oceurred following the breakage, then swster umon would be fas oured as
compared with the unobservable types and the probability might ap
proach unity The assumption that z=} 1s made as & compromse which
18 unbikely to be 1 error by & factor greater than 2
a t The number of exchanges per roentgen increases with increase of
h(::;n the case of X rays The number of breaks n exchanges bemng,
mak elr small compared with the number of breaks which restitute, 3t
akes Little difference to the final result Twice the number of exchanges

Per roentgen at 1001 was the number add
P mmentsin & 100 ed to represent breaks ap
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Table 53, p 211) that tho proportions of 1sochromatid breaks
without sister union, and of iterchanges which are incomplete,
are greator for « rays than for Jess densely jomzing radiations,
suggesting that a breaknge end 1s ikely to fail to jom if the break
haa been produced by a densely 1omzing partscle We shall there
fore suppose that failure of & parr of breskage ends to jom,
whether in an incompleto interchange, an 1sochromatid break, or
o chromatid breal, 1s due to one or both of the ends concerned
being unjoinable We shall denote by f the proportion of pn
manly produced chromatid breaks which are unable to restitute
owmng to one or both breakage ends being unjoimnable

The relatively high frequency of occurrence of 1sochromatid
breaks of the NUpd type 1s evidence that 1f one of the four
breakage ends 1s unjoinable, not only has the other breakage end
of the same chromatid a ligh probability of bewng unjomable,
but s0 also have the breakage ends of the sister chromatid For
1f this were not the case, the sister chromatid would reststute and
a chromatid breal, and not an NUpd configuration would be
recorded

It can readily be seen that according to the views we have
been dwscussing, the following relations connecting the fre
quencies of different types of aberrations should hold

Incomplete interchanges ~ NUp+NUd (VILY)
Total interchanges ~ SU + NUp+NUd'

__ NUp+NUd+NUpd (VIL2)
=380+ NUp+NUd+NUpd

‘The first equation 13 derived sumply by considening that an 150
chromatid break 1s a particular case of interchange (but re
membering that an ‘interchange’ 1 which both umons fail to
occur 18 not an 1nterchange at all but two chromatid breahs)
In the second equation, the factor 2 in the denominator of the
night-nand side 18 nserted under the belef that of the total
number of 1sochromatid breaks having all four breakage ends
jomnable which are primanly produced, about one half restitute
or undergo symmetneal exchange, which 15 unobservable, and
one half undergo sister union and are recorded as normal 10
chromatid breaks : Table 65, which 1s based on the experimentat

1 If random umon d b the four k ends che
probability (2} of stster union oceurring m place of an unobservable union
would be z=1 If d P of the two ct Ppreces



PROPORTION OF BREAKS WHICH RESTITUTE 257

1 the bracket 13 not negligible, and we obtamn for the yield of
exchanges

Lp* {1 ———@i—} or approximately
ED(1-f)
1 {1 _ Number of exchanges }
Total number of joinable breahs pnmanly produced
(VII-3)

Sax: has descnibed expeniments, using large numbers of cells,
m which the yield of exchanges was determined as a function of
dose at a time when the chromosomes were unsplit, the time of
wrradiation bemng kept constant The yield mereased very shghtly
less rapidly than the square of the dose the difference not being
statistically sigmificant These experiments consequently do not
enable £ to be determined, they can, however, be used to fix a
lower lumit: for £, and hence an upper hmt for f The results
obtaimned (for X-rays on unsplit chromosomes) are that £> 0 014,
f<005

Newcombe,» employing higher doses, found that the yeld of
2 hit exchanges mcreased with a power of the dose intermediate
between the first and the second At these high doses f 13 no
longer constant, as 1s shown by the fact that the yield of simple
breaks ncreases more rapidly than the first power of the dose
Apparently with high doses of X-rays the proportion of breakage
ends which are joinable diminishes Thus while the total number

t Sax, K (1940, Table 2, and 10415 Table 5} Only ssymmetrical
exchanges were scored (1e rings and dicentries) The total number of

exchanges 13 obtamed by doubling the ber of asy
changes

2 The method adopted was to assume a value for £ to fit formula (3)
by the lesst squares method and to test the goodness of fit by the 0
method By tnal the valus of £ was found which gave a value of x
corresponding to P=005 This was taken to be the lowest value of £
consistent with Sax s data

3 Newcombe, HB (1942b, Table 5) The time of irradiation was

constant and equal to 12 mun We teke &3 the number of asymmetrical
exchanges

1 ex

centric nngs+d t: ) +2x

+3xt
and double to allow for the unobserved symmetrical exchanges Acentris
TIngs are omutted to make the results comparable with Say 8, and to

avoud the melumion of any aberrations which from our pomt
of
Toinute mterstitial deletions P e e
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number of chromatid breaks pnmanly produced per roentgen,
which we denote by £ The values obtened are £=0086 for
X rays, £=0 208 for noutrons, and £=0 083 for a rays

bome of the methods we are going to discuss fead disectly to
estimates of £ Evidently, by reversing the procedure just de
scribed, wo can, by making use of the coefficients cited i Table
64, dertve estimates of f from these estimates of £

Method II A socond mothod of estimating £ and f comes from
the consrderation that 1t 1s only the fact that the majonty of the
primanly induced breaks restitute which permits the yeld of
2 hit exchanges to mcrense i proportion to the square of the
dose Clearly, sf all the Joinable breaks took part in exchsnge,
the number of exchanges would be proportional to dose We
should expect therefore that st high doses the yield of ex
changes will increase less rapidly than the square of the dose
The following approximate calenlstion wall serve both as a
demonstration of the (dose)? law at low doses, and as an ndica
tion of the manner m which the yield of exchanges may be
expected to depart from this law at hugh doses

£D{1~f) being the number of jomnable primary breahs pro-
duced 1n the nucleus of radius R by a dose D, the mean number
(addttional to the given break) in a sphere of radius % centre 8t
a given breah: wall be £D(1 —f) k%/R3, the actual number beg
distributed m a Powsson distnbution about this mean The
probability of at least one break occurring i this sphere 1s there
fore 1—e~¢PA-NWIF, which may be expanded mn ascending
powers as ED(1—[f) B3R {1~ }D(1—f) B3B3+ } This en
pression 1s the probability that a given one of the ED(1~])
jomable breaks 1n the nucleus shall exchange, and we deduce
that the ber of {complete) exch per nucleus, which 18
one half of the number of breakage ends taking part in ex-
changes, 18 H{ED)* (1~f) 13/ R® {1~3ED(1~f) ¥/R+ } For
small doses all the terms 1n the bracket except the umty can be
neglected, and we obtain for the yreld of exchanges &D? per
cell, where 1=3£2(1 —f)* h%/B* At higher doses the second term

1 Assuming that the breahs are umformly distributed in the nucleus
In view of this assurption the exchanges coversd by this formula do not
welade the munute 1 dele the high fr of which
depends on the higher than random probability of finding & second break
1n the aame chromosome
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m the bracket 13 not neghgible, and we obtan for the yield of
exchanges
LD {l ~ §D_£(?—:f)} or approximately
P {l _ Number of exchanges }
Total number of joinable breaks primanly produced
(VIIL-3)

Sax: has desenbed experiments, using large numbers of cells,
m which the yield of exchanges was determmed as a function of
dose at a time when the chromosomes were unspht, the time of
wradiation being kept constant The yield increased very shghtly
less rapidly than the square of the dose the difference not bemng
statstically migmficant These experiments consequently do not
ensble £ to be determined, they can, however, be used to fix a
fower It for £, and hence an upper hmt for f The results
obtamed (for X rays on unsplit chromosomes) are that £> 0 014,
f<005

Nev combe,s employng higher doses, found that the yield of
2 lut exchanges mcreased with a power of the dose intermediate
between the first and the second At these fugh doses f1s no
longer constant, as 13 shown by the fact that the yield of smple
breaks inereases more rapidly than the first power of the dose
Apparently with high doses of X-rays the proportion of brealage
ends which are joinable dimmmshes Thus while the total number

1 8ax, K (1940, Table 2, and 19415, Table 5) Only asymmetrical
exchanges were scored (1e rings and dicentrics) The total number of

b 3 obtamed by doublng the ber of asy 1 ex

changes

2 The method adopted was o assume a value for £, to fit formula {3)
by the least squares method and to test the goodness of fit by the x1
method By tnal the value of £ was found which gave o value of y!
corresponding to P=0 05 This was taken to be the lowest value of £
conmistent with Sax’s data

3 Newcombe H B (18425, Table 5) The tune of irradiation way
canstant and equal to 12 min We take as the number of asymmetrical
exchangea

Centric rings 4 dicentric chromosomes +2 % tricentric + 3 x tetracentne,

and double to allow for the unchserved symmetrnical exchanges Acentrie
Tings ere omutted to make the results comparable with Sax s and to

avoud the inclusion of any ab:
y aberrations which from our pont of vie
Faunute interstitial deletions e e
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of primary breahs 18 proportional to the dose, the number of
Jomnable breaks primanly produced ncreases less rapidly than
the first power of the doso This effect, as woll as the fact that at
high doses the number of breaks taking part m exchanges 1s no
Tonger a neghgible fraction of tifo total number of prmary breaks,
oan bo tahen into account by a shight mod:fieation of the theory
we have already given Defining L' = §£253/R?, we obtamn the
following approximate expression for the yield of (complete)
oxchanges produced by o dose D

L’D’{l-—-r' hanges + 2 x chr breaks at dose D)
Number of primary breaks at dose D
(VIT-4)

This formula was found to fit fauly well the manner of vana-
tion with dose of the yield of exchanges found by Newcombe at
240, 480 and 960 r when the value £=0 010 was employed The
value of f at low doses (where f 13 constant) deduced by com-
biming this value of £ with the coefficients of aberration produc-
tion hsted in Table 64 (p 241)1s 0078

Two methods of estimating £ and f somewhat simular to the
method just described may be mentioned, though 1t has not
proved possible to apply them in practice They depend on the
fact that the chromatid or chromosome breahs which are ob
served constitute a certam fraction of the primary breaks re-
mammng after some have taken part m exchanges Swce the
yeld of X ray induced exchanges mcreases more rapidly than
the first power of the dose when the dose 1s varied, we mght
expect the number of chromatid or chromosome breaks observed
to mncrease rather less rapidly than the first power of the dose
The larger the number of breaks primanly produced relative to
the number which take part mn exchanges, the smaller will be the
departure of the yeld of breaks from 2 linear function of the
dose, and analysis of the dose curve should thus enable the
number of breaks primanly produced per roentgen to be de-
termmed The expermmental dose curves at present available
(Fig 34D,F, p 230) are not sufficently accurate to permut of this
method bemng apphed

In a sumlar manner, since the yeld of X-ray induced ex
changes decreases when the duration of exposure 1s increased ab
constant dose, we should expect the yield of chromatid and
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chromosome breaks to increase shghtly when tne duration of
exposure 18 1mcreased at constant dose The expernimental points
shown in Fig 33, curve d (p 227), do not indicate any ncrease
of the yield of chromatid breaks with the duration of exposure
at constant dose They do not, howeser, rule out an ncrease of
up to 109% 1n the yeld between the shortest and Jongest time
used 1 the experiments, and when the calculation 18 made the
corresponding lumt set for f turns out to be f < 0 75 This, though
doubtless true, 18 not helpful The method 1s ewvidently in
sensitive, and data of very Ingh precision would be needed to
obtawn a useful result from 1t

Method I1I OQnp 2561t was shown that, apart from smaller
terms which we need not now conmder, the yield of 2-hit ex-
changes induced by X rivs was D3, where L= }£3(1 —f)2)3/R3
Now R, the radws of the nucleus, 1s 64, and &, the distance
within which exchange occurs, was found earlier in this chapter
to be 1z Thus from the expernmental values of the coeffictent
of exchange production per cell per roentgen squared hsted in
Table 64, p 241, we can deduce £ and hence f A simlar method
can be apphed to the 1 It exchanges induced by neutrons and
arays If dis the length of path of all the protons (or & rays)
which traverse the nucleus per roentgen,: and £(1 —f) the number
of jomnable breaks primarily produced per roentgen, then
£(1-f)/d 1s the number of jomable breaks primanly produced
Der micron of path length  Hence 21£(1—f}/d 1s the probabibty
that a second jomable break shall be produced witlun a distance
% of a given break by the same 1omamg partile Thus
£2(1~f1?hDfd 1s the mean number of (complete) exchanges per
nucleus produced by dose D Again taking k=1, we are able
to deduce £, and hence f, by comparing thus formulaz with the
expenimental coefficients of exchange production histed mn Table
&4 (p 241) The values of £ and f obtaned by the application of
method IIT are Listed n Table 67

1 Table 18 p 32 gives the path length per cubic micron Multiplica
tion by the volume of the nucleus (90543) gives d

2 When applying this formula, or the formulx for 2 hit exchang es, to
sphit chromosomes £ should be replaced by (£~2¢) where ¢ 13 5’0 co
efficient of production of 1sochromatid breaks per cell per roentgen, on

the grounds that the breaks which
constitut hy ahs 2
gron ons! e 1sochromatid breaks are not
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BMethod IV 1 Most of the interchanges observed m a nucleus
wradated at a time when the chromosomes are sphit are chro
matid mterchanges, 1n which one chromatid of each of two
chromosomes has broken and exchange has taken place between
the two breaks A certain number of configurations ere seen
which can be diagnosed as interchanges between an 1sochro
matid break and a chromatid break These c/s interchanges have
been found with X-rays to be 874 times less frequent than
ordinary c/c iterchanges, which indicates that 17 48 primary
chromatid breaks are produced by X-rays to every prumary 130
chromatid break But the number of chromatid breaks scored
m the fixed nucler 1n these particular experiments was 3843
times a8 great as the number of 1sochromatid breaks Hence 1t
18 1nferred that the proportion (f) of primary chromatid breeks
which persist 1s only about 3 843/17 48=0 22 time as great as
the proportion (z) of 1sochromatid breaks which persist Taking
£=0 5 (s00 footnote 1, p 264) we deduce f=011

Method V. Estimates of £ and f can be denved from considera
tion of the relative frequencies of chromatid and sochromatid
breaks, if wo are prepared to admut that the production of &
primary chromatid break requires the passage of an lomzing
particle through one of the chromatids, and the production of an
1sochromatid break requires the passage of the same 10mzing
particle through both of the chromatids Considering the suster
chromatids as & pair of parallel cylinders of radus r, separated
by & distance (axis to axis) of 8, 1t can be shown that the prob
ability that an jomzing particle which passes through a specified
chromatid shall pass also through the sister chromatid 13

o=2o—5 1-cong),

where sin ¢ = 2r/s, g taking the values given i Table 66, ranging
from 0 363 for chromatids 1n contact to 0 053 for chromatids
separated by a clear distance of 5 diameters

‘We cannot be certamn that an 10omzing particle which passes
through & chromatid mevitably breaks 1t, we denote by p the
probability (<1) that 1t does so Denote by z the ratto of the
number of 1sochromatid breaks observed to the number of 1s0-

1 Catcheside, D G, Lea D E & Thoday, J.M (1948a)
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chromatid breaks pnimanly produced (the remainder rest:
tuting) Then 3zpg 18 the ratio of the number of 1ochromatid
breaks observed to the number of chromatid breaks primanly
produced (The factor § 1s required since an 1sochromatid break

Tarte 66 The g trical factor for 1soch d breaks

Clear ssparation of chro
roatids 1n diameters

2rfs

e

0 05 10 15 2 3 s
10 087 05 04 033 025 0167
0383 0222 0163 0128 0106 GQ79 0053

L ]
smphes two chromatids broken ) Taking 2==0 5 as before (cp
footnote 1, p 254), and noting that p cannot exceed umty and
g cannot exceed 0 363, 1t follows that this ratio <0 091

Now the number of 1sochromatid breaks per cell per v-unit
obtamed m neutron experiments 1s 0 99 x 10-2 (Table 64, p 241)
Hence £>099x10-2—-0001, 1e £>011, whence we deduce
J<022

Tarex 87 Estimstes of the pumber of primary breaks pet call per roantgent
and of the fraction of pnmuypbmu which are unjou‘::bh (nm &

X raya Neutrons o rays

£ ! 3 ! £ !
Splt chromosomes  Methad I 0088 0004 0208 0094 0083 087
Method 111 0008 008l 0213 000 014 033

Method IV 0015 0110 - —~ - -

Method V — — 011 <022 —_ —

Adopted values 0 008 021 000 010 [ %]

Taapht chromosames  Mathod IT

ax’s data >0014 <0050 - - —_ —_

Newcombe s data 0010 0078 - — — —_

Method X1 0088 0010 0150 0Otp —_— —

Wae do not apply this method to a-ray and X.ray-mduced
1sochromatid breaks owing to compheations which we discuss
later (p 277)

The estimates of £ and f denved from the five methods we
have discussed are collected 1 Table 67 With unspht chromo-
sotes the estimates are too few m number and too dwvergent 1n
numerical values to enable any precise quantitative conclusions
to be drawn There appears to be no doubt, however, that the
number of bresks pnmanly produced greatly exceeds the num-
ber vimble at the tume of fixation

¥ Per v umt 1n tho case of neutrons
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The agreement botween the estimates of £ obtamed by the
soveral methods when applied to spht chromosomes 15 sufficient
to givo us somo confidence n tho mean values of £ The principal
results are

(@) Tho proportion of breaks which aro unjomnable (1 e f)is the
same for noutrons and X-rays, but considerably greater in the
case of & ray induced breaks

(¢) The number of breaks prnmanly produced per umt dose
(10 &) ncreases in the order X-ro3s, « rays neutrons Thus the
offictency per 1omzation mncrenses with increase of 10n density m
gong from X-rays to neutrons, but decreases with further n
crease of 1on denmity in passing from neutrons to « rays The
signtficance of this result 13 discussed later

The agreement between the results given by the diverss
methods employed i estimating £ and f 13 mdarect confirmation
of the general soundness of the basic postulates of the theory

Mothod V only gives an upper hmt for f and a lower lumt for
£ owing to the fact that a priors one 15 only able to ascribe upper
Limuts to g (viz 0 363, Table 65) and to p (viz 1 0) The fact that
the limut for £ given by method V 13 withmn a factor of 2 of the
probable values mdicates that the actual values of g and p do
not depart by more than a factor of 2 from these upper hmits
In other words, if sister chromatids are not touchung 24 hr be
fore metaphase they are not separated by more than about
1 diameter {(which would make g=0 163), and 1f a proton passing
through a chromatid does not mevitably produce a break, the
probability of its doing so 1s not less than one half

Dependence of the yleld of aberrations in Tradescanfia upont
the duration of exposure

In considering exchanges hitherto we have supposed that all
the primary breaks coexist 1 the nucleus This 1s so if the dose
1 admnstered over a short overall tume If the dose 1s spread
over a prolonged time, exther by dividing 1t mnto fractions or by
use of a low intensity, many of the breaks restitute before time
has elapsed sufficient for other breaks with which they might
exchange to be produced in thewr viemty Consequently, the
yield of exchanges produced by a given dose of X-rays dumushes
with increase of the duration of exposure If we make assump-
tions about the time for which a break remams free, we can work
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out a theoretical formula: for the dependence of the yield of ex-
changes on the time of exposure Conversely, by fitting such a
formula to the experimental data we are able to deduce the mean
time for which a break remamns free before restitution or ex-
change oceurs

Since we have shown that the great majonty of the breaks
primanly produced 1n the nucleus by X-rays restitute, we can
without great error make the smphfying assumption that the
gradual diminution m the number of free breaks which occurs
after the cessation of rrradiation 18 solely due to restitution and
neglect the fact that exchange accounts for a small part of this
diminution Thus if 7, breaks exist 1 the nuclens at time t=0,
at time ¢ the number (in the absence of further wrradiation) wall
be nyf (1), where f(t) 1s a dimmshing function of ¢

The probabibity of a given break recombimng in any short
mterval of time wall be proportional to the number of other
breaks within range (1 ¢ within distance 1) The mean number
withm range 18 a certan fraction of the total number » of breaks
existing mn the nuclens at that time Thus the number of breaks
combimng per umt time 18 proportional to #2, =fn? say This
result 13 analogous to the equation for a bimolecular reaction m
chemistry, or the equation for the combmation of positave and
negative ions m electriity The total number of exchanges
formed may be wrnitten

[prdt=pn [{FO) dt, (VIIL 5)
where the integration extends over the period for which breaks
ex1st 1n the cell

To proceed further requires a hnowledge of the function f(t)
The simplest assumption would be that ail the breaks remam
open for & constant tume 7 after the moment of thewr formation,
and then rejoim in the original formation if they have not already
taken part in exchanges Such umformty of behaviour 1s, how-
ever, not very plausible, and instead the calculation has been
made assuming that nfng=f(t)=¢-, 1¢ dnfdt= —n/r, 1m-
Plying an average time 7 elapsing between breakage and restitu-
tion, with the actual times distributed in a skew manner about

1 The formala given 14 that of Les, DE & Catcheside, D G (1942)

An alternative treatment 13 given by Mannell
NH g gpws treatn (‘942;; y 1, LD, Nebel, BR, Giles,
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this mean  Some sort of Justification for the choics of this par-
ticular funotion is provided by the chemucal reaction analogy we
have already d If union between ends from different
breaks 18 analogous to a second-order reaction, umon between
the ends of o single break may perhaps bo regarded as a first
order reaction, wiich hes an equation of the type chosen

Suppose that while the cell 1s bemng wradiated at mtensity I
roentgens per minute the rate of formation of pnmary breaks:
18 £1  Allowng for the rate of reunion we have

dnfdt=E£Il —-n/fr, (VII 6a)
whence n=flr(l—e¥)

At time ¢="T suppose the radiation to cease, n will then dummsh
according to the equation
ne=Elr(l —e-Tih) g-i~Tir (VII 6b)

Substituting these values of # 1n equation (5) and integrating we
obtain as our estimate of the total number of exchanges

[ a=igprura,
where G=2(r/T) {Tfr~1+e-Tl)} (VIL-7)
Thus the ber of exchanges produced m the cell by dose
D=1IT roentgen 15 proportional to
{dose}* @ (VIL 8)

The function @ 1s tabulated 1n Table 68 and 13 seen to have the
value unity at 7'=0 and to dimumish as 7 wcreases We see 1m
mediately that the theory predicts, in accordance wath Sex’s
experirnents (cp p 232), that if the dose 13 vaned by varying
the ty at t tiume, so keeping 7' and therefore &
constant, the number of exchanges produced 1s proportional to
(dose)? Further, we see that if at constant dose the mtensity
18 vaned, the yield of exchanges should be sunply proportional
to ¢ In other words, the curve of number of exchanges agamst
time over which the wradiation 1s extended should be 1dentical
1n shape with 2 plot of the function & This affords the sumplest
method of determming 7 by companson with experiment

1 Strictly tobe with our p! defi of £ we should
write £(1—f) 1 place of £ throughout this section The omussion of the
factor (1—f) has no nfluence on the function &
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For Sax’s oxperiments: at room temperature we find that
7=4 min, both for chromat:d and chromosome aberrations
Thus Tig 384 shows that the theoretical curve fits Sax's data
(Fig 4 of Ius 1840 paper) of the production of chromosome ex
changes by a constant dose of 320 r spread over varous times

minutes
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Fm 38 Dimnution with mcres-sed duration of exposure of the yield of

d by a t dose of X rays m Tradescantia microspores
over the time ndicated 3207
B chromatid exchanges 150 r divided into three 2 min fractions with rest
periods of 0 3 9 or 27 mun between fractions Curves theoretical, pownts ex
peruments of Sax

by varymng the mntensity The agreement 13 seen to be satis-
factory Repetitions of this experiment made m different
Inboratories have given different experimental curyes and corre-
spondingly dafferent values of 7 (cp curves @ and b of Fig 33,
p 227) It also appears that 718 imfluenced by temperature ~

1 Sax K (1939, 1940) We have multiplied the ordinate scale by 0 03
to convert 1t to exchanges per cell and inserted estimates of error taking
the standard deviation of a figure based on the recording of n exchanges

to be a fraction 1/
. Sax h & Cnzmann EV (1939), Catchesde DG Lea, DE &

Thodav J.J (1946a)
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For chromatid exchanges Sax’s data refer to experiments of
a shightly different type, 1 which the radiation was given at
constant intensity, but split up mto three 2 mmn fractions with
rest mtervals between the fractions, which 1 the different ex-
periments took the values 0, 3, 9 or 27 min The application of
the theory to this type of expermment presents no difficulties, but
15 & hittle tedions The first stage 15 to calculate the number of
free breaks existing at any given time  During the first fraction
of duration T, the number of breaks increases according to
equation (6a), during the rest perod T, 1t decreases according
to equation (6b), thus at time 7', + T, the number of free breahs 1s

ny=EIT(1—e Tty o~

Dunng the next fraction T, the number of breaks agan -
creases, following the differential equation dn/dt=£I —n/r, with
mtial value n,, the solution of the differential equation 1s

n=EIT(l~et")+ 0"

Thus at the end of the second rest interval T the number of free
breaks 13

ny=El7 (1 — e Tvr) =T 4y, e~ (T3* T,

and 50 on Evaluating Iﬁn’dt stage by stage gives the number
of exchanges Fig 388 shows the agreement of theory and ex-
penment obtained using the same value 7=4 mm as was used
for chromosome exchanges There 15 no evdence 1n Sax’s expen-
ments of different rates of rejoinng of breaks m sphit and unspht
chromosomes

If the dose 15 vamed by varymg the time of exposure at eon-
stant intensity, then with increase of dose @ dimimshes and
equation (8) shows that the yield of exchanges increases less
rapudly than the square of the dose  Sax showed expertmentally :
that the yield of chromosome exchanges obtamed at a constant
mtensity of 25T /min 1increased as the 15 power of the dose
Hs results are shown in Fig 39, 1n which both dose and yeeld of
exchanges are plotted on » logarthmic scale Wath this method
of plotting, a y1eld proportional to a power of the dose 1s repre-
sented by a straight hne The experimental ponts hie between
hnes a, representing (dose)® and line d, representing (dose)!, and

18
scqred“ K (1938) Centric nings and dicentric chromosomes were
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approamate closely to hine b, representing (dose)t3 Curve c1s
the function (dose)?@, G being calculated using the value
=4 mn denved from Sax's expeniments on the dependence of
yreld on duration of oxposure at constant dose (Fig 384} It1s

20  — T T x(“ﬁi

Exchanges per cell

ol
008

0-06

0-04 A . I TR R N
100 150 200 300 400 500 60G 800 1000 1500

Dose 1n roentgens

Fro 39 Yield of a8 a function of dose
at a constant mtensnty of 25 r per rinute (‘( mys) Points experimental (Sax)
curves a {doso)?, b (dose)t * ¢ (dose) @ d (dose)

seen to represent the experimental results satisfactorily except
for some deviation at the lghest doses (corresponding to ex
posure tumes exceeding 30 mn )

No special theoretical sigmificance attaches to the power 15
1 the (dose)! #law w huch fits these abservations If a lower in
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tensity had been used over the same dose range, a lower power
would have been obtamed If a higher intensity had been used,
a higher power, approximating to (dose)? at sufficiently ngh m-
tensity, would have been obtammed The expertmental results
shownm Fig 354 (p 231) illustrate the dependence of the shape
of the dose curve on the mtensity

With the a1d of the ¢ function a satisfactory account can be
given of the manner 1 which the yield of exchanges depends on
dose and 1ntensity 1n experiments having a duration up to about
30 mn In expenments extending beyond 30 mun, the theo-
retical curve falls below the expenmental curve for the longer
exposure times Fig 39 illustrates thus for an expeniment on the
vaniation of yield with exposure time at constant mtensity, and
1t has also been demonstrated in experiments on the vanation
of yield with exposure time at constant dose : The explanation
may be that the number of breaks m the nucleus falls off on
account of restitution more gradually than mdicated by the
formula ~dn/dt=n/r, or 1t may be that an appreciable propor-
tion of the exchanges produced by X-rays are 1-ht exchanges,
the number of which produced by a given dose 1s, of course,

mdependent of exposure time This pomt has not yet been
eluaidated

The relative efficlencies of different radiations

By the methods described 1 an earher section 1t was possible
to deducs from the expernimentally observed yrelds of aberrations
the numbers (£) of chromatid breaks primanly produced per cell
per roentgen (or v-umt) by X-rays, neutrons, and a-rays mn
Tradescantia microspores tradiated at a time when the chromo-
somes were split (1¢ 24 hr before metaphase of the first haploid
mutosis) The average values of £ are reproduced m Table 69
In addition, values of £ are gaven for soft X-rays of wave-lengths
15,41and 83A These figures are obtained on the assumption
that the values of £ with different wave-lengths are proportional
to the respective yields of chromatid breaks per roentgen given
i Table 63 (p 239) Swnce 1t was found that the proportion of
Jomable breaks was not detectably different for medium X-rays
and neutrons (Table 67, p 261), 1t seems hkely that 1t will not

1 Catcheside DG Lea DE & Thoday, J M (19468)
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be different for difforent wave lengths of X-rays, and that the
procedure adopted for deducing £ for soft X-rays will therefors
bo correct

Tarre 60 Numbers of pnmary chromatid bn.-nkn per cell
pee roentgen () produced in Tradescantia

Radstion £
\mya(OlGorHSA) 009
A) 017
} 0010
Neutmn.u (LH-O geMV deutemm) 021
a rays (Rn+Ra A+Ra () 010

Reasons have already been given for supposing that & chro
matid 18 broken by a single romzing particle We are now m 8
position to answer tho question whether a single tonization causes
the break or whether & number of 10omzations are necessary The
tests by which actions of radiation caused by a single 1omza-
tion can be recogmized were discussed at length in Chapter m
One test 13 that the efficiency of different radiations (1e yield
per unit dose, here £) should dectease in the order of mcreasing
1on density, 10 1n the order X rays, neutrons, « rays Table 69
shows, however, that neutions are more efficient, not less
efficient, than X rays It 1s concluded, therefore, that a smgle
1on1zation 1s not able to cause a break and that a number of
lonizations are necessary More exactly, 1f the more densely
jomzing particles (protons) in neutron expenments produce 7
times as many 1onizations per micron as the less densely 1onzing
partacles (electrons)in X-ray experiments, the fact that neutrons
are more efficient per tonization shows that the passage of &
proton has a probability of causing & break more than n times as
great If we draw hypothetical curves (Fig 40) relating the
probability of an 1omzing particle causing a break to its 1on-
density, a curve such as B and not such as C or D must be
assumed The essential feature required by the fact that neutrons
are more efficient per yomzation than X rays 18 that the curve
must have a steeply mising portion m which the probability of

1 The 10n densities of the 1omzing parhcles which traverse a tissue
f

wrradiated by soft X rays are the 1on d o
the 1omizing particles when the tissue 18 irradiated by medium X rays and

neutrons respectively
2 Per v unit m the case of neutrons
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breakage 15 mereasing more rapidly than the first power of the
10n density An extrems form of curve B 1s the square cornered
curve A, and while this 13 less plausible than a smooth curve such
as B, we shall for the sake of the ssmplification thereby achieved,

o4 E-]
£ 4
S0k L
3 A 3 ¢
> B >
o} = D
K 3
: :
& &
B/ |a
0 0
Tonuzations per x Tomzations per p

Fic 40 Hypothstical relations between the 1on density of a particle, and the
probability of its causmg & break when traversing & chromatid
assume the extreme form A 1n some calculations The approxi-
mation nvolved 18 not an absurdly crude one as 1t would be 1f

the true curve had a shape such as D, Fag 40
« rays, which have an 1on density still greater than that of
protons, produce fewer primary breaks per 1onization (Table 69)
It follows that the pomnt representmg « ray ton-density 1s at a
part of curve B where the probabihty of breakage 18 increasmg
less rapudly than the first power of the dose It 15 therefore be-
yond the shoulder of the curve, and the probabihity of an «-
particle brealung a chromatid through which 1t passes 15 ev1
dently close to umty
‘We can obtain further evidence leading to the same conclusion
by taling account of the dimensions of the chromatids The
haploid length of the chromosome thread i Tradescantia 1s 486,
and the diameter of the thread 1s said to be 0 14 1 The volume
of all the 12 chromatids in the prophase nucleus will therefore be
7634 Smce the total length of « ray track produced per
Toentgen per p 18 0 56x 10-3u (Table 18, p 32), 1t follows that
the total length of a ray track contamed withm the chromatid
thread 18 4 3 x 10~34 per roentgen, and that the number of inter-
1 8ax HJ & Sax, K (1935), Sax, K {1938) The dumensions are thosa

observed et pachytene, a stage when the chr
pone ytene, g 0 omosomes are greatly
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scotions ot « roys with tho chromatid thread 1s 0043 per
toentgen « If & rays are allowed for (data also from Table 18),
tho total number of intersections of @ rays and & rays with the
chromatid thread 18 0 113 per roentgen

The number of chromatid breaks pnmanly produced per
roentgen 13 0 10 {Table 69), which 18 compatible with the view
that tho probability of an « particle which traverses the chro-
matid eausing & break 13 approximately umty

Making a simuler ealeulation for neutrons (physical data from
Table 18) we find that the mean number of chromatid intersec-
tions per v unit 15 0 31, allowing for proton intersections only, or
0 40 allowing also for & ray intersections Comparing with the
value of § given 1n Table 69, viz 0 21 pnmary chromatid breahs
per v umt, we infer that the probability of a proton causing a
break 18 a hittle less than umty Actually the protons which
traverse the tissue i these expemments cover a rather wide
range of energies, and consequently of 1on densities It 18 hikely
that the less energetio (1 ¢ more densely 10nizing) protons have
a probability of practically umty of breaking a chromatd
through which they pass, and that the more energetic (1e less
densely 10n1zing) protons have considerably lower probability
This 18 suggested by Giles's experiment (Fig 3568, p 231) n
which a decrease of the mean neutron energy (1e mcrease n
10n density) caused some tncrease 1n the yield of aberrations per
1omzation

On these grounds 1t appears hkely that the msing part of
curve B, Fig 40 corresponds roughly to the range of 10n densities
of the protons 1n neutron experiments

We have now to attempt to wnterpret the variation with wave-
length of the number of primary breaks produced per roentgen
by X-rays For equal doses of X rays and neutrons meny more
chromatids are traversed by 1omzing particles in X ray expert
ments than in neutron experiments (as may be seen by com
panng the figures of the total range 1n the tissue of the 1omzing
particles given 1n Table 18, p 32) Vet X rays produce fewer
breaks It follows that the probability of a chromatid being
broken by the passage of an electron through 1t 15 rather low, a

1 If a straight le & long cylinder at rand the mean
length of straight e lymng within the eylinder 15 equal to the diameter
of the cylhnder, viz 0 1z for the chromatid thread
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fact which 18 to be ascribed to the 1on density in an electron track
bemng on the average considerably lower than in a proton track
The number of 10mzations per micron produced by an electron
increases rapidly towards the end of the track,: and for the last
few tenths of a micron 1t 15 of the same order as 1 a proton track
of a few electron-megavolts energy If this part of an electron
track traverses a chromatid, the probabihity of causing a break
must be quite lugh  However, the 10n density towards the be-
gmmngof anelectron track of, for example, 20ekV energy,1ssome
ten times lower than in the last tenth of a micron In view of
the ramdity with which the probability of an 1omzing particle
g a break dir hes with d of 10n density (cp
curve B, Fig 40), 1t 18 evadent that af this part of the electron
track traverses a chromatid, the probabihity of a break being
caused 18 very small We are thus led to think that an electron s
practically ineffective 1n causing breakage unless the densely
lomzing ‘tail’ of the track traverses the chromatid, m which
event the probability of causing a break may be quite lugh The
following considerations support this view Soft X rays of wave
lengths 1 5and 4 15A dissipate their energy by means of photo-
electrons of 7 5 and 2 5ekV respectively For equal numbers of
roentgens, the numbers of photoelectrons ejected by the two
wave lengths are 1n the ratio of 1 3 (Table 18, p 32) The
numbers of chromatid breaks primanly produced per roentgen
are 1n the ratio of 1 19 (Table 69, p 270) It follows that the
efficiencies per photoelectron are in the ratio 157 1 Now the
last 2 5ekV of path of the 7 5ekV photoelectron (which has a
range of 15p)2 18 of course indistingwishable from the whole
trach of the 2 5ekV photoelectron (of range 0 23p) It follows
that the probability of a break being caused by the first 1 27 “
of & 75ekV electron 15 hittle more than half as great as the
probability of a break bemng caused by the last 0 234 The notion
of an effective tail at the end of an electron track which 1s other
Wise practically ineffective 1s thus supported by the expen
mental determnation of the relative efficiencies of wave-lengths
15and 41A
As a simphfied model for the purpose of caleulation, we shall
suppose the probability of a chromatid being broken to be unity
1 See Plate Ic
2 Ranges read off from Teble 10, p 24
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1f the densely somzing ‘tail” of the electron track traverses it, and
to bo zero 1f the carhior part of the track traverses 1t On the
basia of this model we can caleulato the length I of the *tail’ and
prediet the variation of efficiency with wave length

In Fig 414 we represent disgrammatically the passage of an
electron through a chromatid thread The effective *tail’ 13 the
portion PQ of the electron track, the remaining meflective por-
tion being represented by the interrupted Line It 1 clear that

A

B

F1a 41 The passage of an electron through a chromatid or through
sister chromatids

for PQ to traverse the chr d, while g paraliel to the
direction 1 which 1t 18 drawn, P may occupy any pomt n &
volume equal to A (I —2r), where l1s the length PQ, 4 1s the area
presented by the chromatid to the electron, and 2r 15 the mean
path of the electron 1n the chromatid of radws r The ares pre

sented by n chromaud to an electron which 1s perpendicular to
the chromatid axis 1s length x diameter, but allowmng for random
mehination of electron path and chromatid axis, this 13 reduced
by the factor }rr The total area of all the twelve chromatids
(haplowd length 486, diameter 0 1) 18 thus 4 =76 3p° If the
X rays hiberate n electrons per u® per roentgen, the expected
y1eld of primary chromatid breaks per roentgen 13 thus

£=nd(—2n), (VII-9)

where A=763x2and 2r=01g

In this formula I 1s the length of the effective ‘tail’ of the
electron track, or the whole length of the electron track if this
15 so short that there 13 no meffective portion For X-rays of
415A, n=00201 electrons per x4 per roentgen (Table 18,
p 32),and £=017 {Table 89) Inserting these numerrcal values
n eguation (9) we deduce that !=0211xg Now the photo-
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electrons projected by X-rays of thns wave length have an energy
of 2 5ekV and a range of 0 23z The approximate equality of
this figure and the value of I just deduced suggests that probably
the whole of a photoelectron track of this energy 19 effective
The length of effective ‘tail’ of a more energetic photoelectron
must therefore be at least 0 2z

03+
13
02%
©
(318
0 ] 1 1 | - L -1
1 2 3 4 5 6 7 8 A
X ray wave length

F1o 42 The number of primary ch d breaks per ) asafi

{
of wave length 1n the soft X ray region Curve thoaretical points based on
experunent,

The length of ‘tail” may be deduced by maling use of the data
avarlable for X rays of shorter wavedength For X rays of wave-
length 1 54A , n=0 0067 electron per 4® per roentgen {Table 18
P 32) and £=0 09 (Table 69, p 270) Inserting these numerical
values into equation (9) we deduce that the length ! of the
effective ‘tail’ 1 0 28, and its energy (Table 10, p 24)1s there
fore 2 8¢kV We are now able to use equation (9) to construct a
theoretical curve of vanation of £ with wave length over the soft
X ray region s This caleulated curve 1s shown n Fig 42, together
with the values of £ given 1 Table 69, which are based on experi-
ment It 1sevident that the theory outlned gives a good general
Tepresentation of the experimental facts

Taking the length of the effective ‘ta1l’ to be 0 28y, 1t can
be deduced with the md of Table 10 (p 24) that the energy

1 Values of n are obtamed by nterpolation 1 Table 18 p 32 s

0 284, or the length of the photoelectron track, w hiches er 1s the smaller
For a wave length A we take the photoelectron energy to be

12 4/A—0 BokV
(cp p 10} and read off the corresponding range in Table 10 (p 24)
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dissipated ina chromatid which intercepts alength 0 1z of the less
donsely 10mizing end of the ‘tail” 13 about 0 8¢kV, corresponding
to tho production of 15-20 This 18 therefore the
mimmum amount of encrgy which, disspated 1n a chromatid, 18
sufficient for the probability of breakage to approach umty
The continued rapid decrease of the number of pnmary breaks
per roentgen with diminution of wave length shown by the theo
retical curve 18 not borne out by experiment for wave lengths
shorter than 1 5A : Thero aro two explanations for this Ones
that the higher cnergy eloctrons projected in the tissue by the
shorter wave length X rays have side tracks (3 rays) branching
off tho main track Such of these & rays es have a range ex
ceeding 0 1 wall be able to eause breaks additional to the bresks
caused by the ‘tails’ of the main electron tracks Thus the yreld
of breaks per roentgen tends to a initing value and not to zero
as the wave length 1s dimmished s However, a caleulation based
on the distribution of & ray energies given in Table 16 (p 28)
dicates that the contribution made by the & rays 13 insufficient
to account for the whole of the yield of 0 09 pnimary break per
roentgen at a wave-length of 0 164 , which 1s the experimental
result (Table 69) A second factor must therefore enter, which
may be the following The theorstical curve of Fig 42 13 based
on the rather crude model that parts of the electron track less
densely 10mzing than the ‘tail’ are completely meffective 1n
causmg breaks The adequate manner in which the caleulated
curve fits the observations down to a wave length of 1 54 (1e
a photoelectron energy of 7 5ekV ) shows that the probability
of a break being caused by the first 4 7ekV of a 7 5ekV electron
track 1s indeed neghgible by comparison with the probability
of a break being caused by the ‘tail’,1¢ the last 2 8¢kV It1s,
however, pushing the model to extremes to imagimne that with,
for example, a 50ekV electron track it 1s still true that the
probability of a break bemng produced by the first 47ekV 1s
completely negligible compared with the probability of a break
being produced by the last 2 8ekV of track The application of

1 Some decrease with diminution of wave length has been found
Thus X rays of 0 15A produce shghtly fewer breaks than X rays of
15A end 7y raye produce shightly fewer breaks than X rays of 0 154
(Table 63 p 239) But this decrease 15 much less rap:d than shown by

Fig 42
2 Cp a calculation by Fano U (1943c¢)
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equation (9) should therefore be imited to the soft X-ray region
(1e wave lengths exceeding 1A} A quantitative theory cover-
ing shorter wave lengths 1s not yet available To develop such a
theory 1t will probably be necessary to make assumptions about
the form at low 10n-densities of the curve relating probability of
breakage to 10n density of jomzing particle {curve B, Fig 40)

We have been able to develop theories for soft X-rays without
such assumptions, since for these wave-lengths 1t was satis-
factory to use the square shaped curve A, Fig 40

Isochromatid breaks

The values of £ dertve mainly from the experimental yields of
chromatid breaks per roentgen, the yields of other types of
aberration entering mto the calculation of £ only i subsidiary
degree The agreement between the theoretical curve and experi-
mental ponts 1n Fig 42, and the correlation (discussed on
PP 271 and 272) between the values of £ for neutrons and «-rays

TABLE 70 Yields of 1sochromatid bresks per cell per roentgen {or vy unit)

Isochromatid  Primary chromatid
breaka per cell breaks per cell

per roentgen per roentgen Ratio

Rediation €} (c/€)

Xrays(01l50or15A) 00027 009 0030

(416A) 00044 017 0026

{834) <0 00009 0010 <0009

Neutrons (L1+D) 00099 021 0047
arays (Rn+RaA+RaC) 00210 o 021

and the numbers of 10mzing particles crossing the chromatids,
thus serve as tests of the capacity of the theory to explan the
experimental yields of chromatid breaks We turn now to & dis-
cussion of 1sochromatad breaks

In Table 70 we hst the numbers (¢) of 1ochromatid breaks
obtamed per cell per rc m Prade fia Mlcrospores
(teken from Table 64, p 241), and 1n the last column give the
values of ¢/ ¢/£ 13 z times the ratio of the numbers of 1so-
chromatid and chromatid breaks primanly produced,: and 1s
thus a measure of the relative frequency of primary production
of 1sochromatid and chromatid breaks We proceed to discuss

b = bemg the ratio of tne numbers of 1sochromatid breaka observed and

breaks p ly produced {cp footnote 1, p 254)
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dissipnted ina chromatid whioh intercepts a length 0 1 of theless
densely 10nizing end of the ‘tail’ is about 0 6¢kV , corresponding
to the production of 16-20 1onizations This 18 therefore the
miummum amount of energy which, dissipated in a chromatid, 13
suflicient, for tho probability of breakage to approach umty
Tho eontinued rapid decrease of the number of primary breaks
per roentgen with diminution of wave length shown by the theo
rotieal ourve 13 not borne out by experiment for wave lengths
shorter than 1 5A 1 There aro two oxplanations for this One s
that tho hugher energy clectrons projected 1n the tissue by the
shorter wave length X-rays have sido tracks (& rays) branching
off tho man track Such of these & rays as have a range ex
ceeding 0 1 wall bo able to causo breaks additional to the breaks
caused by the ‘tails’ of the main electron tracks Thus the yield
of breaks per roentgen tonds to a imiting value and not to zero
as tho wave length 1s diminished + However, a calculation based
on the dustibution of & ray energies given in Table 16 (p 28)
indicates that the contribution made by the 8 rays 18 msufficient
to account for the whole of the yield of 0 09 pnmary break per
roentgen ot a wave length of 0 16A , which 1s the experimental
result (Table 69) A second factor must therefore enter, which
may be the following The theorstical curve of Fig 42 15 based
on the rather crude model that parts of the electron track less
densely womzing than the ‘tail’ are completely wmeflective 10
causing breaks The adequate manner m which the calculated
curve fits the observations down to a wave length of 1 54 (1e
& photoelectron energy of 7 5ekV ) shows that the probability
of a break being caused by the first 4 7ekV of a 7 5ekV electron
track 1s indeed neghgible by companson with the probability
of a breah being caused by the ‘tail’,1¢ the last 2 8ekV It 15,
however, pushing the model to extremes to 1magine that with,
for example, a 50ekV electron track 1t 1s still true that the
probability of a break bemg produced by the first 47ekV 1s
completely neghgible compared wath the probability of a break
bemng produced by the last 2 8ekV of track The appheation of

1 Soms decrease with diminution of wave length has been found
Thus X rays of 0 16A produce shghtly fewer breaks than X rays of
156A and y rays produce slightly fewer breaks than X rays of 0 154
(Teble 63, p 239} But this decrease 13 much less rapid than shown by

Fig 42
2 Cp a calculation by Fano U (1943c)
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equation (9) should therefore be imited to the soft X-ray region
(1e wave-lengths exceeding 1A) A quantitative theory cover-
1ng shorter wave-lengths 13 not yet available To develop such a
theory 1t will probably be necessary to make assumptions about
the form at low 1on-densities of the curve relating probability of
breakage to 10n density of 1omzing particle (curve B, Fig 40)

We have been able to develop theories for soft X-rays without
such assumptions, smce for these wave lengths it was satis-
factory to use the square shaped curve A, Tig 40

Isochromatid breaks

The values of £ derive mainly from the experimental yields of
chromatid breaks per roentgen, the yields of other types of
aberration entering 1nto the caloulation of £ only 1n subsidiary
degree The agreement between the theoretical curve and expen-
mental pomnts mn Fig 42, and the correlation (dscussed on
PP 271 and 272) between the values of £ for neutrons and c-rays

TABLE 70 Yields of 1sochromatid bresks per cell per roentgen {or v umt)

Ysoch

d  Primary d
breaks per cell breaks per coll

per roentgen per roentgen Ratio

Radiation {) ) (c/€)
Xrays(015er15A) 00027 009 0030
4 16A 00044 017 0026
(834 <0 00009 0010 <0009
Neutrons (L1+D) 00099 o 0047

arays (Rn+Ra A+RaC) 00210 01t 021

and the numbers of 1omzing particles crossing the chromatids,
thus serve as tests of the capacity of the theory to explamn the
experimental yields of chromatid breaks We turn now to a dis-
cussion of 1sochromatid breaks

In Table 70 we list the numbers (¢) of 1sochromatid breaks
obtamed per cell per roentgen i Tradescantia microspores
(taken from Table 64, p 241), and 1 the last column give the
values of ¢/f c/£ 1s z times the ratio of the numbers of 10-
chromatid and chromatid breaks primarily produced,: and 1s
thus a measure of the relative frequency of primary production
of 1sochromatid and chromatid breaks We proceed to discuss

1 lz bemng the ratio of tne numbers of 1sochromatid breaks observed and
d breaks dy produced (cp footnote 1, p 254)
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the explanation of the marked vanation of ¢ff with different
radimtions

According to the trentment developed on p 201, which applies
to neutron mduced 1sochromatid breaks, c/f=~}zpg, where p
13 the probabulity of an 1onizing particle wluch traverses a chro
matid cansing a break, and g 19 0 g trical factor depending
on the distance apart of tho chromatids A theoretical expression
for the number of 1sachromatid breaks per cell per roentgen {c)
can be dernved for X rays by a combination of the arguments of
pp 261 and 274 It

c=dzpg nA(l~4r) (VII-10)

Companson with equation (9) for the number of primary breaks
per cell per roentgen, viz £=n4 (1-2r), shows that for X rays

of€=d2pg (1~ 4r)fl—2r)

This 15 less than the value of ¢/f for neutrons by the factor
(I~4r){(1—2r) The term (I 4r) in equatian (10} takes the place
of the term (I - 2r) 1n equation (9) owmg to the presumption that
to cause an 1sochromatid break 1t 18 necessary for the electron to
traverse both chromatids and not merely one, as illustrated
diagrammatically m Fig 418 2r=0 12, the chromatid diameter,
and for X rays of wave length less than 3 8A, I=0 28 (the
length of the effective tail) Thus the factor (I—4r)/(l—2r)1s 0 44
Accarding to Teble 70, the experimental ratio of the ¢ff values
for X rays of wave length less than 3 8A , and neutrons, 18 0 64

For X raysof wave length exceeding 3 8A , the photoelectrons
projected by which have a range less than 0 28, the value of !
required 18 the photoelectron length ({—0 2)/({—~0 1) thus de-
creases, eventually to zero, with increase of wave length (and
consequent d t of photoelectron range) beyond 3 8A
This 18 1 qualitative agreement with the behaviour of the ex-
penimental values of ¢/£ 1 Table 70

¢ft, and consequently %zpg, 13 considerably higher for « rays
than for neutrons Three factors contribute to this One 1s that
the proportion of 1sochromatid breaks having unjomable break-
age ends 18 higher the case of a rays For such 1sochromatid
breaks z= 1, and 18 probably less for 1sochromatid breaks having
joinable breakage ends The second factor 1s that 1n neutron ex-.
peniments p 18 probably less than umty for the higher energy
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protons (cp p 272) p will therefore be higher for « rays than
for protons The third factor invokes & rays Numerous short
electron tracks branch from an « ray track (see Plate 14, p 10,
and numencal data mn Table 174, p 30) It may happen some
times that when an « ray passes through one chromatid but not
through the smister chromatid, the latter 13 nevertheless broken
owing to a 6 ray from the a ray track passing through st Some
mdication of the probable magmtude of this effect 1s afforded by
the fact {taken from Table 17A) that the number of & rays
emitted from a length of « ray track equal to & chromatid dia
meter {0 14) and having a range exceeding s chromatid diameter
(e an energy exceeding 1 5ekV ) 1s about 0 3 The addition of
a term of this order to g i the formula ¢/£ = }zpg will result 1n an
appreciable increase m ¢/, since g 18 between 0 18 and 0 363
(p 262)

We conclude that the theory affords a quahtative explanation
of the expermmental result that the ratios of the frequencies of
pPumary production of 1sochromatid and chromatid breaks in-

crease in the order soft X rays, harder X-rays, neutrons,
& Tay8

Recapitulation

We conclude the discussion of Tradescantia by recapitulating,
1 non mathematical language, the descripion of the process of
structural change which has been built up in the preceding sec
tions When Tradescantia microspores are irradiated (in the stage
in which the chromosomes are spht) by X rays neutrons or
radioactive radiations, the number of chromatid breaks pri
manly duced greatly exceeds the total number of breaks ob
served at the time of fixation The majority of the breaks restitute
after bemg open for & period of a few mimnutes Exchange be-
tween breaks 1s possible during the time the breaks are open 1
the dose of radiation 1s given m a short overall time, so that all
the primary breaks are open 1n the nucleus at the same time, the
Yeld of X ray induced exchanges 1s proportional to the square
of the dose If the dose 18 spread over a longer time, restatution
of the breaks first produced can take place before the later breaks
are formed and the yield of X ray induced exchanges under these
conditions 13 reduced

For there to be an appreciable probabiliy of exchange



280 STRUOTURAL CHANGES IN OHROMOSOMES

oceurning between two breaks, it 19 necessary for them to be
produced at an imtial separation of not more than about 14

In x ray end neutron expenments, in which a comparatively
smell number of 1onzing particles traverse the nucleus with the
doses commonly given, the majonty of the exchanges are ex-
ohanges between pairs of breaks produced simultaneously by the
same jomzing particle  Consequently the yield of these ex-
changes (unhke the 2 hit X ray mduced exchanges) 1s propor
tional to the first power of the dose and independent of the
intensity

If the 1omzing particle which breaks a chromatid also breaks
the sister chromatid at approximately the same locus, then an
1sochromatid break ususlly resulta

A proportion of the chromatid breaks pnmanly produced have
unjomnable breakage ends As a result a certain proportion of the

wterchanges are plete, a certain proportion of sochro-
matid breaks fail to show sister union, and a certamn proportion
of the breaks not taking part in exchanges or isochromatid
unions remain as vistble chr t1d bresks mstead of tuting
The proportion of breaks which are not joinable 1s the same for
X-rays and neutrons, but higher for « rays

The number of chromat:d breaks pnmarily produced per cell
per roentgen can be inferred from the experiments) yields of
aberrations by allowing for the chromatid breaks which restitute
It 18 found that this number 1s different for different radiations
Correlation of the number of pnmary breaks per cell with the
numbers and ranges of the Jomzing particles which traverse the
nucleus, enables the following conclusions to be drawn A proton
(of not too high energy) or an a-ray traversing a chromatid has
a probability almost unity of causing a break  An electron, how-
ever, 18 only hikely to cause a break 1f 1t 18 the ‘ta:l’ end, where
the 1on density 1s highest, which traverses the chromatid The
Jength of this effective ‘tail” 18 0 3x,: and the mimmum number
of 10mizati0ns necessary to be produced n the chromatid thread
of diameter 0 1z for the probability of causing a break to ap-
proach umty 1 15-20 In this way the relative efficiencies of
different wave lengths and types of radiation in breakmg chro
matids can be explamned Among X-rays, a wave length of
about 4A has a higher efficiency per roentgen than exther longer

1 Cp Plate Ic
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or shorter wave lengths, neutrons are more effective than the
most effective X-rays, and « rays are less effective

With matenals other than Tradescantia, the experimental data
are not adequate for an analysis of this sort to be carned out
According to expeniments cited in Table 62 (p 238), neutrons are
more effective than X rays in mducing chromosome structural
changes 1 bean roots and in mouse tumours If this result 1s
confirmed 1t 1s evidence that in these matenals, as in Trade
scantia, several omzations and not a single 1omzation are needed
to cause a break To test the appheability to these matenals of
other of the conclusions drawn from the T'radescantia experi-
ments, 1t will be necessary to have additional data of 10n density
vanation (e g « ray or soft X ray experiments), and data on the
dependence of the yeld of aberrations on mtensity It will be
highly desirable to classify structural changes into chromatid
breaks, 1sochromatid breaks, and exchanges, and to determine
the dependence on dose and intensity of the yields of these md1
vidual types of aberration Observations classified smply as
abnormal anaphases yield much less information



Chapter VIII

DELAYED DIVISION
Introduction

A temporary inhibition of diviston appears to be a general
action of radation, havmg been demonstrated in a great vanety
of cells The duration of the delay increases with mcressing dose,
80 that this effect of radiation differs from those we have dis-
cussed 1n previous chapters i being a graded action rather than
an all or none action It 15 therefore usually more approprste
to consider the mean delay produced in a batch of cells, rather
than the proportion of the cells which are delayed, as 8 measure
of the effect produced by a mven dose

In the actions of radiation which we have considered previ
ously, to produce the effect studied (e g mutation or chromo-
some breakage), 1t 1s necessary to produce a smgle 1onization,
or a certam concentration of iomzation, 1n a very limtted locality
In consequence the effect 15 always produced by a single 10mzing
particle,s since the chance 1s slight of more than one 10mzing
particle passing through the same locality The region within
which 10nization must be produced to delay divts on 1s probably
not so small, and many jomzations are probably necessary to
cause apprectable delay Consequently, mn X ray experiments,
many 1omzing particles contribute to the effect Thus the non-
random spatial distribution of 1omzation n nradiated tissue,
and the ‘target-theory’ type of calculation, which play a large
part m the mterpretation of the actions of radition considered
m previous chapters, are much less important here =

The fact that 1t 13 & delay 1n division, and not a permanent
mhibition of division which 1s bemng studied, means that the
action of radiation concerned 1s one from which recovery occurs,
and any interpretation of experiments on delayed division must
meorporate some mechamsm of recovery

It seems hkely that the effect of the radiation in mhibiting
division 1s due to some chemical change m the cell, but 1t 15 not

1 X ray induced chromosome exchanges are it is true caused by two
Jomzing particles but thus 1s stmply becauss each exchange mvolves two
breaks The imtial effect of the radietion the production of a breal 1s

eaused by a single romzing partrcle
2 See however p 304
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yet clear whether the change consists essentially in the de-
struction of some component needed for division to oceur, or the
production of some substance having an mhibitory effect The
recovery, which eventually permuts division to proceed, pre-
sumably implies the re-formation of the component destroved by
the radation (on the former view), or the removal of the -
ibitory substance (on the latter view) The state of the cell at
a gtven moment 1s thus determmed partly by the dose which 1t
has recerved, and partly by the extent to which recovery has
taken place If the chemical change we have postulated were
understood we could doubtless express the state of the cell in
terms of the concentrations of the compounds concerned It 1s,
of course, highly desirable that the chemcal reactions should be
nvestigated + Pending the acquisition of this mtormation, a
certain amount of progress can be made m the formal interpreta-
t10n of the results by mtroducing the concept of cumulative dose
The cumulatiy e dose 18 a measure of the state of the cell allowing
for the radiation 1t has receved and the recovery which has
occurred It can be defined for our purpose as that dose of radra-
tion m roentgens which given mstantaneously to the cell would
bring 1t to the same state (as regards the chemical change which
1s responsible for the delay of division) as that i which the cell
finds 1tself at the given moment The concept of cumulative dose
has been used by several authors: mn developmg theories of
actions of radiation from which recovery 1s possible, and 1n
which the chemical changes mvolved are at present unknown
If1t shiould ey entually appear that the chemical change mvolved
18 the production by the radiation of some nhibitory substance,
then the cumulative dose will be proportional to the con
centration of this substance If, on the other hand, the essential
change 1s the destruction of some component 1n the cell, and
Tecovery 1s 1ts re formation, then the cumulatne dose will be

Proportional to the deficit of this component existing at any
given time

1 The suggestion has been made (Vitchell J% 1942) that the delay
m dinision 13 due to an terference n the nucleic ned eycle resultng
1 & fadure of the conversion of mbonucleic acid to desoxyTibonuclere
acid  Evidence in support of this view 1s provided by the obsersvation
thet nbonucleotides srewmulate n thecytoplasm ol cellsaftersrracdiation

2 Cf Hofimann JG & Remhard M C (1934), Qumby EH &
MacComb W 5 (1937) Lea DE (1938a,8)
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Dufferent aspects of the p! of delayed division have
been studied in widely different oxpenimental matenals, m
cluding bacteria, invertebrate eggs, and varous rapidly divding
plant and animal tissues, and in this chapter we give an account
of some of theso rescarches It will bo realized that delay m
division1snot tho only effect of radiation ona cell Ifappreciable
delay can be produced by doses which do not kill the cell, then
delayed division can be studied If, however, the dose needed to
cause appreciablo delay hills a large proportion of the cells
wradiated before division occurs, then 1t may prove impossible
to investigate delayed division Tt will be reahzed further that
the term ‘recovery’ s used here to mean recovery from whatever
change 15 inhiiting division, and does not 1mply that the ‘re
covered’ cell1s in all respects normal It may, for example, have
chromosome structural changes or other changes which lead to
its eventual death It appears that delayed division 18 & phe
numenon sufficiently distinet from lethal action to justify s
separate discussion

The delay of first cleavage in sea-urchin eggs

An 1llummnating series of researches has been carried out by
Henshaw and his colleaguess on the delay of first cleavage in-
duced by X rays in Arbacia The general procedure 13 a8 follows
Separate suspensions are prepared of the sperm and the eggs
When the suspensions are mixed, a yperm enters each egg, the
male and female pronucle: fuse, the diploid nucleus undergoes
mitoss, and a cleavage furrow appears across the cell The time
of first cleavage can be determined by microscopic examination
of the living cells, and 1s very nearly uraform among 2l the eggs
of a batch The time when 50 %, of the eggs have cleaved 1s taken
as the time of cleavage, and can be determined to about 1 min,
the whole time elapsing between the mixing of the egg and sperm
suspensions and cleavage being about 45 min (at 25°) If exther
the egg or the sperm or both are wradiated before fertihzation,
or 1f the zygote 1s rradiated after fert:lization, the time elay

1 This pomt 13 further discussed mn Chapter I1X, p 311

2 Henshaw, P S (1932) Henshaw P S, Henshaw, CT & Francws
DS (1933) Henshaw, PS & Frencs DS (1936) Henshaw PS
(1938) Henshaw, P (1940), Henshaw, PS & Cohen I {1940) The
nterpretation of thess experiments 1n terms of cumulative dose follows
the treatment of Lea D E (1938b)
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between fertilization and cleavage 15 mcreased, the amount ot
the mcrease over the controls bemg referred to as the cleavage
delay The cleavage delay produced by a given dose to the sperm
18 independent of their concentration, and of the fimd i which
the sperm are suspended, indicating that the effect 18 a direct
action on the gamete and not an indirect action due to the xrra-
distaon of the suspending find «

Henshaw's experiments consisted in determining the cleavage
delay under varous conditions of irradiation Cleavage delay
can be caused by iwrradiation of exther egg or sperm, and for a
gven dose 18 approximately the same whichever gamete 13
uradiated s In view of the very much greater quantity of cyto-
plasmuc material 1n the egg, this observation suggests that the
action of the radiation n delaying division 18 on the nucleus and
not on the cytoplasm This has been convincingly demonstrated
by expeniments on half eggs s If eggs are centmfuged at high
speed they break into two halves, one half containing the intact
nucleus, the other half having no nucleus Either half when
fertilzed will eventually cleave, though the time requred 1s
abuormally long for the non nucleated half egg Irradiation of
8 nucleated half egg pror to fertihization causes the same delay
a8 uradiation of a whole egg, but no delay 1s caused by irradia
tion of a non nucleated half egg

The validity of the concept of cumulative dose 1s supported by
the experimental resultss shown m Fig 43 Prior to fertihzation
either the eggs, or the sperm, or both, are 1rradiated by varous
doses of X-rays spread over a constant time of 40 mmn The
cleavage delays obtammed when both eggs and sperm are

I Evans TC, Slaughter,J C Little, EP & Faulla, G (1942) Some
other ections of rediation on the sperm were found by these authors to be
ndirect

2 Henshaw s earher expenments (Henshaw, P§ & Franas D §
1938}, and also the expeniments of Mavor,J W & de Forest, D M (1924),
suggested that wrradiation of the sperm produces a greater effect than
irradiation of the unfertilized eggs Henshaw subsequently showed

(1940) that thus ap p m y 18 really due to partia)
Fecovery ocourring in the eggs prior to fertihzation Ifa sufficiently short,
ttme elapses bet the of the wrad and fertihza

tion, so that recovery 15 avoided, there 1s little difference in sensitivity
tween egg and sperm, the egg being shghtly more sensitive
3 Henshaw, P § (1938)
4 Henshaw, PS & Frencis, D § {1936)
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wradiated (curve C) are greater than when erther eggs alone
{eurve A) or sperm alono (curve B) are rradiated, but less than the
sum of these two delays (curve D) The delays are therefore not
additive However, what we should expeet to be additive 13 not
the delay but tho cumulative dose Inspection of curves A and B
shows that z roentgens to the egg produces the same delay as }z
roentgens to thesperm : On the cumulative dose bass we should
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& Franc1s)
43 O dolay 1n Arbacia caused by X raye (Henshaw
T A e e B ch o o eiicd
therefore expect that x roentgens each to egg and sperm should
produce the same delay as 3x/2 roentgens to sperm alone Curv;
C1s calculated on this basis from the experimental curves A an
B, and 15 seen to fit the observations satisfactonly
Henshaw’s observations on fixed material: have shown that
the delay mn cleavage caused by wradiation 1s due mamly to a
great prolongation of prophise The stages prior to prophase,
for appreciable recovery
1 The duration of 40 min was long enough
to occur durmg the irradiation of the egys (cp footnote 2 p 285) Sperm

do not recover
2 Henshaw, P S {1940)
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namely, fertihzation, the approach of sperm and egg pronucles,
and therr fusion, are not delayed, while the later stages of
division {metaphase, anaphase and telophase) are somewhat pro-
longed but to a much less marked degree than in the case of pro-
phase : We presume therefore that the effect of the radiation 18

Cloavago delay n munutes

A,
5 10 15 E:d 25 30 35
Minutes after fertihzation
Fia 44 Cleavage delay when the fertihzed egg s 1rrady
e e gg 1s uradiated at various tumes
exposu:elm, 7&%’6 gA/::zncm Henshaw & Cohen] A Immn B Zmin C 4mm
to hinder the condensation of the echromosomes which occurs
dll]mng prophase, and that the completion of prophase signifies
thut recovery 1s nearing completion The expertmental results
shown i Fig 44: are 1n agreement with this view In these
experiments fertilized eggs were exposed to X-rays at various
1 For the purpose of this description we are mcluding 1n early pro

phase the stage which m the notation of Fry HJ
1936},
2 Henshaw, PS & Cohen 1 (1940) 4 (1996, 15 stego 4
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iradiated {curve C) are greater than when eith

(curve A) orsporm alonoe (curve B)are irradiated b;i;e:giaﬂ:;:
sum of these two delays (curve D) The delays 'are therefore not
additne Howover, what we shounld expect to be ndditive 1 not
the delay but the lative dose Inspection of curves A and B
shows that 2 roentgens to the egg produces the same delay as jz
roentgens to the sperm + On the cumulatiye dose bass we should
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Fic 43 Cleavage delay in Arbacia caused by X rays (Henshaw & Francis)
A, tggs iradiated B sperm xrradiated C, eggs and sperm irradiated
therefore expect that 2 roentgens each to egg and sperm should
produce the same delay as 3z/2 roentgens to sperm alone Curve
C 13 calculated on this basis from the experimental curves A and
B, and 1s seen to fit the observations satisfactorly -
Henshaw’s observations on fixed material: have shown that
the delay m cleavage caused by iradiation 1s due mamly to
great prolongation of prophase The stages prior to prophase,
1 The duration of 40 mm was long enough for appreciable recovery
to occur dunng the irradiation of the eggs {cp footnote 2, p 285) Sperm

do not recover
2 Henshaw P35 (1940}
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mm each time the dose 18 doubled: On our interpretation
according to which the duration of the delay 1s the time required
forrecovery, we deduce that, in the absence of further rradiation,
the cumulative dose decays to half value m 25 min The decay
bemg exponential, we represent 1t by the function e=" The
half value time of 25 mm corresponds to 7, the charactenstic
time beng 36 min , and the rate of decav of the cumulative dose
1n the fertihzed egg being a fraction 1fr=2 89, per min

The fact, shown by Fag 44, that the cleavage delay caused by
a given dose 15 greatest 1f the dose 13 given 10 min after fertiliza-
tion 13 to be expected on the present view The cleavage delay
depends on the cumulative dose existing immediately prior to
the commencement of prophase If the irracdiation 1s made 1m-

diately after fertilization, there 18 time for some decay of
cumulative dose to occur during the time elapsing between the
wrradiation and the onset of prophase This will be shown by the
effect of a given dose given immediately after fertiization bemng
less than the effect of an equal dose given some mnutes later
The gradients of the curves of Fig 44 during the first 10 min are
consistent with recovery occurrng at about the rate (2 89, per
min ) already found,

The decay of cumulative dose can be followed over a longer
period in experiments s in which unfertiized eggs are irradiated,
and are then left (in sea water) for varymg periods before
fertilization Under these conditions the cleavage delay pro-
duced by a given dose 15 found to diminish with mcrease of the
Test period With the aid of an experimental curve showing
cleavage delay as e function of dose to the unfertilized egg, we
are able to derive from the experimental results, which show
cleavage delay as a function of rest period, curves showng
cumulative dose as a function of rest period s When the cumu
lative dose 18 Plotted on a loganthmie scale, a straight lne 1s
obtained, as 1lustrated 1n Fig 468, where the four lines refer to
four different doses The cumulatave dose thus decays according
to the formula e~ The value of 7 at 20-25° 18 deduced from the

"\! The data of curve B, Fig 43, obtained some years earher, indicate
azt ‘t’he d‘elay 1; gxcx-ea.sed by about 10 min when the dose 12 doubled

3 1032), Hensh Hensh
D (153) { ) PS,E » CT & Francs,

3 SceLes, DE {1938b) for details
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times ranging from 0 to 35 min after fertthzation, thus rradis
ting the eggs 1n various stages up to the end of prophase The
maximum effect of & given doso 1s seen to be produced when the
dose is given 10-15 min after fertilization, 1e when fuswon of
the pronucler 13 complete and immediately before the visible

Minutes irradiation, curve A
(] S 10 15 0 r2) b4 3

Cleavage delay 1n minutes

L 1 L 1 e
) 2 ] 8 16 %
Minutes iwrradiation curve B

Fra 46 Cleavage delay as a function of the dose received by the sperm
(7800r /fmin , Arbacia Henshaw)

onset of prophase The effect 13 reduced if the wrradration 1s made
after prophase has started, and 1s neghgible 1f made after the
completion of prophase

Fig 45, curve A,: shows how the cleavage delay ncreases with
ncrease of the dose given to the sperm prior to fertdization
A straight line 15 obtained if the dose 1s plotted on a logarithmic
ucale as m Fig 45, curve B, the cleavage delay mcreasing by 25

1 Henshaw, PS8 (1940)
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at 20-25°, and unfertilized eggs at 0°, and the differences m
metabohe rate as measured by the rate of oxygen uptahe: It
18 geen 1 Table 71 that 100/r, which 1s the percentage decay of
cumulative dose per minute, 1s approuimately proportional to
the rate of oxygen uptake

TapLe 71 Correlation of recovery rate with rate of oxygen uptake

Rate of decay of Relative
cumulative dose rate of

Temperature T {100/} oxygen

System °C min 94, per min uptake
Fertilized egg 20-25 36 28 3-5
Unfertilized egg 20-25 104 10 10
Unfertiized egg 0 360 ©3 092
Sperm 20-25 Large 00 oot

In expertments i whick sperm were irradiated Henshaw
found that a rest period mterveming between wradiation and
fertilization did not reduce the cleavage delay Thus the correla-
tion between rate of recovery and rate of oxygen uptake extends
also to sperm, since 1t 13 hnown that the rate of oxygen uptake
by a sperm 15 negligible compared with that by an egg

The fact that sperm left 1n sea water after wrradiation do not
show recovery makes 1t improbable that the recovery of uradi-
ated unfertiized eggs left 1n sea water 1s due to diffusion out of
the egg of whibntory substances The correlation between re-
covery rate and oxygen uptake favours the interpretation that
the effect of the radiation 1s to destroy some nuclear constituent
necessary for the condensation of the chromosomes, and that
recovery consists in the re-formation of this constituent as a
result of the metabolic activity of the cell

It would be unjustifiable to deduce from Table 71 that the
Tecovery process 1s one which directly requires oxygen The rate
of oxygen uptahe 1s presumably an indication of the general level
of metabolic activity, and in Arbacia eggs appears to vary n
different states of the egg 1n much the same way as does what-
ever reaction 13 responsible for recovery It does not necessarily
follow that the rates of recovery n different organisms will be
Proportional to their respective rates of oxy gen uptake No re

T Experimental data on the rate of oxygen uptake are given by Loeb

J {1910), Loeb, J & Was
» ", teneyvs, H (1911) Needham J (1931
PS (1931) Whitaker D M (1933} (1981) Tang
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gradients 1n Fig 461 to be 104 min, and to be independent of
the dose

In an oxpenment in which the unfertilized eggs were keptat 0°
after irradintion,: 1t was found that the recovery was slower than

50
0

10§~

Cumulative doss 1n unita of 1000r

20 40 6 80 10 120 140 160 180
Rest penod m mmutes
Fie 46 Decay of cumuhhve dose 1n unfertiltzed Arbacis eggs
t0 B at 20-25°
at room temperature Convertmg cleavage delay mto cumulative
dose 1n the same fashion as before, Fig 464 1s obtamned The
gradient corresponds to 7==360 mm
There appears to be a correlation between the differences m
the 7 values found for fertihzed eggs at 20-25°, unfertilized eggs
1 Henshaw, P S (1940)
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caloulation 18 14 min , m fair agreement with the experimental
figure of 12 min

Tt appears therefore that the dependence of the effect of
given dose upon the time over which 1t 18 spread can, m these
expeniments, be explaned on the basis of essentially the same
recovery process which permits the eventual completion of the
division

The stage of division which is subject to delay

When division 13 delayed by uradiation, 1t 18 of interest to
determine 1 which stage or stages the retardation occurs, and
also at which stage the cells should be nradiated to give the
greatest delay The answers to these guestions cen most readily
be obtamed 1 the case of matemals 1 which the cells develop
synchronously, so that all the cells Lan be rradiated at the same
stege The wradiation bemng made ot & chosen stage, samples are
fixed at intervals and the stages reached determined Com-
Panson with a control series enables the delay suffered mn each
stage to be measured Henshaw : has made experiments i this
fashion to find which stages are subject to delay mn the cleavage
diwvision 1n Arbacia

In many experimental materals cells are present at all stages
of mitous and mterphase, 5o that 1t 18 not possible to choose a
sigle stage to be wraciated Expeniments made by fixing such
materials at mtervaly after wradiation and determmmng the
numbers of cells 1n the various stages are therefore more difficult
to mnterpret The interpretation 18 facithitated 1f the material
chosen 15 one 1n which 1t 15 possible to follow the course of
mitosis 1n the hving cells A cell can be selected and wradiated
when 1t 1s m a known stage, and itz subsequent bebaviour studied
The exammation of hving cells m this way has been used to
Supplement observations on fixed preparations 1 the case of
embryome chick tissue growing 1n culture,: and whole grass-
hopper embryos s In the Jatter materal 1t has been found that
rradation produces the greatest delay 1f 1t 13 made at a stage n
Prophase when the chromosomes are already discrete, but prior
to the breakdown of the nuclear membrane A dose of 10-20r

1 Henshaw, PS (1940)
2 Cantt, R G & Donaldson, M (1926)
3 Carlson, J G (19415) The cells exammed were neurcblasts
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covery from the delay of cleavage produced by iwradiation was
found in the unfertiized eggs of the clam Cumingia,: although
the oxygen consumptions 1s rather higher than in the unfertilized
eggs of Arbacia

In Arbacia recovery occurs if a rest period elapses between the
arradiation of unfertilized eggs and fertihzation It 1s to be pre
sumed that recovery will also be occurning during the wradiation
if this 1s extended over a prolonged time, so that the effect of 5
given dose will be less 1f 1t 18 ad ed at low intensity than
if 1t 18 administered at high intensity Thus has, in fact, been
shown to be the case s These considerations can easily be put
nto a quantitative form 4

If the cumulative dose existing at any time ¢ 18 D, then the
rate of decay due to the recovery process 1s Djr, and the rate of
increase of cumulative dose due to the radiation bewng ad
minstered 18 I (where I 18 the dose rate in roentgens per minute}
Thus

dDfdt=1~-DJr, (VIII-1)
ntegrating to D=1Ir(l—o¥) (VII 2)

Two batches of eggs were irradiated by equal doses spread over
30 and 150 mun respectively by the use of imntensities m the ratio
of 5 1 They were fertilized immediately after the completion
of the wrradiation and the cleavage delays were found to be 21
and 12 min respectively According to equation (2}, the cumu-
lative doses at the time of fertihzation should be 1n the ratio of

5(1 —e-d0108)

T owmmg =164 1

smnce 7=104 min for unfertilzed eggs at room temperature

Since the actual dose used in this experiment 1s not stated, one

proceeds to calculate 1t from the fact that the 30 mun exposure

resulted 1 a cleavage delay of 21 mn , and thence calculates the

delay to be expected for the 150 min exposure The result of this
1 Henshaw, P S, Henshaw, CT & Francis DS (1933)

2 Whitaker, DM (1931)
3 Henshaw, P8 Henshaw, CT & Francis, DS (1933) In Cumingw

however, In which no recovery occurs when & rest period intervenes
b 3

tion and fer the delay d by a given dose
waas found to be independent of the mtensity
4 Lea, DE (1938a,5)
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occupies half the time interval between the telophase of one
division and the metaphase of the next In mammahan: and
chicks tissue, how ever, the stage described as prophase lasts only
about one third as long as metaphase, anaphase and telophase
combined

Bearing this n mind, the observations of Carlson which we
have described are consistent with the conclusion reached by
previous authors investigating a vanety of tissuess that a dose
of up to a few hundred roentgens temporanly prevents cells from
entering mitosis, but does not prevent cells already 1n mitosis
completing division

Rapidly dividing tissues

The manner m which the mitotic count 1n a rapidly divading
ttssue varies during the hours following wradiation 1s illustrated
m Fig 478, which shows the result of an experiments 1n which
chick tissue growmg 1n culture was wrradiated by y-rays at an
intensity of 25 roentgens per minute for 1%, 23, 9 or 30 min , and
fixed at various intervals after exposure With small doses {(cp
the 2} min curve) the retardation of mitosis at a stage Just
Previous to that recognized as prophase results m an mitial
diminution of mitotic count When mitotic activ 1ty returns,
there are two classes of cells enterning division  One class consists
of those cells which were o far from division at the time of
uradhation that they had recovered from the dose given by the
tune they had reached the stage in which cells which are delayed
accumulate These cells therefore divide at the normal time The
second class consists of those cells which were m early prophase
at the time of 1rradiation, and whose further development was
held up for some hours As these cells recover (1e the cumu-
lative dose decays) they slowly pass through prophase s

In consequence of the fact that these two classes of cells are

1 Tunsley. K, Spear F G & Glucksmenn A {1937) using rat retina
2 Juul, § & Kemp T (1933) Lasmtzl, I (1940)
3 "Allberh W & Politzer, G (1923, 1924) using corneal epithelum of
B larvae, Strangeways TSP & Oakley, HEH (1923)
h"“«“gwsys, TSP & Hopwood FL (1926) and later workers using
chick tigsues grown n culture, Mottram JC Scott, GM & Russ S
(1926) using Jensen rat sarcoma,
4 Cantt, R G & Spear, FG (1029)
5 Cp Carlson, J G (19415)
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at this entical stago causes the coll to remamn unchanged for some
hours Cells irradinted at an earher stago of prophase ste alo
held up in middle prophase, but for a shorter tuue, o that they
may reach metophose actually beforo the cells which were
1rradiated 1n the erstieal stage, although they wersless advaneced
at the time of urradiation A larger dose (250r ) causes the cells
to bo held up in carly prophase (a stage when the chromosoms
threads aro stil barely wimble} mstead of w yuddle prophase,
and cells somonhat more advanced but not yet passed the
entical stage nppenr to reyert to the condition of early prophase,
whoro they remmn some hours beforo xesuming mitosis

Trradiation after tho breakdown of the nuclear membrane
cousesno delay Irrachation at s stage ntermediate between the
entical stago and the breakdown of the nucl b cruses
& short delay, which 15 shorter the further removed the cell 18
from the cnitical stage

Thess conclusions ere m genersl sgreement with those of
Henshaw on Arbacia eggs, already mentioned (p 288), and with
observations on other matenals The mamn point s that moderate
doses of radsatson given late m prophaso or at & subsed! t stage
cause httle retardation Somewhere in prophase, or shortly be
foro tho vistble onset of prophase, thers 13 a stage where the delay
produced by a given dose 12 » maximum This 18 well shown 18
Fig 44 Imsdwbionator diately prior to thus cntical stage
causes the cells to be held up The duration of the delay depends
upon the cumulative dose at this trme I irradiation 18 made
some time previously, the cumulative dose haa partly decayed
by the tune the cntical stage 18 reached, and hence the effect 13
less than if the same dose had been given nearer the critical
stage This criticel stage, at which the efiect of 8 given dose 188
maximum, and near which cells whose diviston 13 held up a¢
cumulate, 18 described by Carlson as being in prophase In other
matenala: 1t has been regarded as late mnterphase (1e immedt-

ately prior to prophase) This duff 18 probably not funds
mental, bub reflects a i3 bet diff + +amals m
the ease with whick early proph can be d hed from

the resting stage Thusin Crrison’s matenal (gmaat;)pper newro
blasts)s the stage described 58 prophase lasts twice ss long a8
h h and teloph bned, and m fack

P 7
1 Cp Spear, F G (1935} 2 Carlson JG (19413}
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cells and not as dividing cells In consequence, with larger doses
the mitotic count fails to exceed that i umrradiated material
dunng the penod of recovery

Curves such as those shown in Fig 47 can be constructed
theoretically 1f the relation between delay in division and dose

g

g

g
2.

Dose 1n roentgens to reduce mitotic achvity to 809,
"

A 3 1

19 0 30
Roentgens per minute

F1o 48 Depend
delay of division

upon the 3 of the dose required to produce & given
Curve theoretical, points experiments of Cant: & Spear
18 hnown As explamned mn the discussion of cleavage delay
Arbacia, this 18 essentially the same as the relation between the
cumulative dose remaiming at & given moment and the time
which has elapsed since wradiation But the rate of decay of
cumulative dose can be deduced from experiments on the vana-
tion of the effect of a given dose with the ntensity at which 1t 1
fven

Canti1and Spear:irradiated chick tissue n culture and counted
the number of cells m division 80 min after the irradiation

Y Canti1 RN & Snear. F O 1097
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entering mitosis together, the mitotic actinity durning this period
is ugher than 1n unirradinted matenal Bimce the cells of the
second clasg are recovenng as they pass through prophase, and
therofore are spending an abnormally long time 1n this phase, the

Mitotio actinity as percentage of control mitotic sctivity

0 1 2 3 4 5 6
Hours after srradiation
Fro 47 Mitotic activity 8t vmou. times lﬂer wradiation Exposuma of 1{
2} 9 and 30 xaun st 25°¢ /mun d curve

{Cant1 & Spear ¥ rays on chick umue 1 culture)

proportion of mitotic cells which are n prophase 13 higher than
normal during the recovery wave

Larger doses of radiation cause the death of many of the cells
entering division, and such cells are recorded es degenerating

1 Demonstrated i bean root tips by Pekarek J (1927) in rat tissue
by Tansley K Spear, F & & Glucksmann, A (1937) 1n tadpole tissue
by Spear, F G & Glucksmann, A (1838), 1 chick twssue in culture by
Lasmtzki I (1940)
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cells which degenerate when they enter davision are not included
m the experimental curves

The duration of mitotic delay as a function of dose has been
mvestigated in & number of tissues, and Fig 49 1llustrates some
of the results obtaned : A precise higure cannot be given to the

:
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Dose in roentgens

f‘m 49 Divigion delay 1n hours as a function of dose in roentgens A, chick
Er}:ﬁm)culccum(o Cant1 & Spear x Lasmitzki) B phag bl

n!
(Albert, & Pnhl:::r;ﬁtma (Tansley Spear & Glucksmann) D Triton cornea

& ; Taken from the experiments of the following authors Albert;, W
olitzer, G (1924) using the cornea of the newt Triton, Canti, R G &
Pear £ G (1929) Lasnitzky, I (1943a) using chick tissue mn culture
ongley K | Spear F G & Glucksmann A (1937), using the retina of the

rat,
C'eroc;yahrizn J G (1938a), using neuroblasts of the grasshopper
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fimshed They determined the dose needed to reduce the mrtotic
count to half that in umrradiated cultures at several different
intensities, obtaming the results shown m Fig 48 At lowm
tenaities the doso required to produce a given effect 13 several
times greater than at high intensities

Suppose that D, 1s the cumulative dose w hich must exist at the
end of wradiation 1n order that the mitotic aetivaty shall be re
duced to 50% 80 min Iater Then from equation (2), p 292, we
have

Dy=Ir(1—c),
where ¢ 18 the duration of wradimtion at intensity I needed to
produce the cumulative dose D, at the end of the irradiation
It 15 therefore the dose required at intensity I to produce the
observed effect Thus )

tfr

It=D, =) (VIH 3)
Fig 48 shows that a theoretical curve constructed according to
this equation, and with =217 min , fits the expenmental ob
servations satisfactonly «

A second datum required 1s the manner in which the mitotic
activity ot 80 mn after wradiation depends upon the dose
(when the mntensity 18 high), tlus bemng provided by the expen
ments of Spear and Grimmett 2

With these data the theoretical curves of Fig 474 have been
constructed s Theso curves, which show the vanation of mitetic
activity over a period of 8 hr after uradiation utiize only
experimental data of mitoti counts made 80 mun after irradia
tion The general agreement between the caleulated and exper-
mental curves shows that, as in the case of Arbacia eggs, the
recovery during rrradiation which results m the effect of a given
dose being dimimished by spreading 1t over a prolonged time, 15
essentially the same process as the recovery after mradiation
which permits the eventual 1eturn of mitotic actimty

That the expenimental curves in Fig 47 show alower recovery
wave than the theoretical curves 1s due to the circumstance that

1 Cp Lea DF (1948a)

2 Spear, F G & Grimmett L G (1933}

3 hee Lea DE (1938b) for detaus of the calculation and for 2 eom

parison of theoretical and expermental curves obtamed when s second
wrradiation 18 mads 80 or 160 min after the first
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inhibitimg the division of all the orgamsms, the radiation kalls
some of them Meanwhile the length of the cells increases very
greatly (see Plate IV4,B) A measurement of the total length of
all the cells 1n the culture would underestimate the growth rate,
smnce dead cells as well as growing ones would be included

4 4 v

4
5
; :
3 3
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H b
X
: 2
a 2 of
A X
T
I . . : L L
2 4 6 F 4 [

Hours

Fra 50 Inhibition of division m Bact colr (Lea, Hi
ames & Coulson) A, total
count 1n wrradated calture ~ B, viablo count. n irradiated culture  C total
gth in umirradiated culture D length m arradiated culture ~ rays at

351 fmmn
Curve D therefore shows the manner i which the length of the
longest orgamsm ncreases during the wradiation It 18 seen that
the gradient of curve D, 1 the rate of mcrease of length of the
non dividing cells 1 the wradiated oulture, 18 practically the
;ame as the gradient of curve C, 1¢ the rate of increase of total
ength of all the cells in the umirradiated culture Thus the growth
tate (meaning rate of volume imcrease) 18 the same for un-
lc-:':dmted cells as for (living) wrradiated cells, but 1n the former
au: :1:1510!1 ocours 80 that the cells mamtain a nearly constant
mhxb;lf,le dmcrea,se n number, while 1n the latter case division 1s
ther o 80 that the size of the mndividual cells mcreases but
mber remams constant
ofFl:g 51 shows the results of an experiment on the wrradiation
can root-tips : Normally about 109, of the cells 1n the

1 Pekarek, J (1027)
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duration of the delay produced by wradiation of a rapdly
diiding tissue, since cells aro wradiated at different stages and
suffer different delays In constructing Fig 49 the delay has
been taken to be the period elapsing betw een the rrradiation and
the commencement of the nse 1n mitotis activity which follows
tho peniod of reduced mutotic activity

Increase of cell size

An 1nereaso 1n the size of cells, or of their nucles, following
wradiation has been obseryed 1n a number of materials = Insome
cases, though perhaps not in all, the effect requires no explana
tion other than the nlubition of division which 13 known to
occur If the cells are prevented from dividing, but continue to
grow at the normal rate, then the size of the cells wall mnerease
wstead of thew number The effect 13 most easily investigated 1n
the case of bacteria Tho division rate of these organisms bemg
Iugh, 1t 13 possible to hold up division for a time dunng which
each cell would, if unirradiated, have dinided several times
Fig 60 allustrates the effect of wradiating & growing culture of
Bacterium coly+ In the absence of wradsation, the number of
cells in tho culture 1ncreases as an exponential function of the
time, 80 that & straight line 13 obtained by plotting the loganthm
of the ccll count agunst the time Since the mean cell size re-
mans nearly constant, and since practically all the cells are
viable, there 1s no appreciable difference between the gradients
obtained by plotting (on a logarithme scale) the total count, the
viable count, or the total length of all the orgamisms m the cul-
ture Curve C of Fig 50 shows this gradient, corresponding to &
tenfold increase in about 43 hr If the growing culture 1s placed
over a radum source (continuous y uradiation at 35r fmin ),
division ceases nfter a short time and the total count becomes
practically constant as shown by curve A The viable count
dimnishes (curve B) owing to the fact that in addition to

1 Eg bactema Spencer RR (1935) Lea DE Hames RB &
Coulson CA (1937) yeast Holweck F & Lacassagne A (1930),
Wyckoff, R W G & Luyet, BJ (1931), Protozos Mottram,J C {1926)
Robertson, M (1932) fungal spores Luyet, BJ (1932), algae, Luyet,
B.J (1934) bean root tips Pekareh J {1927) Mottram JC (1933a)
mouse tumours Mottram JC (1927) Ludford RJ (1932) humsan

tumours CGluchsmann, A (1941)
2 Lea, DE , Hames R B & Coulson CA (1937)

.
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The relative efficiencies of different radiations 1n causing delay
of division

Probably the most convement materialto usein companng the
relative efficiencies of different radations n causing delay m
division would be marme nvertebrate eggs, but expenments
with radiations other than X rays have not yet been made using
this material A few experiments have howeer been made using
rapudly dividing plant and antmal tissues

With 2 rapidly dividing tissue two methods of experiment can
beused Ones to irradiate the tissue and to determine the mito-
tie actimity at intervals after nradiation, and to measure the
duration of the delay as a function of the dose in the manner of
Fig 49 The efficiencies of different radiations can then be ob-
taned from companson of the doses needed to cause equal
delays

The second method 1s to determne the mitotic count at a de-
fimte time after irradiation, preferably when mitotic activity 18
at & mummum (which 1s at a time after irradiation somewhat 1n
oxcess of the duration of mitosis) The relative efficiencies of
different radiations mn inhibiting division are then deduced from
measurement of the doses needed to produce equal reduction of
mitotic count

Of the few experiments at present available, the best have been
made on the bean root tip,: using the second method The results
are shown m Fig 52, m which the mitotic count 3 hours after
uradiation 13 expressed as a fraction of the mitotic count m un-
uradiated controls, and plotted on a logarthme scale agawmst
the dose Plotted n this way, the pomts lie approximately on
straight lines, and the relative efficiencies can be taken to be the
Tatios of the gradients The efficiencies of the three radiations,
neutrons, ¥ rays, and a-rays for equal 1omzation m the tissue are

approximately in the proportions 4 2 1 respectavely

The explanation suggested by the authors for their results 1s
that for mlibition of divison to oceur a certamn number of
1omzations must be produced, not m the nucleus as a whole, but

I Gray, LH, Mottram J C, Read, J & §
, N " pear, F G {1940) Gray
EH.Mnttmm.JC & Read J (unpublished) I am indebfed to Dr
*ay for communicating the results of these experiments, and lus 1n
terpretation of them prior to publication

AN
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dividing rogton of the root tip are m mitosis at any given
moment, and the average nuclear diemeter 1s about 8 54 After
wradiation (by about 1600 r ) the mitotio activity 15 greatly re-
duced as shown in Fig 618 Meanwhile the mean nuclear dia
meter imcreases, nsing to about 11 54 after 100 hr, the corre
sponding mcrease 1n nuclear volume being plotted 1n Fig 514

05
B

o ! 1 ] ! .
0 0 40 L. 80 100 20 140

Hours after irradistion

Fio 51 Inhibition of division in bean root tips (Pekarek) A nuclear volume
relative to control nuclear volume B mitotic actmity relatwe to control
mtotic activity

The fact that the nuclear volume doubles i about 3 days 18
compatible with the rate of growth bemng unchanged by the
irradiation, but resulting m merease i cell smze mstead of m
¢rease m cell number

The mereate of cell or nuclear size 1n plant and amimal tissues
after wrrachation cannot be expected to be so stnking as the 1n
crease of size of bactenia illustrated 1n Plate IV4, 8 The mhbi-
tion of division often perusts for a time which 1s only a fraction
of the intermitotic persod Thus 1f the intermitotic period 1z 3
days, and the inhibition lasts for 1 day, we shall expect a 309,
merease of cell or nuclear volume, which corresponds te an 1n
crease of only 10% m diameter Careful measurement of many
cells will be required to establish such an mcrease
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10nzing than & rays) would be less effective, or at any rate not
more effective, than y rays The authors have put forward an
ingenions mechamism by which the igher efficiency of neutrons
can be explained, but 1t involves some assumptions which appeat
to be rather unplausible

An slternative explanation of the lower efficiency of a-rays
compared to less densely 1on1zing raciations would be that the
change produced 1 the nucleus leading to the mhibition of
division 18 & chemical reaction nvolving ‘activated water
« Tays would then be less efficient for the same reason as that
put forward m Chapter 1 to explam their low efficiency 1n de
composing protemns m aqueous solution (cp p 60), namely, that
owing to the high concentration of active radicals in the neigh
bourhood of the a-ray track, some radicals disappear by re-
combmation before reacting with the solute concerned Thus
mechamsm would not provide an explanation of the fact that
neutrons are more effective per 10mzation than y rays

The relative efficiencies of the different radiations 1n causing
mhibition of division cannot therefore be consdered entirely
understood It 1s desirable that experniments should also be made
by the first method mentioned, namely, the determination of the
doses of the different radiations needed to produce the same
nterval between the mitial fall of mitosis and 1ts subsequent
1136, since this experiment should decide between the alternative
mechamisms which have been suggested for the lower efficiency
of & rays compared to y-rays :

No special sigmificance 15 attached to the approximately
exponential shape of the y ray curve of Fig 528 The cells,
whose delay mn division causes the reduction m mitotic count at
fixation, three hours after irradiation, sre the cells which are due
to enter division any time between 0 and 3 hr after wradiation -

I As pomted out to me by Dr Gray If the low efficiency of & rays n
reducing mutotie activity three hours after srradiation 1s dus to an « ray
Producmng more than the of n the sensitive
region then & rays should be no less effect:ve than y rays when the doses
needed to causs mhibition of division for en equal trme (longer than
3hr) are compared 1f however the low efficiency of & rays 1s explained
83 & low 10n¢ yield 1n some chemucal reaction, then the efficiency should
be low by whichever ‘way 1t 13 measured

m:t’{‘akmg the duration of mutoss to be approximately 3 hr 1n the bean
p
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anywhere within a smaller volume estimated to be about 3gm
diameter : It 18 supposed that a singlo & particle traversing this
region produces several times moro than the mimmum amount
of 1omzation (a fow thousand tomzations) needed for inhibition
of division to oceur « rays aro thus less efficient per 1onization

o -
@ o

Mitotio count sa fraction of control mitotic count

PR 1 . L
50 100 150 200 250
Dose in energy units

Fio 52 Reduction of mitotic count es a function of dose (Gray Mottram Read
& Spear) A, neutrons B, y mays C a rays (bean root tips fixed 3 hr after
wradiation) D neutrons, E y rays (chick tissue 1n culture fixed 80 min after
aradiation)
than less densely ionizing racdiations, for the same reason as
the case of chromosome breakage and virus mactivation, namely,
that the extra iomzation contributes to the dose without mn-
creasing the proportion of cells affected

One would expect on the basms of this argument that neutrons,
being more densely lomzing than y rays (though less densely

1 The authors pomt out that the nucleolus 1s of about this size If the
cause of the delayed division 13 mterference with the nucleic acid cycle,
1t 18 not unp ble that the lus should be d sinceitisa
reservorr for nibonucleio acid during the resting stage Cp elso Mottram,

JC (1932)

©
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1omzing than a-rays) would be less effective, or at any rate not
more effective, than y-rays The authors have put forward an
ingenious mechamsm by which the higher efficiency of neutrons
can be explamned, but 1t mvolves some assumptions which appear
to be rather unplausible

An alternative explanation of the lower efficiency of a-rays
compared to less densely 1omzing radiations would be that the
change produced m the nucleus leading to the mhibition of
divsion 18 a chemical reaction involving ‘activated water
« raye would then be less efficient for the same reason as that
put forward 1 Chapter 11 to explain their low efficiency in de-
composing proteins 1n agueous solution (cp p 60), namely, that
owing to the high concentration of active radicals i the neigh
bourhood of the « ray track, some radicals disappear by re-
combination before reacting with the solute concerned Thus
mechamsm would not provide an explanation of the fact that
neutrons are more effective per 10mzation than vy rays

The relative efficiencies of the different radiations mn causing
mhibition of dimision t therefore be dered entirely
understood It1s desirable that experiments should also be made
by the first method mentioned, namely, the determination of the
doses of the different rathations needed to produce the same
mterval between the imtial fall of mitos:s and 1ts subsequent
116, 8ince this experiment should dectde between the alternative
mechamsms which have been suggested for the lower effimency
of & rays compared to y-rays :

No speaial mgnificance 18 attached to the approximately
exponential shape of the ¥ ray curve of Fig 528 The cells
whose delay 1 division causes the reduction m mitotic count at
fixation, three hours after irradhation, are the cells which are due
to enter division any time between 0 and 3 hr after srrachation -

I As pomted out to me by Dr Gray If the low efficiency of o rays m
reducing mutotic activity three hours after irradistion 18 due to an o rav
‘producing more than the of 1n the sensitite
regan, then & rays should be no less effective than ¥ rays when the doses
needed to cause inhibition of diviston for

hod an equal time (longer than
} are pared If} the low effi y of & rays 13 explamed
a3 & low 10m1c y1eld 1n some ch 1 tion, then the effi y should

be low by whichever way 1t 13 measured

. oozt ’fakmg the duration of mutosis to be approximately 3 hr i1 the bean
P
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and the mimmum delays needed to prevent them from bemg in
division at the time of fixation therefore range from 3 to 0 hr
respectively  In view of this heterogeneity n the stages of the
cells concerned and 1n the delays needed to be induced 1n them,
1t 13 not surprising that the number of cells n division at the
time of fixation diminishes gradually with increase of dose

Neutrons are also more effectivo per 1omzation than y raysin
causing a reduction of mitotic count shortly after irradiation n
the case of chick tissue grown n culture, as shown i Fig 62,
curves D, E: In these experiments an exponential curve 13
obtained with noutrons (Fig 52Dp), but the y ray curve departs
from the exponential form i having an ymtial flat portion (Fig
52E) This difference 1s mterpreted by the authors: to mean that
a single romzing particle causes the delay 1n the neutron expert
ments and that many are required 1n the y ray experiments

1 Gray, LH, Mottram, J C, Read, J & Spear, F G (1940) The
¥ ray curve 15 quoted from Spear, F G & Grimmett, LG (1933)

2 Spear, F G, Gray, LH & Read, J (1938), Gray, LH, Mottram,
JC,Read, J & Spear, F G (1940)



Chapter IX
LETHAL EFFECTS

Lethal effects of radiation have been studied by a great number
of authors on a great variety of experimental matenals, partly
because of the ease with which experiments can be made n
which the criterion of effect 13 the death of an orgamsm or of a
cell, and partly because of the practical importance of the lethal
action of radiations on cells 1n the treatment of cancer

No attempt 13 made n this chapter to review the whole of thns
very considerable Literature  Attention 3s confined to the alling
of single celled orgamsms and of mdividual cells of multicellular
orgamisms, and 1s directed mainly to lethal actions which may be
understood 1n terms of the mechamsms described 1n the earher
chapters The killing of multicellular orgamsms as distinct from
the lulling of thewr mdividual cells 18 not discussed, nor 1s the
killing of a cell discussed when this 15 due, a8 3t probably 15 1n
some circumstances, to a change produced by the radiation
the surrounding tissues or fluids rather than to the dissipation of
energy by the radiation 1n the cell itself

Death precipitated by divislon

1t has been shown 1 many experimental materials that when
& cell 15 killed as a result of wrradation, death does not occur
immediately, but at or following the next division that the cell
undergoes To kill a cell immediately requires a much larger dose
than to cause a cell to die at or following 1ts next division Thus,
10,000t of X rays delivered to yeast does not cause immediate
death The wrradiated cells divide once, but the daughter cells are
usually unable to divide further and eventually die A much
larger dose 13 required to kill the cells without division, 30,000r
sufiomg only to kull 509 1n this way

Sumlarly, when chick tissue growing 1n culture 1s wrradiated,:
doses of 2500 ¢ and upwards are required to cause the death of
:n appreciable proportion of resting cells without the mterven-

aon of division, but a dose of 100 ¢ suffices to cause the death of

L‘;y:gogvzc]z,lg: Lacassagne, A (1930) Cp also Wyckoff, RW G &

2 Lasmitzki T (19432 b)
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and the mimmum delays necded to prevent them from bemng i
division at the time of fixation thereforo range from 3 to 0 hr
respectively  In view of this heterogeneity in the stages of the
cells concerned and 1n the delays needed to bo induced m them,
1t 13 not surpnsing that the number of cells 1 division at the
time of fixation diminwshes gradually with increase of dose

Neutrons are also more effective per tonzation than y raysn
causing a reduction of mitotic count shortly after wradiation in
the cnse of chick tissue grown i culture, as shown in Fig 62,
curves D, B+ In these experiments an exponential curve 1
obtained with neutrons (Fig 62p), but the y ray curve departs
from the exponential form 1n having an mitial flat portion (Fig
62x) Ths difference 1s mterpreted by the authorss to mean that
a singlo 1onizing particle eauses the delay in the neutron expen
ments and that many are required 1n the y ray experuments

1 Gray, L H, Mottram, JC, Read, J & Spear, FG (1040) The
¥ ray curve 13 quoted from Spear, F G & Grimmett, L G {1933)

2 Spear, F G, Gray, LH & Read J (1838), Gray, L H, Mottram,
JC, Read,J & Spear, FG (1940)
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embryos 1If, however, the eggs are hept for 7 weeks at 5° after
wradiation, so preventing cell division during this tume, and are
then restored to 25°, 40% of the eggs develop mnto normal
embryos :

That cells iradiated by emall doses during the resting stage
break down at division has been demonstrated by Spear and his

T T T ~-T

0 Ko X—.

10 15 R 25 30 35
Hours after irradiation
Fia 54 Numbe
b T3 of dividing and degenerating volis gt various times afte
mﬂsx (rat eye Tansley Spear & Gluchsmaun) . mitotic count ag perr
as ngun gm‘tml mitotic count, X percentage of cells which are degenerate
187 foun (7m;:;n »C6mm D 0man E I2mmn F, 30 mmn exposure at

1 Cooh, FV (1939)
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a considerablo proportion of thoso cells whick attempt division
1w tho haurs following wradiation

Tig 63 shows tho percentago of the pollen of Tradescantia
which germinates, the anthers having received a dose of 800t
at varous times before dehiscing : If the dose of radition is

100
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éw
g @
=
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% w0
1
2
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£ »
&
l;llz 1)

Days beforo dehiscing

F1o 53 Germination of pollen irradiated at different stages by &
constant dose of 800 ¢ (Newcombe)

given one to five days prior to the time of dehscing, the per-
centage of pollen germination s as high as 1 umirradiated pollen
If the same dose 15 given 8 days or more prior to dehuscing, only
39 of the pollen gramns germinate The discontmnuty 1s due to
the occurrence of the pollen grain mitosis about 6 days before
dehseing The radiation 18 ewidently lethal if nuclear diviston
mntervenes bet the wradiation and the ger tion test, but
not 1f no nuclear division mtervenes

If the change which leads to death at division 1s one from which
recovery can oceur, 1t may be posssble to reduce the lethal effect
of & given dose by adopting some means of mcreasing the time
iterval between wrradiation and the next division Thus if eggs
of the parasitsc worm Ascaris are wradated by 5000t and
allowed to develop at 25° only 1 or 29 develop wmto normal

1 Newcombe, HB (1942a) See also experiments by Poddubnaja
Arpold1 'V (1938) and Koller P C (1943)
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The cause of death at divislon

The fact that in many expenimental matenals radiation delays
division, and that a proportion of the cells die when they enter
division after this delay, suggests the possibility that delay of
division and death at division may be essentially simlar phe-
nomena diffening m degree rather than in kind  On this supposi-
tion a moderate amount of damage to the cell causes some delay
n entening division or a prolongation of the early stages, while
a greater amount of damage (produced by a larger dose of radia-
tion} causes increased delay n entering division and breakdown
during division This terpretation 13 not however mevitable,
and appears to be defimtely wrong i a number of instances, m
which evidence has been obtamed that delay of division, and
death at the resumption of davision, are independent phenomena
The general method of testing whether they are independent or
related phenomena 1s to vary the conditions of the expenment
Insome way,e g the type of radiation, dose rate, or temperature,
and to see whether the two effects vary with the conditions xn the
same way or i different ways

1f marine invertebrate eggs are wradiated and then fertiized,
1t 13 found: 1n some species (e g i the sea-urchin Arbacia and
the clam Cumingia) that a moderate dose causes a prolongation
of the time elapsing between fertilization and the first cleavage
of the fertihzed egg, while larger doses completely prevent
cleavage from oceurnng This 15 1n keeping with the view that
the mhibition of division and the lethal action are actions dif-
fermg 1n degree rather than i kind But 1n other species (the
marine worms Chaetopterus and Nerews) the largest dose which
can be given without completely preventing cleavage n all the
€885 causes httle or no delay m cleavage i those which survive

Agan, if drbacia sperm are wrradiated and then mixed with
unfertibzed eggs, a moderate dose causes a prolongation of the
tume elapsing between fertibzation and the first cleavage of the
fertilized egg, while larger doses completely prevent cleavage
gleSe two effects are caused by quite different mechamsms

¢ cavage delay 15 due to the dismpation of energy by the radia-

101 1 the sperm 1tself, and the effect of a gven dose 13 inde

pendent of the concentration of the sperm suspension and of the

! Henshaw P S, Henshaw CT & Francis, DS (1933)
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co workers: m a number of rapidly dividing tissues Fig 54
illustrates the type of result obtamned s After irradiation mtotic
activity 1 reduced, and may remam practically at zero for some
hours after the larger doses (I'g 54F,F) The return of mitotie
activity 13 found to comaide with the appearance of degenerating
colls 1n the tisgue, strongly suggesting that the degenerative pro
cess beging at division With the smaller doses (Fig 544,8) 8
minonty of the cells entering division degenerate With the
larger doses (Fig 541,¥)1t appears that the majonty of the cells
wiich attempt disision die 1n the early stages of mitosis and are
recorded as degenernting cells
The 1 that the degenerating cells seen 1n experiments
of this typo are cells which breah down at division has been con
firmed by experiments on frog tadpoles 1n which the mtotie
activity can be controlled by varying the tempersture or the
feeding conditions s Irradiation normally results in the appear-
ance of degenerate cells o few hours later If, however, the tad
poles are chilled mmmediately following an wrradiation at room
temperaturo (a procedure known to reduce the rate of entry of
cells into diviston 1n umrradiated tadpoles), the degenerate cells
fail to appear  Conversely, in experiments 1n which tadpoles are
uradiated at o tune of reduced mitotic activity (brought about
by chiting) degenerate cells do not appear untd mutotie actinity
18 restored by returning to room temperature
1 Tansley, K Spear FG & Glucksmann A (1937), using rat eye
tissue, Spear F G & Glucksmann, A (1938 1941) Gliicksmann, A &
Spear F G (1039), using tadpole eye and bramn tissue Lasmtzla, T
(1940, 1943a), using chick tissue growing in culture
2 Tansley, KX Spear ¥ G & Gluckamann A (1937) on developmg
rat eye tissue The numbers of cells in the various stages of mutosis were
counted in the germiative zone in a section of an iradiated eye, and
compared with the numbers 1n a section of an eve of an uniryadhated rat
from the same hiter The number of degenerate cells per 100 (undif
d) cells was also d d 1n the diated eye In drawing
Fig 64 we have taken the sum of the numbers of cells in metaphase
phase and telop} asa of the mutotic activity For this
purpose 1t 13 preferable to omut prophase owng to the likelthood of the
duration of prophase 1n rrrad d tissue bly that n
unurradiated tissue mn which event the numbers of cells in prophase will
not be a valid measure of the rate of entry of cells into division
3 Glucksmann, A & Spear F G (1939) Dividing and degenerating
cells were counted 1n the oye and bramn
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The cause of death at division

The fact that in many experimental materals radiation delays
division, and that a proportion of the cells die when they enter
division after this delay, suggests the possinlity that delay of
division and death at division may be essentially similar phe
nomena differing 1n degree rather than mland  On this supposi-
tion 2 moderate amount of damage to the cell causes some delay
In entening division or a prolongation of the early stages, while
a greater amount of damage (produced by a larger dose of radia-
tion) causes increased delay in entering division and breakdown
dunng division This nterpretation 18 not however mevitable,
and appears, to be definitely wrong in a number of instances,
which endence has been obtamed that delay of division, and
death at the resumption of division, are independent phenomena
The general method of testing whether they are independent or
related phenomena 1s to vary the condrtions of the experiment
msome way,e g the type of radiation, dose rate, or temperature,
and to see whether the two effects v ary with the conditions mn the
same way or in different ways

1f marine invertebrate eggs are yrradiated and then fertilized,
1t 13 found: 1n some species (e g i the sea urchin Arbacia and
the clam Cumingia) that & moderate dose causes a prolongation
of the time elapsing between fertilization and the first cleavage
of the fertilized egg, while larger doses completely prevent
cleavage from oceurring This 1s 1n keeping with the view that
the mhibation of drvision and the lethal action are actions dif
fering in degree rather than in kind But 1n other species (the
marine worms Chaetopterus and Nerews) the largest dose which

can be given without completely preventing cleavage n all the
€88 causes little or no delay 1n cleavage m those which survive
Agam,  f Arbacia sperm are wradiated and then mixed with
unfertibzed eggs, a moderate dose causes a prolongation of the
tume elapsmg between fertihzation and the first eleavage of the
fertilizeq ¢gg, while larger doses completely prevent cleavage
These two ¢ffcets are caused by quite different mechanisms
Cleavage delay 15 due to the dissipation of energy by the radia
tion n the sperm tself, and the effect of & piven dose 13 inde
Pendent of the concentration of the sperm suspension and of the

? Henshaw, PS Henshaw CT & Francis DS (1933)
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naturo of the suspending flurd  Faxlure of the sperms to fertilize
offectively 18, however, an indirect action due to the production
of some change 1n tho suspending fluid, as 15 shown by the fact
that the offect of a given dose 13 greater in dilute than m concen-
trated suspensions 1

As has already been mentioned, recovery from the lethal effect
of radiation on the eggs of the paramtic worm Ascaris occurs of
the eggs aro stored for a prolonged time at 5° after wradiation

Tanrx 72 Relative doses of ¥ rays, neutrons, and a rays
which produce equal effects in the bean root tip

Cnitorion of effect v rays Neutrony a rays
Delayed division 10 05 20
Lethal effact 10 012 o1l

Howover, this storage leads to no recovery from whatever change
18 responsible for the cleavage delay also caused by radiation, for
on returning to 25° after prolonged storage at 5°, the cleavage
delay induced by the radiation 15 undimimshed =

In the bean root, the efficiencies of ¥ rays, neutrons, and « rays
have been compared 1n causing delay n dinsion mn the rapidly
diniding cells of the root-tip s The efficiencies of the same radia
t10n8 have also been compared 1n causing cessation of growth of
the bean root, & phenomenon presumably due to the death of
cells1n the proliferating region of the root-tip + In the upper line
of Table 72 are hsted the relative doses of the three radiations
needed to reduce mitotic activity to the same fraction of the
normal mtotic activity three hours after wradiation In the
lower Line are listed the relative doses needed to cause cessation
of growth m 509, of the root tips It 15 seen that the relative
efficiencies of the three radiations depend upon which enterion
of effect 18 chosen, a result which strongly suggests that the delay
of division and the lethal action are due to independent
mechanisms ’

t Evans, TC, Blaughter, JC, Little, EP & Failla G (1942)
Dilute suspensions can be protected by the addition of protems It
appears Likely that an ‘activated water’ reaction 1s concerned as in the
mactivation of viruses i dilute suspension (p 108)

2 Cook EV (1939)

3 Gray, L H, Mottram, J C, Read, J & Spear F G (1940) Gray
L H Mottram JC & Read, J (unpublished) Cp Chapter vir p 303

4 Gray, LE & Read, § (19426 b,cd) Gray LH Read J &
Poynter, M (1943)

=
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These examples show that 1t 1s not in general safe to assume
that the same change 1n the cell 1s responsible for delay m
division and for the breahdown of a cell which attempts to
divide after the expiration of the delay, though the assumption
may of course be correct in some materials

To account for the fact that death does in many cases occur
dunng or following dimision, we must seel. for some action of
radiation which 13 lethal at or following division but not lethal
before davision Genetical changes, or changes m the chromo-
somes, suggest themselves as possibly fulfiling these require-
ments, and these types of lethal action of radiation we now pro-
ceed to discuss

LETHAL MUTATIONS
The inactivation of viruses

The mactivation of the viruses, which has been separately
discussed m Chapter 1, 15 the sumplest example of a lethal
action It wall be recalled that 1n the case of the small, crystal-
lizable (macromolecular) 1 iruses, an 10mzation anywhere n the
virns particle suffices to cause wactivation In the case of the
larger viruses, 1t appears that a single lonization 1s sufficient to
nactivate a virus particle, but that it 18 necessary for the omza-
tion to be produced, not anywhere 1 the virus, but 1n the
‘radiosensitive’ part, which constitutes only afraction of the total
volume of the virus particle Reasons were given m Chapter Tv
for believ ing that this radiosensitive part 1s to be 1dentified with
the genetically mmportant part of the virus, the larger viruses
being supposed to have genetical and non genetical parts dif-
ferentiated as n the higher cells, while m the macromolecular
Viruses no such differentiation 1s suspected

An estimate of the size of the radiosensitive region can be
deduced from the radiation expeniments As explamned m
Chapter 111, from the measurement of the mactivation dose wath
@ Tays, an estimate can be made of the area presented to the
radiation by the sensitrv e materalin the virus The nactivation
dose of vacemua rrradiated by a-rays of about 5eMV was found
tobe 211x105r+ Now for a dose of 1000 of @ rays of this
energy, 071 ¢ particles cross each square micron of wrradiated
tissue (Table 18, p 32) Thuswithadoseof 2 11 x 105t ana erage

m;h&) D E & Salaman M H (1942) The mactivation curie 15 re
" T 16, p 113



314 LETIIAL EFFECTS

of 1 & particle crosses each area of 1f(211x0 71)=0 00674
This then, 13 our estimate of the arca presented to ana ray beam
by the sensitive part of vaceinia virus It s leas than the cross
sectional area of the whole varus, w hich 1s about 0-23x 0 17=0 0443
Electron micrographs have howeser shown internal structure in
this virus The micrograph reproduced n Plate IVp: ehows a
centrally placed body of diameter ranging from 0 08 to 0 12p1n
dufferent varus particles (and possibly additional smaller bodies),
the corresponding area being 0 005 to 0 011* These areas arein
fuir agreernent with the figure 0 00674 deduced from the  ray
1nactivation experiments

It 1s a plausible conjecture to identify the radiosensitive
region, tho eustence of which 1s wnferred from the radiation
experiments, with the mternal structure (or structures) revealed
by the electron microscope, and to suppose that the genetical
apparatus of the virus 15 contamed mn this structure A first
speculation would be that a single 10mzation anywhere withim
thus structure of diameter about 0 1 causes mnactivation of the
virus  However, this appears not to be the case For if the
target daameter 18 calculated on the basis that there 13 & single
spherical target, 10mization anyw here wathin which leads to -
activation of the virus, we find values of 31my for ¥ Tays, 41mp
for X-rays, and 70my for « rays (see Table 36, p 123) Asex-
plamned m Chapter 111, a systematc increase of calculated target
diameter with of 10n density of the radiation 13 evidence
that there 15 not a single spherical target, buteither a target which
18 very far from sphercal, or a multiphicity of spheneal targets
10n1zation m any one of which leads to mactivation of the virus

This last (mult1 target) model 1s plausible if we are prepared to
regard. mactivation of vaccima virus as a lethal mutation, pro
duced by the 1omzation of any one of a large number of genes
Smnee nothing 1s known, as yet, about the genetcal apparatus of
viruses, this explanation 1 necessanly speculative We shall,
however, pursue 1t to the extent of showing that 1t affords an
explanation of the manner m which the mactivation doses of the
different radiations vary with the 1on density of the radiations
Tt 1 also possible to estimate the size and number of the genes n

1 Green RH Anderson TF & Smadel J E (1942) Sumlar mn
ternal structure 13 shown n electron micrographs obtamed by Salaman,
MH & Preston GD (unpubhshed)
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vaceuma m the same way that estimates can be obtaned of the
size and number of the genes m Drosoplula by study of radiation-
induced lethal mutations (p 179)

The calculation 15 facilitated by the graphs provided mn
Chapter mz, and 1 made as follows Expenmentally, the in-
activation doses of  Tays of 5eMV and y raysare 2 11x 105 and
080x10°r, which are 1n the ratio 264 1 Interpolating in
Fig 10 (p 90) between the curves for 3eMV and 8eMV « rays,
we deduce that this ratio of mnactivation doses corresponds to
the target diameter 2r and density p, satisfying the relation
2rp=8my Taking the density to be 1 35 (this being about, the
density of virus protem) we deduce that the diameter of the
target 15 6mpu

The mactivation doses of the three radiations to be expected
for a smgle sphercal target of dhameter 6mpy can be read off from
Fig 84, and are seen to be 100-120 times greater than the ex-
Penmental mactivation doses It follows that there are about

TABLE 73 Vaccima virus cal and exp 1 tivation doses
X rays a rays
Radiation Y rays {154} {5eMV )
Experimental 080 104 211
Caleulated 076 114 218
All x 10°r

110 targets in one virus particle, any one of which 10mized leads
to mactivation of the virus {smnce the mactivation dose with N
targets 15 1/N times the mactivation dose with one target {cp
P 90)) We conclude that 1n vaceima there are 110 genes each
of diameter (or stnietly target diameter) 6mp The theoretical
inactivation doses of the three radiations calculated on this
basis: are set out ;n Table 73, and are seen to be 1 good agree

ment with the experimental inactivation doses

sml lFlg 84 shows that the mactivation dose of y rays expected with a
exS © target of 6mp diamster 13 084x107r With 110 targets the
m}:ﬂed inactivation dose 15 0 84 x 107/110=0 76 x 10*r The calcula

Y 18 made mmularly for other radiations For « rays of 56MV 1t 15
n"mnm“be Ty to mterpolate between the curves grven for 3 and 66MV The
il r and s1ze of the genes given here are somewhat different from the
s :P and size inferred by Lea D E & Salaman, M H (1942) from the
b Xperimental inactivation doses owing to their use of less accurate
Physical data and methods of caleulation



316 LFTHAL LFFFCTS

Undue weight should not bo attached to the estimate of the
number of genes, since this 1s very sensthive to any error mn the
oxpenimental inactivation doses or in the physieal data and
mothod of caleulation We can safely say, however, that af we
are correct 1n interpreting the inacttvation of vaceima virus 88
a lethal gene mutation, then the number of genes 1 certamly
greater than one, though a great deal smaller than in an orgamsm
such as Drosopkila 1 which there are belioved to bo several
thousand

The killing of bacteria

It 18 convenient to consider the bactericidal action of radis-
tions at this pownt, sinco this can also be interpreted as lethal
mutation

Many authors have studied the bactericidal action of X-rays,
neutrons, radioactive radiations, and ultra violet hight: The
general method 18 to wradiate the bacteria esther dry, or n
aqueous suspension, or spread on the surface of a nutrient agar
medium  If the last-mentioned procedure 15 adopted the ob

t Xrays Lacassagne, A & Holweck, F (1028, 1929a,b), Wyckoffy
RWG (1030a,b}, Ellmger,P & Gruhn, E (1930) Claus W D (1933},
Levin, BS & Lommsk: I (1835), Pugsley, AT Oddie, TH & Lddy,
CE (1935), Luna SE (1939), Zirkle, R E (1940), Lorenz, KP &
Henshaw, PS (1941) Lea, DF , Hames R B & Bretscher E {1941}

arays Chsmbers, H & Russ, S (1912}, Heraih, F (1933 1934a,0),
Bruynoghe R & Mund, W (1935) Lea D E, Hamnes, R B & Coulson,
C A (1936), Luna S E (1939), Bonét Maury, P & Olnvier, HR (1939)
Zwkle RE (1840)

f rays and cathode rays Chambers, H & Russ, S (1912), Wyckoff,
RWG & Rivers, TM (1930), Knorr M & Ruff, H (1934), Baker
SL (1935), Spencer R R (1835), Lea, D E, Hammes R B & Coulson,
CA (1938)

yrays Spencer RR (1935) Dozow K P, Ward, G E & Hachtel,
FW (1036), Lea DE, Haines R B & Coulson CA (1937)

Neutropns Lea, D E Hames R B & Bretscher, E (1941), Spear F G

1944)

¢ Ultra violet hght Coblentz, W W & Fulton HR (1924), Baker, 5L
& Nanavutty, SH (1029) Gates FL (1929a b 1930) Ehngmenn O
& Noethling, W (1032), Wyckoff R W G (1932) Dushkin, MA &
Bachem, A (1933), Duggar, BM & Hollaender, A (1944 b), Dreyer,
G & Campbell Renton, ML (1936) Hollaender, A & Claus WD
(1936), Heretk F (1936) Koller, LR (1939) Lea DE & Hames, R B
(1040) Wells, WF (1940) Rentschler HC, Nagy R & Mouromseff,
G (1941)
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servation consists sumoply in mcubating the plate for a few hours
untsl the colomes reach o size allowing them to be counted by
nzked eye or under low magnification, and companng the num-
ber of colonues on the wrradiated area with the number of colonies
on an equal unirradiated area If the bacteria have been wradi-
ated i the absence of nutriment, smtable difutions are mnoculated
onto nutrnent agar plates after wradiation, and imcubated until
the colonies are countable by naked eye The cnterion of death
i these experiments 18 thus inabihty to give mse to a colony
visible to the naked eye or under the low power of the micro-
scope The usual method of reporting the result of an experiment
18 to plot a survaval curve showing the fraction of the organisms
capable of giving rise to colomes as a function of the dose

It has been shown that the fractton of the orgamsms i an
aqueous suspension which are hilled by a given dose of radiation
15 independent of the concentration of the orgamsms in the
suspension,: indicating that the death of a bacterum 1s due to
energy dissipated by the radiation i the bacterium itself, and 1s
ﬂoiean mdirect action due to the dissipation of energy in the
water

Some caution 13 required in the use of the method in which
bactera, are arradiated while spread on the surface of nutrient
gar, since 1t has been found that large doses of radiation pro
d““": Po1sons 1n the nutrient medium which kill bacterta sown
onits

In quantitative experiments precautions should be taken to
ensure that the organisms n a suspension are thoroughly dis-
Persed before bewng plated For if the orgamisms are clumped,
each colony will be produced not from a single orgamsm but
f:l’m a clump of orgamsms A dose of radiation which renders
‘ lt:lf the orgamsms mcapable of colony formation will not, under

88 circumstances, reduce the number of colomes observed to

alf, aince 5 clump of several orgamsms helf of which are killed

will still grve rise to & visble colony To avoid trouble of this sort

the aqueous suspension should be shaken mechamecally for about

yl Lea DE & Hames R B (unpublished) Bact colt was irradiated
or YI8YS m agq I of from 104 to 10°
rg“;‘ims per ml

2

gsley, AT, Oddie TH & Eddy, CE
Co & N Y, (1935), using X rays,
blentz, W vy & Fulton HR (1924) using ultra violet hght
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half an hour before use, and orgamsms such as Staphylococes
having a strong tendency to clump are best avoided

Most workers studymng the bacteriidal nction of radmtions
havo obtained oxponential survival curves, wndicating that the

o poo-—
N _ho®mO

o ococo-
N romo

© cogm~
o s DD

Surviving fraction

o oge-
& OO

PO
S

3
%10 ergsfem *
Dose
Fia 56 Exponentis] survival curves of iwradiated bacteria A X rays {1 5A )
on§ aertryke (Wyckoff) B a rayson Bact coh {Zirkle) C, £ rays on spores
of B mesentericus (Lea Hames & Coulson) D ¥ rays on spores of B mega
thertum (Lea Hames & Coulson) I mneutrons on Hact colt (Lea Hamnes &
Bretscher) F ultra viclet light (2803A ) on B megathersum {Hercik)

fraction of the orgamsms killed by a given mcrement of dose
T t throughout the irradiation When the sur-

viving fraction 18 plotted on a loganthmic scale against the dose,
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a straight line 1s obtained : Examples of exponential survival
curves obtamed with various orgamisms and radiations are
plotted n this manner in Figs 55 and 57

Occasionally survival curves deviating systematically from the
exponential shape have been reported The deviation takes the
form of the fraction of organisms lulled by & given mcrement of
dose bemng less at small doses than at large doses, so that a sig-
moid survival curve 15 obtmned A typical sigmoid survival
curve, plotted on hinear and loganthmic scales respectively, 13
shownin Fig 56, curves ¢ and d, curses a and b being exponental
survival curves

It 15 probable that exponential survival 1s the typical result,
and that the occasional finding of a sigmoid curve 1s due to some
disturbing factor One such disturbing factor 13 clumping of the
orgamsms  If the proportion of organisms which survive a given
dose 15 the exponential function e-%, where z 18 proportional to
the dose, then the probabihty that an individual organism shalt
bo killed by this dose 15 1-e-= If the organisms are sown in
clumps of » imdrviduals, the probability of all n organisms of a
clump bemg killed will be (1—e—=)* Hence the proportion of
the clumps which produce colomes after a dose proportional to
z will be 1—-(1—e-2)» This function represents, not an expo-
nential but & sigmord survival eurve Curves ¢ and d of F 1g 56
have been calculated by this formula with 2 =4, and illustrate
the survival curves to be expected when the organisms are in
clumps of 4 Curves a and b of Fig 56 are the survival curves
¢ 1e the survival curves to be expected for the same organ-
sms when not clumped Sigmoid survaval curves which have
been obtamed wath orgamsms such as Staphylococcr having a
strong tendency to clump are probably to be explamed in this
fashion »
. A second disturbing factor resulting in a sigmoid survival
m“?di bemg obtained may be met with when the organisms are
Whlcha:ed while spread on the surface of a nutrient medium
doses thonc substances are produced by the radiation At small

© concentrations of the powsons will be msufficient to hall

Bu:vf,e:l Sh*‘}“e\‘ ur p 72 for a fuller discussion of methods of plotting
2 Gates“";‘%, and the implications of exponential survival
aurens o> FL (19294) obtained mgmoid survival curves with Staph
1ated by ultra violet light
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any bactena, and the rate of death observed wall be that due to
the dircot action of the radiation on the bactena With larger
doses the concentration of posons may be large enough to cause
appreciable mortahity, and the rate of death will then be greater
than the rato due to the direct action of the radsation alone «

Burviving fraction

. L L L I
05 1o 15 20 25 30 35x

Dose

Tio 56 Survivel curves (theorotical) sand b exponential gurvival eurves e~
candd sigmoid survival curves 1—(1—e—%)¢

1 This may be the sxplanation of the distinctly sigmoid survival curve
" A & Holweck F (19296) wradiating *Pyo
cyamque S* wn;h X rays of wave length 83A Lea DE Hames RB

& Coulson, CA (unp ) ting the same with the




BACTERIA EFFECT OF INTENSITY 321

The most convenient way of summanzing the result of an
experument 1 which an exponential survival curve 1s obtamed
15 to state the dose which reduces the surviving fraction to
¢1=3879% 1 This dose, which 1n the case of virus and enzyme
mactivation we referred to as the mactivation dose, 1s more
appropriately referred to as the mean lethal dose when bactera
are concerned

Table 74 summanzes the results of expertments which show
that the mean lethal dose 1s the same, within the error of the

Tasiz 74 Independence of mean lethal dose on itensity 2

Intensity MLD
Radiation Organism r fmn r Reference

o rays Spores of B 984x10® 23x10¢ 1
mesentericus 612x10¢ 26x10¢

Yrays (84) Spores of B 624x10° 15x 10° r
Mnesentericus 602x 10* 12x10°%
4 70%x 108 17x10%

Xrays(0154)  Baet cols 63 56x108 2
209 57x10°
ergsfcm *isec ergsfem t

TUltra violet light  Baet colt 12x102 75x%10% 3
{25364 ) 31x10% 85x10°
64x10¢ 85x10°

: IL:B DE, Hames, R B_& Bretscher E (1841)
Les, DE & Hanes R B (unpublished)
thzm % DE & Hames, R B (1910) The exposure tume required to deliver
b ean lethal dose 1n these experiments ranged from about 1 min to about
sec Rentschler H C Nagy R & Mouromseff G (1941) have shown that

1l
:;;::‘:?’;sgﬁ};lc dose 1s stall unchanged when 1t 15 dehvered in & time of the

€xpenment, whether the wrradiation 15 made at a low mtensity
and spread over a prolonged time, or at a ligh intensity and
concentrated in a short time
The effect of a given dose has also been found to be inde-
(};lelndent of the temperature at which the bacteria are maintamed
Ting the 1rradiation Table 75 showss the fractions of spores of
. xhameaentencu‘s which survive a constant dose of 2x 10°r of
Y8 given at vanous temperatures The mean lethal dose has

Ba)
by m: Wwave length of X rg

action of ys obtamned an exponential survival curve the

the organisms surviving a gien dose bewng greater than in
NP gne and Holweck’s experiment, especially at large doses
: SP Chapter mr, p 74
3 I:ﬂ;o Table 88 p 374 for additional data
E,Hames RB & Coulson, C A (1936)
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also been found to be independent of the temperature when
spores of B mesentertcus are rrradiated by £ rays: at 41, 20 and
—20°, when Bact cols 18 wradinted by y rayss at 0 and 37°,
when B prodigiosus 1s irrndinted by « rayss at various tempera
tures from 2 5 to 36°, and when Bact cols 13 irradiated by ultra
violet hights at 5 and 37°

Taprr 76 Independenco of temperature
{a rays, 2x10°r on spores of B mesentericus )

Temperature
°C Fraction surviving
+50 0614008
+20 0524003
0 088+003
-20 0564003

A limited number of researches have been made to compare
the efficiencies of different radiations in kalhng bacterna It 1s
highly desirable that the experiments with the different radia-
tions should be made by a single group of worhers under condt
tions as nearly as posmble alike Misleading conclusions are
likely to be reached 1f results obtained with the different radia-
tions by workers m different laboratones are collated, even
though the orgamsms they are using are nommally the same

Lacassagne and Holweck,s uradiating ‘ Pyocyanique S’ with
two wave lengths of soft X rays, obtamed an exponential sur-
vival curve with X-rays of 44, and a sigmoid survival curve
with X rays of 8A They interpreted the exponential survival
curve to mean that a sngle quantum of the 4A radiation
sufficed to kill the organism The sigmaid survival curve was
nterpreted on the mult: lat target theory (cp Chapter 1,
P 71) to mean that four quanta of the soft radiation were needed
to kill the organisms The sigmoid curve has however not been
reproduced by other workers wradiating the same orgamsms
with X-rays of the same wave length s so that this interpretation
1s probably ncorrect

1 Lea DE Hames RB & Coulson CA (1936)

2 Lee DE, Hamnes, R B & Coulson CA (1937)

3 Heretk, F (19344)

4 Rentschler, HC Nagy R & Mouromseff G (1941)
5 Lacassagne, A & Holweck F (1929a)

6 See p 320, footnote 1
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Wychoff irradiated Bact coli wath soft X-rays of several wave-
lengths, and obtamed the survival curves shown in Fig 57 = The
mean lethal doses read off from these curvess are given 1n Table
%6, and are seen to mcrease on the whole as the wave-length of

10

L X}

06}~ A B

o4}

028

10 femmd L —~— .
s o8 5 10 5 10 15
'§0~6— c b
& o4}
e
s
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=
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1 1
10 15
1 '
5 0 15 r-4J 5
=<10%
Dose
Frz 57 Eillng of Bort coh by soft S rays {IFvekod) A& 064 B O7A.
C,15A. D 23 E 403

the radiation Increases, 1e as the 1on-density of the photo-
electrons which dissipate the energy i the bactena mcreases

Results obtamed by other workers studying the relative
eSciency of different radations m Inlhing Bact cols are also given
1 Table76 Itisseen that, shile the results of the three serres of
expenments do not agree with each other numeneally, 1n each

I Wickof, RV G {1930%)

2 Except m the case of wave length 0-714 where the mean lethal

%€ @ven mn the table 13 the mean of two ts onl
3 shown 10 Fig 57 rpernmen b oneofmhich
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also been found to bo indopendent of the temperature when
spores of B mesenterscus arc irradated by f rays: at 41, 20 and
—20°, when Bae cols 15 uradiated by y rayss at 0 and 37°,
when B prodigiosus 1s irradinted by & rayss at varous tempera
tures from 2 6 to 36°, and when Bact cols 18 irradiated by ultra
violet ights at 6 and 37°

TapLr 75 Independence of temperature
{a rays, 2x10°r on spores of B mesenterscus )

Temperature
°c Fraction surviving
+50 0513008
+20 0524003
0 0584003
-20 0564003

A Iimited number of researches have been made to compare
the efficiencies of different radiations n kalling bactena It 18
highly desirable that the expeniments with the different radiz
tions should be made by & smgle group of worhers under cond:
tions as nearly as posmble alke Mislead 1 are
Likely to be reached 1f results obtamned with the different radia-
tions by workers mn different laboratones are collated, even
though the orgamsms they are using are nominally the same

Lacassagne and Holweck,s wradiating * Pyocyanique S’ with
two wave lengths of soft X rays, obtamed an exponential sur-
vival curve with X rays of 4A, and a sgmord survival curve
with X-rays of 84 They mterpreted the exponential survival
curve to mean that a single quantum of the 4A radiation
sufficed to kull the orgamsm The mgmord survival curve was
mterpreted on the mult nt target theory (cp Chapter I,
» 71) to mean that four quanta of the soft radiation were needed
to Iall the orgamsms The sigmoid curve has however not been
reproduced by other workers uradiating the same organisms
with X rays of the same wave length,s so that this interpretation
18 probably incorrect

1 Lea, D.E, Haines R B & Coulson CA (1936}

2 Lea DE, Hamnes, R B & Coulson, CA (1937)

3 Hercik, F (19345)

4 Rentachler, HC Nagy, R & Mouromseff, G (1941)
5 Lacassagne A & Holweck F (1929a)

6 See p 320 footnote 1
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These results parallel those obtamned in the study of the -
activation of viruses and the production of mutations m Droso-
phila, and suggest (cp Chapter 1) that a smngle 1omzation (in
the nght place) suffices to kill a bacterium This conclusion 18
only plausible brologieally 1f we suppose the effect to be on the
genetical apparatus of the bacterum For the typical effect of
one tion 18 ch 1 change 1n one molecule, and 1t 18 un-
likely that the concentration of any eytoplasmrc constituent 18 so
nicely balanced that change i a single molecule of 1t leads to the
death of the bacterium On the other hand, 1n orgamsms which
have been mvestigated genetically, lethal effects due to losses of,
or changes 1n, single genes are common :

The 1dea that the lullng of bactena by radiation 1s to be
mterpreted as lethal mutation 15 on other grounds plausble In
the researches on which 18 based the conclusion that desth s due
to a single 10mzation, the criterion of death has invanably been
the mability of the wradiated bacterium to give nse to a colony
visible to the neked eye or under low magmfication The few
microscopical studies which have been made of the behaviour of
indidual bactena after wradiation have shown that a bae-
terum exposed to & dose sufficient to prevent 1ts giving rise to
& colony does not suffer rapid disintegration, es happeus for
example when bacteria are killed by strong chemical dism-
fectants A motile bacterium retamns 1ts motihty,: and though
f“‘lmg to give rise to a vimble colony, & bacterum which has been

kailled’ by radiation may divide once or twice when sown onto
& nutnent medium .4 A spore which has received a dose large
enough to prevent its giving rise to a visible colony will neverthe-
less germnate when sown onto a nutrent medrum « These results
Suggest that, as 1s often the case with igher cells, the death of
80 iradisted bactertum ocours at or following division The
cause may very well be an effect of radiation on the genetical
:é’P:l‘atus We shall continue the discussion on the assumption
tx:x\ thse effect 1 question 1s of the nature ot a lethal gene muta-

mee practically nothing 13 known about the genetical
&pparatus of bactena, this standpomt 18 provisional We adopt

¥ Atany rate m Drosoph
88 recesaive lothaly 2ophila, where losses of single genes usually behave
: gr.:,ymgh" R & Mund, W (1935) 3 Luns, 8E (1939)
oW, CF & Lea, DE (unpublished)
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series the mean lothal doses increase from left to rght m the
table, which 13 the order of increasing 1on density

A simlar increase of mean lethal dose with increase of 1on
density has been found with other vegotative bactera » With
spores, howover, 1t has been found that the mean lethal dose 13

Tanrz 76 Mean lothal doses of various radiations on Bact cols

(Doses in unita of 10°r or 10*v)
Referenco

X ray wave length (A ) 058 o7 15 23 4+0 H
Mean lothal doso 42 48 43 67 84

Radition X rays (03A) arays{~5eMV ) arays(~20MV} 2
MLiD 39 87 2]

X rays
————
Radiation freys 7 mzyl 015A 15A 83A Neutrons a-rsys 3
M.LD ¢ & 60 68 78 71 24

1 Wyckoff RW G (19308)
2 Zirkle, R.E (1940} This authur ixvu doees 1n uruts of eV fa? tissue Far
tho urpose of Table 76 theso dosea have been calculated back to roetgens,

the neal data quoted by Zirkle
Le i) phyv s R.B & Bretscher, E (1041)

the same for  rays and different wave lengths of X-rays, and s
less for « rays « This interesting difference 1n behaviour between
apores and vegetative bacterra has not yet been sufficiently
nvestigated

The killing of bacteria interpreted as lethal mutaton

The studies of the bactertcxdal action of rachations which we
have reviewed 1n the preceding section have establshed the

following results
(1) The survival curves are exponential
() The mean lethal dose 13 independent of the ty and

of the temperature at which the wrradiation 1s made
() In the case of vegetative bacterta, the mean lethal doses
of different mn the order of increasing 1won

density

t Lea DE, Hames, RB & Coulson, CA (1936), using S gureus,
Lea DE Hames, RB & Coulson, C A (unpublshed), usmg B pyo
cyaneus and B profeus

2 Lea, DE, Hanes RB & Coulson, C A (1936), Lea, D E , Hawes
RB & Bretscher. E (1941} using spores of B mesentericus
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Studies of the Julling of bactena by monochromatic ultra-
volet hght have shown that the survival curves ate exponential
and that the effect of a given dose 1s independent of the m-
tensity « These results suggest that, as with 1omzing radiations,

TasLE 77 Bact cols caleulated and experumental mean lethal doses

X rays
—
Radwtion Arays yrays 015A 15A 83A  Neutrons «rays
gxpenme'ntal 4 52 80 65 78 71 24
Caleulated 44 44 57 78 176 88 23

All x10°r or 10%

the effect 15 caused by a single umt action, which with ultra-
violet hght would mean the absorption of a single quantum No
third test, corresponding to the 1on-density vamation test with
lomzing radiations, 1s applicable with ultra violet hight, so that
the mterpretation that the lethal effect of ultra-violet light 1s due
to the absorption of a simgle quantum (in a particular region) 18
Tess securely established than 1s the nterpretation that the lethal
effect of an 1omzing radiation 1s due to the production of a single
1onization

Quantitatre expenments usually give the incident energy in
ergsfem 2 necessary to reduce the survis g fraction to a given
fraction, convemently chosen to be 379, The absorption co
efficient of bacteral protoplasm being known,: one can deduce
the mean lethal dose 1n units of ergs per gram Doses of 1omzing
radiations measured roentgens can be converted to ergs per
E;am by means of Table 2 (p 8) In this way 1t 1s founds that
. l‘:ﬂt 8 hundred times as much energy (in ergs) 1s dissipated mn
. ;tenum Lilled by ultra-violet Lght as 1n a bacterium hilled
hin t":}s If one supposes the lethal effect to be a gene muta-
ﬂbso’rbe; quantum yield (1e the probabiity that a quantum
less the I;;‘the gene shall cause lethal mutation) 13 very much
dn R the 1omc yield A stmilar conclusion was reached mn

Cussing the mactivation of viruses (p 125)

I Eg Wyckoff RW G (1932), Lea, ,
; g::?‘e:‘ L (1930), quo(te?‘lalle TI;:S?.I; ‘: Homes, R B (1940)

DE & Hames RB (1940} for details
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it since o good representation of the radiation results can be
given on the assumption that we are dealing with lethal gene
mutation

According to the bottom lino of Table 76, the inactivation dose
of Bact coly wradiated by & rays of about GeMV 19 2 4x 105
With « rays of thi energy, 071 @ particlea cross ench square
micron of uradinted tissno per 1000 ¢ (Table 18, p 32) Thus
with a doso of 2 4 x 10ty an average of 1 a-partscle crosses each
area of 1/{24 x071)=0 084 Now while tho ordmary hactero
logienl staining methods do nat show nternal structure, by the
use of swmtable methods internal structures have been demon-
strated in bactena  Plate IV ¢ shows a micrograph of Bact colts
taken from an 18 hr culture such a8 was used i the radmtion
oxperiments  Internal structures are clearly vissbfe having &
dinmeter of about 0 3p and an area therefore of about 0 07p*
In viow of this comadence of areas, 1t 1s plaumble to suppose that
for an & particle to produce a lethal mutation 1t 15 necessary for
1t to pass through this structure The internal structures are
belioved on observational grounds to be chromosomes »

Further ealculation proceeds exactly as in the case of vaceuua
virus which waa discussed eatlier {p 315) Itisapporent to begin
with that the hypothess that a single womzation anywhere in the
body of dinmeter 0 3 causes lethal mutation 18 not satisfactory
For, if we make the assumption that there 18 2 single spherical
target 1omization anywhere within which causes lethal mutation,
we obtain n target diameter which with of 1on-
density from 0 08 for y-rays to 0 2u fora rays We can however
obtain B consistent representation of the deta by assumng that
there are a large number of genes, tomzation of any one of which
cavses lethal mutation By proceeding as described mn the case
of vaccua varus 1t 18 found that the assumption of 250 genes
having an average diameter of 12mp satisfactorly fits the ex-
permmental data The companson of experimental mean lethal
doses with the values caleulateds on this ption 1s made
Table 77

1 Rohinow, CF

2z Badian, J (1933}, Robinow, CF (1642, 1944)

3 Somewhat different estunates of the sze and number of the genes
were obtamed by Iea DE Hames, RB & Bretscher E (1941)

) the same pert " "daeu owing to the use of less accurate
of

1 dats and

13
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death of the cells concerned at or following division It has
already been pomted out that 1t 1s at this time that cells die
which are killed by moderate doses of radiation It 1s evident
therefore that lethal chromosome structural changes must ac-
count for some of the cells whach die at or following division, but
113 not yet possible to say in general whether the majorty, or
only & mmonty, are to be accounted for in this way One can
attempt to answer the question 1n the case of the few matenals,
Particularly Drosophila sperm and Tradescantia microspores, mn
which chromosome structural changes have been sufficiently in-
vestigated

Drosophila melanogaster

Changes 1 Drosophila sperm which result in the egg fertihized
by an irradiated sperm failing to dev elop to the adult stage have
been discussed 1n detail in Chapterv under the heading Dominant
Lethals (p 161) The conclusion was reached that the whole
lethal effect could be explamned as being due to lethal types
of chromosome structural change The demonstration, though
strongly suggestive, was not completely convincing since n
Drosophila only viable types of structural change have been
Studed In particular, the proportion of breahage ends which
undergo s1ster union preference to jormng with other breakage
€nds has to be determmed from experiments on domnant lethals
and sex ratjo distortion, since 1t cannot be determined from a
Study of salvary chromosomes It 13 probable that the whole
domunant lethal effect obtamed by irradiating Drosophila sperm
€an be explained in terms of chromosome structural change, but
the evidence 15 at Present circumstantial
thhen Drosophila eggs are wradiated before fertiization, a
thgher Proportion of the zygotes fail to develop mto adult fhes

20 when 1t 15 the sperm which are irradiated by the same dose

e many fever chromosome nterchanges are produced by
Iradiating unfertilized eggs than by wradiating spermz with the
Same dose
" i‘mha-‘! been remarked s that this observation shows that while
thauf ;)e correct to ascribe the whole dominant lethal effect
8try ed by wradiating Drosophila sperm to chromosome

ctura] change, some of the dommant lethal effect produced in

: g‘* ©g Sounenblick, BP (1940)
e og,Glass HB (1040) 3 Muller, HJ (1938)
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LETHAL CHROMOSOME BTRUCTURAL CHANGES

Incidental referenco to types of chromosome structural change
which are probably lethal has been made 1n Chapters v and v1
The principal types likely to have a lethal effect are stmple breaks
(Figs 30A and 381a,B), and asymmetrical exchanges (Figs
30p,E,0 and 31p,¥) All these types result in the production of
acentric fragments, which will be lost at division sooner or later
owing to their lacking the centromere which ordinanly ensures
thesr mnclusion 1n a daughter nucleus Different organusms are
tolerant of the resulting genetio defi 1 daff degree

In Drosophila melanogaster, the loss of even 6 %, of the X chromo

sore has a dommant letha) effect, while 1n maize the loss of even
& whole chromosome may be viable

Most of the types of structural change mentioned above result
also 1n the production of dicentro ch and ¢l tid,
Dicentrics probably often have o lethal effect apart from ther
association with acentmc fragments This may be explamed
partly by the genetio unbalance resulting from unequal breabage
of dicentric chromosomes which form bridges at anaphase, and
partly by the mechanical difficulties experienced by a dividing
cell in which ar anaphase bridge forms (cp Chapter v, p 163)
Bndge formation 18 however not lethal in all materals, since the
bridge may break, and the daughter cells may then survive if the
genetic unbalance 18 not too severe «

Simple breaks which do not restitute, and asymmetrical ex-
changes (other than 1 delet which behave
88 recessive Jothals rather than dommant lethals) are certainly
lethal 1n Drosophsla since evidence of them 13 never found in the
sahvary chromosomes In plant matensal, which 1s more tolerant
of genetic unbalance, a certain number of these aberrations may
be viable though probably most arenot  Symmetncal exchanges
are viable mn all orgenisms investigated, but they result in partial
stenihity (see p 338)

Lethal types of chromosome structural change will lead to the

1 If the triploid zygote from which the endosperm tissue of maize
develops contams a broken chromosome® smister umon of chromatids
occurs 8t the kage point and an p bridge results This bridge
breaks, and 1n each daughter cell mster unton aceurs &t the breaksge ends
resulting m bridges at the next division ‘The process of bridge formation
breakage and mster umon thus n cell
1n the endosperm (McClintock B 1941a)
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death of the cells concerned at or following division ;tﬂl:;ls
already been pomnted out that 1t 1s at tius tume that ce! A :
which ate killed by moderote doses of radiation 1t 15 eviden

therefore that lethal chromosome structural changes must ac-
count for some of the cells which die at or following division, but
1t 13 ot yet possible to say m general whether the majonty, or
only a minonty, are to be accounted for in this way One can
attempt to answer the question m the case of the few matenals,
particularly Drosophila sperm and Tradescantia microspores, in

which chromosome structural changes have been sufficiently n-
vestigated

Drosophila melanogaster

Changes 1 Drosophila sperm which result in the egg fertihized
by an irradiated sperm failng to develop to the adult stage have
been discussed m detarl in Chapter v under the heading Domnant
Lethals (p 161) The conclusion was reached that the whole
lethal effect could be explamed as bemng due to lethal types
of chromosome structural change The demonstration, though
strongly suggestive, was not completely convineing since 1n
Drosophila only viable types of structural change have been
studied In particular, the proportion of breakage ends which
undergo sister union in preference to jommng with other breakage
ends has to be determined from experiments on dominant lethals
and sex ratio distortion, since 1t cannot be determined from &
study of salivary chromosomes It 13 probable that the whole
dominant, lethal effect obtamed by wradiating Drosophila sperm
can be explained n terms of chromosome structural change, bat
the evidence 13 at present circumstantial

When Drosophila eggs are wradiated before fertihization, a
Iugher proportion of the zygotes fail to develop into adult flies
than when 1t 13 the sperm which are uradiated by the same dose
Yet many fewer chromosome imterchanges are produced by
uradiating unfertilized eggs than by wraciating sperms with the
same dose

It hag been remarkeds that this observation shows that while
it may be correct to aseribe the whole dommant lethal effect
obtamned by uradiating Drosophila sperm to chromesome
structural change, some of the domimant lethal effect produced in

t Seo, v g8, Sonnenblick BP (1940)

2 See eg Glass, HB (1940) 3 Muller, H.J (1838)
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unfertihized cgga must bo due to some other cause (e g aneffecton
the eytoplasm) Thus conelugion, though superfinally the obvious
deduction from the data, does not folfow 1f chromosome strue

tural changes and dominant Jethals nre interpreted as 1n Chapter
v{p 186) Two constants & and g cater nfo the expression for
the yields of chromosome structura} change and dommant
lothals & 13 the number of breaks primanly produced per
nucleus per 1000r It 12 probably deternuned mamly by the
dimenmons of the chromosome thread and ss therefore probably

tho same 1n the egg and the sperm g 15 the probability that &
breakage end primanly produced shall join with snother break

age end in preft tor g tinjoned untd the time of
chromosome sphit, and then undergoing mster umon g will be
determmed by such factors as the timo of spht and the frecdom
of movement of the chromosomes, and mny sery well be
different m the egg and sperm nucle:

Tahing & to be the same for egg and sperm nucley, the expen
mental fact that many fewer viable chromosome structursl
changes are produced i the cgg than n the sperm by o given
dose D menns that ¢ 15 much smaller in the egg thas m the sperm,
1 which » has the valuo 0761

The vtpression for the propottion of the fertihzed eggs winch
develop to the adult stage when one of the gametes has been
gen & dose D 1 given by equation V-2 {p 167) as -7,
e~ depends on a but not on ¢, and s less then umty S, de-
pends on g a3 well as «, takes the value umty when ¢=0, and 13
greater than wty when ¢ s greater than 8 Expersmentally the
proportion of fertibzed eggs winch hateh when the egg has been
wradinted dummishes approxumately exponentially with the
doge » Evidently ¢ for the egg whick we have already deduced 35
gmaller then g for the sperm, 19 sufficiently nearly zero for S, to
be practically umty s

1 Moro preeisely 2 terrns of the theory of Chapter v, the proportion of
viable gametes hon g structural change :# 3 ~85,/S, (p 167), and as s
seen n Teble 42, this quastity mereases with mcrease of o) & and D
bemng the same in #2g and sperm g must therefore be smaller in the egg

2z Bonnenblick B P {1540}

3 The assumption that ¢ 18 nearly zero 19 equivsient to essuming thay
nearly all the breaks prumarily produced undergo sister unian, snd there
fore behave as lethals wx preference to restitutwig or exchangmg with

other bresks
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Thus when 1t 15 the unfertihzed egg which 1s uradiated, the
proportion of fertiized eggs which develop to the adult stage 1s
€72 This1s smaller than when 1t 1s the sperm w hich 1s wrradiated
on account of the ormssion of the term S,

Making this argument quantitative, 1t can readily be shown
that & dose which results in 50 %, of domnant lethals when given
to the sperm wall result 1 86 %, of dominant lethals when given
to the fertilized egg « This deduction may be compared with the
expenimental results of Sonnenblick, who found that a dose
which gave 40 %, of dominant lethals when delivered to the sperm
gave 829 of dorinant lethals when delivered to the unfertihzed
€gg, while a dose which gave 569, of domwnant lethals when
delivered to the sperm gave 94% of domnant lethals when
delivered to the egg

1t 13 evident that dominant lethals 1n unfertilized eggs, as well
8 m sperm, can be explamed by lethal types of chromosome
structura] change

Several authors: have studied the lethal action of X rays on
fertilized eggs of Drosophila The general method employed 1s to
Provide the fites wath food on which to deposit their eggs, to col-
lect a batch of eggs, and to irradiate them at a time after laying
which vanes i different experiments from a few mnutes to a
few hours The proportion of eggs which hatch 1s plotted as a
function of the dose, sigmowd survival curves being obtaned, and
the dose required to reduce the proportion hatching to 509%, 1s
determined The sensitivity of the eggs to radiation varies with
the stage of development, the 50 %, dose having a mmimum value
of 160t 90-120 min after laying s The 50 9, dose for a batch of
cges uradiated within 30 min of laymng when usually not more
than one or two nuclear dinisions have occurred, 15 290 r

Durect cytological observations have not been made to de-
termune whether chromosome structural changes account for the

m;kT“kmS g=0 76 for sperm, 50 % survival 1s obtained at a dose which
e»wﬁz 3D= 195 whence agD =148 With these values of aD and agD,
[el’tlh_zeduz and §,=3 5 (interpolating 1n Table 42 for §;) For un
We tal, °ggs uradiated by the same dose we take aD =1 95 as for sperm
e ©9~080 that §,=1 Thus the survivalis now e-2P =0 142 which
ans 86 %, of dormnant lethals
¢ ; Packard C (1926) and later papers Henshaw P S & Henshaw,
(1933) and later papers
3 Packard C (1935)
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lethal effcct The best one ean do therefore at present 18 to at-
tempt to make an estimate of the proportion of nucle: hkely to
suffer lothal chr structural change on the basis of the
data availablo for sperm and unfertilized egge  Presumably, for
a diploid nucleus, a, the number of breahs primanly produced
per 10001 will havo o valuo twice as great as that for a haplod
gomete,1e a=15 for o diplord nuclens  No data are available
from which to estimato the value of ¢ If we assume 1t to be
small, as appenrs to bo the case 1n the unfertilized egg, the pro
portion of wradiated diploid nucler which survive a dose D will
be ¢=*2 With a dose of 200r, aD=029x15=0435 and
©720=0 65 Thus the dose of 2001, which 13 observed expen-
mentally to lall half of the eggs wradinted at on early stage of
development, 15 sufficient to produce lethal chromosome struc
tural changes 1in about one third of the nuclet in an egg Ths
cajeulation suggests that lethal chromosome structural changes
may play an umportant part i accounting for the kilhng of
Drosophila eggs 1n an early stage of development

To sum up our discussion of Drosophila, we may say that there
are strong indications that Jethal chre structural chang
play a major part in accounting for the failure of eggs to hatch
after the irradiation of the sperm or egg prior to fertihzation, ox
of the egg soon after fertilization The evidence 1s, however, at
present circumstantial

Tradescantia

Chre structural changes visible at the metaphase of
the first haploid mitosis (pollen gram division) m Tradescanha
following irraciation of the microspore prior to this division have
been ex vely investigated  The subsequent behaviour of the
pollen grain has also been studied =

At the pollen gram mitosis (in unirradiated material) nuclear
division but not cell division occurs, s0 that the two daughter
nucler Temain 1 the same cell  Of the two nucle: one, the gene
rative nucleus, will divide again after the germination of the
pollen gram and give rise to the sperm nucle:, which take part
1n fertihzation The other nucl the 2 leus, plays
10 role after germmation has occurred

1 See Chapters vI and vix 2 Koller P C (1943}
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During the week which follows the pollen gram mitosis, the
two nucler become distinguishable, the generative nucleus de-
veloping 1nto a long crescent shaped body

‘When at the end of this time the mature pollen gramn falls onto
the stigma of a plant or a smear of artifictal mediuum on a micro-
scope shde, germimation occurs A pollen tube grows out of the
pollen grain, the elongated generative nucleus enters the pollen
tube, and undergoes division (the second haploid mitoss) there

Tf the microspore has been wrradiated prior to the pollen gram
mitosis, after thus division small nucler (micronucles) additional
to the generative and vegetative nucler may be seen These are
acentric chromosome fragments which have failed to be mcluded
in either daughter nucleus at the pollen grain mitosis

Tasre 78 Correl of the p of
failure to develop after irradiation?

with

Micronucler  Micronucler

present absent
Pollen gramn differentiation Normal 60 165
Suppressed 217 15
Pollen tube Normal 34 92
Absent 330 100

A microspore which has received a dose of a few hundred
Toentgens during early prophase of the pollen gram division, or
the mterphase preceding, completes this division In some cells
subsequent development proceeds normally, 1n others the gene-
fative nucleus may fail to differentiate and the pollen gramn fail
to germunate, and so die without having been able to carry out
s function of fertihzation

It has been found that there 18 a marked correlation between
fatlure to develop normally and the existence of micronucley, 1 ¢
of acentnc chromosome fragments This 1s illustrated in Table
78, which shows that of the pollen grams which fail to develop
t}}ollen tubes, or 1n which the generative nucleus fails to dif-
derentlate, the majority have micronucle, while of those which

evelop normally the majonty are without micronucler
th;rhl;e:]e observations on Tradescantia grwve strong support for
- tef that chromosome structural changes resulting

entric fragments which fail to be included m the daughter
Buclel are often lethal

T Kol
delusc:;ger PC (1943) A dose of 360r was given 8 days before
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A further demonstration of the relation between chromosome
structural changes and Jethal effect 1s provided by Tig 58 The
curve shows the proportion of pollen grain metaphases showing
lethal types of chromosome structural change {se chromatid

1 1 ] L
e 200 300 0
Dose n roentgens

F10 68 Relation between chromosome structural changes and lethal effect 1n
Tradescantia pollen grams Curt o showa percentage of pollen grain metaphases
showing lethal types of 1 change Exp 1 pomnts
{Koller) ehow percentage of pollen grains failing to germinate

breaks, sochromatid breahs, and asymmetrical exchanges) a8 &
function of the dose given 24 hr before pollen gramn metaphase *
The pomnts show the proportions of pollen gramns which fail to
germmnate a8 a result of doses of 90 and 360 r given at about this
same stage =

1 Authors have not scored aberrations 1 this particular way The
curve has been constructed 1n the following fashion, making use of the

il of aberration production listed in Table 64, p 241 The yetds
of chromatid and 1sochromatid breaks per cell produced by a dose D
roentgens are 0 725 x 10~ D and 0 271 x 10-* D respectively The yeld
of ch td produced by dose D 18 1 81X 10-* GD? (for the
factor @ see equation (VII 8), p 264), and of these half are asymmetrical
Thus the mean nuraber of lethal aberrations mduced per cell by dose I}
18 m=0 096 x 10-5.04 0 905 x 10-3D2G The proportion of cells having
one or more lethal aberrations 13 1—e-™ with this value of m

2 Koller, PC {1943) Kollers figures for 1rraciation made 9 days
before dehiscing have been used The proportiens of pollen grams failing
to germpate are somewhat higher 1f the wradiation 15 made 10 days
before dehiscing, somewhat lower 1f made 8 days before dehiscing

~
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There 18 farr agreement between the points and the curve,
showng that chromosome structural changes are able to account
for the failure of pollen grains to germinate The fact that at high
doses the proportion of pollen gramns fajing to germinate 1s not
s0 lugh as the proportion of pollen gramn metaphases having
lethal types of chromosome structural changes suggests that
some of the ‘lethal’ types of chromosome structural change do
not prevent pollen gramn germination These may be the smaller
deficiencies, or 1t may be that only half of the chromatid breaks
are lethal, namely, those which cause deficiencies in the vege-
tative nucleus

The bean root

The lalling of bean roots by the wrradiation of the region near
the root t1ip 1n which the cells are rapidly dividing has been
extensively studied 2

In the unirradiated root-tip, half of the daughter cells formed
in the dividing region remain there and undergo further division
The remainder do not divide further but elongate It 1s the
addition of these elongated cells to the root behind the dividing
region which accounts for the mecrease of length of the root

If the root tip 1s wradiated, the rate of increase of length of
the root diminshes This 15 due to some of the cellsn the dividing
region bemg killed  Asin other rapidly dividing tissues irradiated
by moderate doses, the cells breah down at division  After small
doses the rate of merease of length of the root eventually returns
to normal, mdicating that a sufficcent number of cells in the
diwiding region have survived to restore (by division) the normal
<ell population 1n this region With larger doses the growth of the
T00t 13 not resumed, and 1t dies, presumably ndicating that
nearly all the cells 1n the divading region have been hilled
thihil: are a number of mndirect lines of evidence suggesting
ascnbede tkﬂhng of bean roots by radmation 13 largely to be
Sones o 0 Ietha} types of chromosome structural change The

s ol y rays, X rays, neutrons, and a rays needed to kill 50%,

nut:l?::l::g the assumption suggested by Koller that 1t 15 the vegetative
etrweon the th the generative 1 which 1 the resp

germination gma or culture medium and pollen grain and imtiates

2 Mottram
bied) Gray,

JC (1033a,b 1935a b} Grry, LH & Read J (1942a,
LH,Read, J & Poynter, Ml {1043)
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of the bean roots iradiated have been found to be 651, 435, 75
and 72 energy-units respectively, the ratios of efficiencies of the
four radiations for equal 1omzations 1n the tissue thus beng
10 16 87 9001 This 1 the enme soquence of effictencies ag
that found for the production of lethal types of chromosome
structural change in Trad microspores, 1 which the
relative efficiencies are 10 11 28 281 The fact that the
sequence of efficiencies 1s the same suggests that the mechamsm
mvolved may be the same in the two cases, while numertcal
differences may reasonably be expected for chromosomes of
different eizo

It has also been found that Jow ering the temperature mcreases
the proportion of bean roots kulled by & given dose s It 1s known
that 1 T'radescantsa the number of cells showing chromosome
structural changes 13 mereased by lowening the temperature (cp
Fig 32, p 221) It has also been pointed out that the effect of
a given dose on the bean root 18 reduced by sphitting the dose mnto
fractions, with rest intervals between, 1n s manner which 1s con
sistent with the reduction of effect bemg due to there being &
amaller number of chromosome exchanges produced 1 expers
ments 1 which there are long rest periods, owing to breakage
ends formed by the first fractional dose having all restituted by
the time the second fractional dose 13 given 4

Marshaks hag determined the proportion of anaphase figures
mn the bean root-tip which show chromosome fragments or
bridges at various times ranging from 3 to 24 hr after uradis-
tion The abnormal anaphases at 3 hr are probably mamly the

result of ‘physiological’ changes mn the chr the ab
normal anaphases at the later times are probably mamly
chr str 1 changes s The ratios of efficiencies he

T Gray, LH Read, J & Poynter, M (1943

2 As before the y1eld of lethal types of chromosome structural change
13 taken to be the sum of c¢h d breaks, 3: i breaks, and
half the chromatid interchangea at 100 r The y1elds for X rays, neutrons,
end a rays are taken from Table 84, p 241, and the relative yields for
X rays and ¥ rays are taken from Table 63, p 239

3 Mottram J G (1935b)

4 Gray L H (18445}

5 Marshak, A (1942a) In interpretmg his results with neutrons, we
have assumed, as usual that 1 n umt=25 v uasts

6 The terms *phyaiclogical’ change and ‘structural’ change are used
1n the sense of Chapter vi, p 192
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finds for X rays and neutrons at these later times range from
1 32to1 67, which are consistent with theratio 1 5 8 found
for the lethal effect on bean roots

Marshak finds that the proportion of anaphase figures which
show fragments or bridges can be represented by the formula
1-e*D where D 1s the dose of X-rays 1n roentgens and A takes
values ranging from 0011 at 3 hr after wradiation to 0 0022
24 br after irradiation With a dose of 435 ¢, which 13 the dose
killing 509, of the bean roots 1 Gray and Read’s experiments,
the proportion of anaphases which have brnidges or fragments 1s
deduced from ths formula to range from 99 % 3 hr after wrradia-
tion to 629, 24 hr later The proportion of enaphases with
bndges or fragments 1s thus lugh enough to account for the death
of the root, presuming that the daughter cells from these ab
normal anaphases usually die

Lethal physiological changes in chromosomes

As was mentioned i Chapter v (pp 192-7), wradiation of
cells already sufficiently advanced in davision at the time of
irradiation not to suffer the delay 1n division expertenced by cells
1ot so far advanced may result in appearances at metaphase and
enaphase suggestive of a surface stickmess of the chromosomes
At metaphase the chromosomes clump together, and at anaphase
the separation of sister chromatids 1s hindered

Division figures of this sort obtamed i chuck tissue,s in grass
hopper neuroblasts,2 and m omon root-tips,s are lustrated in
Plate IVEx  Simlar appearances have been described 1n other
tissues 4
strIor; severe cases the bridge formed at anaphase may be too
otherg to break, and division will not then be completed In

¢ases where division 1s completed, the daughter cells may

T Lasmitzka, 1 (19438} Chick tissue m culture was irradiated for

25

als;n,lyn 8t 100r /min and fixed immediately after the exposure Cp
2 C:ﬂ,J & Kemp T (1933)

2005} lson, TG (19416) Chortophaga neuroblasts were wradiated at
) M’:“;] for 40 min and fixed 15 min after exposure

50: “nx:ﬁ!;]:'d?{ hdr: II::‘::son J C (1937) Onuon root tips were given

g Amplibw (Albert:, W
8 N & Politzer G 1924) grasshopper
l%;?:zz‘]’]’:fs (White, M J D 1937), plant microspores (Marquardt, H

P C 1943), plant root taps (Pekarek, J 1927, Marquardt,
1938, Sax, K 1941a) pe ¢ quardhs
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bo genetically unbalanced owing to the breakage of anaphase
bridges Thus the phymologieal effect 18 probably often Jethal

Tho motaphase and anaphase figures suggesting & surface
stickiness of tho chromosomes are typically seen soon after
wradiation in cells too far advanced 1n division at the tme of
wradation to suffer the temporary inhibition of division
Abnormal anaphases aro also scen among the cells which divide
some hours later, after the end of the penod of nhibited division
Theso abnormal anaphases are supposed to be due to structural
changes rather than to physiological changes i the chromo
somes,: though tho distinction between the two types of ab-
normal anaphaso can only be made in matenals favourable for
cytologteal study In view of the ovidence presented in the
precedang sections 1t 1s hkely that cells showing sbnormal ana-
phase configurations will eventually die and be included among
the count of degenerate cells

There 18 ovidences that i ammal tissues many of the cells
which die while attempting division after the cessation of the
perniod of temporary inhibition do so at an early stage of division,
and are recorded as degenerating cells without ever bemg m-~
cluded 1n the metaphase and anaphase counts Such casualties
cannot plausibly be accounted for by chromosome structural
changes since the genetic unbalance or mechanical difficulties at
anaphase presumed to account for the lethal effect of chromo-
some structural changes cannot take effect until the chromo
somes divide They are not at present understood

Hereditary partial-sterility

Cl str 1 changes which do not lead to the pro-
duction of acentric fragments or dicentric chromosomes do not
have a lethal effect on cells carrying them There are nerther
lagging fragments nor bridges at division, and each cell has &
complete complement of genes

If, as the result of rradiating an adult org ,a8y trical
nterchange between two chromosomes 13 mduced 1n one of the

1 According to Marquardt H (1938) using Bellevolha romana,
Carlson, J G (19413), using grasshopper neuroblasts, Sex, K (1941 a),

using onion root tips
2z iecordmg to the observations of Tansley, K Spear FG &
Glucksmann A (1937), Spear, F G & G A (1938) Lasmtzks,

I (1940)
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gemetes, the F; mdividual resulting from the fusion of this
gamete with a normal egg or sperm, though phenotypically
normal, 1s usually partially stenle The explanation of this phe-
nomenon 1s made clear by Fig 59 In this figure the complete

Gamete with Norma! gamete
interchange X

Association of
four chromosomes

at melosis in the
F, heterozygote 1 rl

Spores or gametes
Produced by the
1 heterozygote & or &

Normal Carry Deficiency duplication
wnterchange

Viable Non viable

Fra 59 Hereditary partial sterihity caused by symmetrical
chromosome interchange
chl’omosome complements of the various gametes and zygotes
are not shown, but, only the two chromosomes which take part
m the Interchange
Do’fx:i !haplmd gametes, one carrying the interchange and one
conte u; are represented mn the top lime The second hine repre-
meiotuy © constitution of a (diploid) cell of the Fy individual At
homoly Prophase pairing normally occurs 1n twos between the
When 880118 chromosomes derived from male and female parent
somy Eeh interchange 15 present pairing of homologous chromo-
Insteag Bents requires the association of four chromosomes
of two, as represented m the second line of Fig 59 At
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meiotie first anaphase the four chromosomes separate, two gomg
to cach palo If the chromosomes which mn the second line of
Fig 50 aro drawn diagonally opposite to one another proceed to
the same pole, then two nucler result which each have a full
complement of genes If they proceed to opposite poles, then
nucler result which are deficient for one chromosome segment
and have another chromosome segment present in duplicate

These nuclet undergo the second merotic division, the haplod
nucler which result being the microspores or macrospores in the
ease of a plant, or the gametes in the caso of an ammal The
alternative types of haplord nucler are shown 1n the bottom line
of Tug 59 Thoso which have the deficiency-dupheation con
figuration will not grve nse to a v1able F, generation Thus the
Fy orgamsm 15 partially sterile  Of those gametes or spores
which carry a full complement of genes, and which are therefore
vinble, half aro completely normal, end the other half carry the
interchange and will therefore give rise to an F, generation
which while phenotypically normal 1s partially stenle, ke the
Fy generation

Thus the Fy orgamsm 1s partially stenle, and of its offspring,
halfare normal and half are partially sterile The partial sterihty
18 simlarly transmutted through succeeding generations

Radiation induced partial sterility has been mvestigated mn
some detail .n meze « A mexze plant 1s fertilized by pollen which
has received a dose of a few hundred roentgens of X-rays, and
the seed resulting collected and the F, plants rassed Those which
appear phenotypically normals are selected and their pollen
examined Some of the pollen grams are visibly abnormal, fail
to germmate, and are thus incapable of fertihzing The genetic
unbalance bas resulted 1n breakdown, pr bly at the micro

spore division
In the case of ammals where no haplord mitosss takes place

1 Stadler LJ (19306 1931) That the explanation of the partial
sterihity 18 h 18 confirmed by the obser of
rings of four chromosomes at diakinesis in the pollen mother cells

2 Some plants of stunted growth are obtawned in an experiment of this
sort owing to sumple breaks having been mnduced 1n some of the irradiated
pollen The Fy plants from this pollen are heterozygous for & Qeficiency
If they flower they will be partially sterile owmg to deficiencres bewng
present mn half of the spores This partial sterility 13 not transrmtted to

later generations
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after metosis, but the products of metosis are themselves the
gametes, a defiency-dupheation does not render a sperm n-
capable of fertihzing The zygote however does not give nse to
a normal embryo, but death occurs at some stage presumably
dependent on the extent of the genetic unbalance

Partial stenlity has been investigated 1n mico+ A dose of &
few hundred roentgens 15 given to either a male or & female
Parent and the F) offspring are mated to normal ammals  Some
of these F females, mated to normal males, are found consistently
to produce small htters In the same way, some of the F; males
mated to normal females are found consistently to father small
Diters Investigation shows that the small hitters are due to the
death of some of the embryos m the unterus Half of the hiving
muce belonging to these small Litters are completely normal, half,
while apparently normal, mn turn give rse to small litters when
mated to normal mice

Recag;!tulation and application to rapidly dividing animal
ues

It s Probably true to say that a sufficiently large dose of
Tediation given to any cell at any stage will cause 1ts immediate
death Such effects, produced by doses of radiation which cause
senous of ch 1 change 1n all parts of the cell, are
f 1o great theoretical mnterest or practical 1mportance Much
ore sigmficant 13 the fact that 1t has been found mn a great
variety of cells that moderate doses of radiation, of the order of
& few hundred or a few thousand roentgens, which must produce
& rather shght amount of chemical change 1n the cell as a whole,
8te able to canse the death of a cell, not mmmediately, but only at
or following nuclear division

This behavionr suggests that the kullmg of cells by moderate

doses of radiation may be due o an effect on the genes or
chromosomes

In the case of the vegetative bacteriz and a large virus
(vaceima) the proportion of the orgamsms which are killed

I By Snell GD (1935, 1639 1841), 8nell GD & Ames FB

g ', ’ 19:

&ue the cause of the partial sterility 18 & chr L .‘5 ::x?-!
n confirmed cytologically by Koller, PC & Auerbach C A (1941),

who observy
‘pemmg:;t‘:m #Atociation of & ning or chamn of four chromosomes at
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depends upon the conditions of the wradiation (dose, intensmty,
temperature, and 1on density ) in precisely the same manner as
does the proportion of irradiated Drosophila sperm in which gene
mutation 1s induced We have therefore interpreted the killing
of bacteria and of large viruses as lethal gene mutation This
interpretation 1s provisional since at present practically nothing
18 hnown about the genetics of bactena and viruses It scems,
however, to bo a plausible interpretation since not only can the
radiation results be understood on ths bass, but also the num
ber of genes per cell inferred from the radiation experiments 13
smaller for a bacterium than for Drosophila, and smaller for
vacemma virus than for o bacternum If the interpretation of
lethal action as lethal mutation 15 extended also to the small
crystalbzable viruses, the radiation results indicate that these
viruses are single nahed genes Thus the gene number per cell
needed to explamn the lethal action of radiation as lethal muta
tion ncreases from viruses to bactema, and from bactens to
Drosophila, 18 would be expected on general grounds

There 18 no ewidence to suggest that gene mutation plays &
large part in the killing of orgamisms other than bactena or
viruses In Drosophila, recessive lethal gene mutations are pro
duced by irradsation 1 the eggs and sperm and presumably also
mn diploid cells But recessive lethal mutation 1n 2 diploid cell
will not be lethal unless 1t 15 1n the X chromosome of the male,
owing to the presence of & normal allelomorph 1n the same cell

In those orgamsms 1n which chromosome structural changes,
as well as lethal actions, have been mvestigated, namely Droso
phila sperm and eggs, Tradescantia pollen, and bean root tips,
farrly strong evidence, though at present circumstantial evi-
dence, has been presented for the view that the main cause of the
lethal effect 15 the production of types of chromosome structural
change which lead to bridges at division or genetic unbalance
after division

The killing of the cells of rapidly dividing ammal tissues by
radiation 1s of practical importance i view of the use of radia
tions 1n the treatment of cancer Unfortunately the cells of
buman tiesues and of the tissues of the usual laboratory ammals
have many and small chromosomes, and 1t 1s not possible with
these cells to make a detailed analysis of the changes suffered by
chromosomes as a result of rradiation, such as 13 possible in the
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most favourable cytological materials In view of the remarkable
similarity of behaviour of the chromosomes of widely different
spectes under normal conditions, 1t 18 reasonable to expect some
sumlanty mn their behaviour after irradiation It seems reason
able therefore to take the results obtained with Drosophila and
Tradescantia as & gmde m interpreting experimental observa-
tions with rapidly dividing ammal tissues

In the first place there 1s ample evidence (detailed earlier m
this chapter) that the cells which degenerate after the wrradiation
of these tissues with moderate doses commence to do so only at
dwision This result 1s consistent with the 1dea that the cause of
degeneration 1s some change 1n the chromosomes Two types of
change 1 the chromosomes have been discussed, structural
changes and physiological changes : Structural changes in these
materials are Likely to be recognizable, if at all, only at anaphase
(by the production of bridges and fragments)z and after division
(by the presence of muicronucler)

Chromosome structural changes may be produced at any stage
mn the hife cycle of & cell, and wall only lead to degeneration after
division Thus when a rapidly dividing tissue 18 wradiated, de
generate cells may be expected to commence to appear when
mitotic actvity 18 resumed after the temporary mhibition They
will econtinue to appear for a time at least equal to the inter-
mitotic period, smee each bateh of cells entering division will
Provide 1tg quota of cells with lethal types of structural change
This 1n fact 15 what 15 observed (cp Fig 54, p 309)

The second type of change suffered by the chromosomes as a
Tesult of wradiation (the ‘physiological’ effect) 18 a surface
stickiness, Possibly accounted for by the nucleic acid being de-
Posited on the chromosomes 1 a flmd unpolymerized state 3 The
Phy Stological effect, 15 typically exhibited by cells already 1n
duvision at the time of 1rradiation, and results in clumped meta-
Phases and bridges at anaphase, such as are illustrated 1n vary-
g degrees of seventy in Plate IV -k « The physiological effect
Presumably accounts for the abnormal division figures observed

; ?‘heselterms are used throughout 1 the sense of Chapter v1 p 192
m-admt‘:s Tarshak A (1942) found that during the 24 hr following the
509, o{:: of & mouse Iymphoma by 600 roentgens of X rays at least

JDDa 3 © cells observed at anaphase showed bridges or fragments

timgton, CD (1942 4 Seo footnotes 1,2 3 onp 337
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in rapidly dividing ammal tissues 1n the hours immediately
followmng irradiation, before tho resumption of mitotic activity «

If, as 18 sa1d to bo the case,s recovery 15 complete from the
physiological effect by the time mitotic actinaty 19 resumed, then
degenoration of cells which takes place after the resumption of
mitotio activity cannot be ascnbed to the physiological efiect
In thia event the physiological effect can play only & small part
in causing the death of a rapidly dividing tissue (at any rate as
a result of & engle wradiation) since, even if all the cells m di
vision at the time of wradiation arc affected, these titut
only & small fraction of the total number of cells in the tisue
Howover, st must be remembered that the conclusion, that the
phymological effect on the chromosomes 18 not exhibited by cells
which enter division after the resumption of mitotic activity, was
reached by studying cells with a longer time scale and may not
apply to rapidly dividing ammal tissues

In view of the difficulttes of direct cytological observation, one
may hope to obtam evidence of whether chromosome structural
changes play a large or a small part in accountmg for the klling
of cells in rapidly dividing anymal tissues by studying the manner
mn which the proportion of cells affected vanes with the dose,
with the ntenaity, and with the type of radiation, and com
paring with the known behaviour of chromosome structural
changes 1n this respect

1 Eg by Lasmtzla, I (1043a) 2 Cp Chapter v1, p 186




Appendix I
SUPPLEMENTARY CALCULATIONGS:

The relation between dosage in air and energy dissipation in
tissue:

X-andy rays The roentgen 18 a umt based on the production
of 1omzation 1n arr Dosage expressed 1n roentgens can readily
be converted to terms of energy dissipation per umt volume of
ar To convert a dose 1n roentgens 1nto terms of energy dissipa-
tion m tissue, it therefore suffices to know the ratio of the energy
dissipations per umt volume i tissue and 1n air for the particular
radiation

For X- or 7y rays this 15 the ratio of the values of T+0,,
where 7 13 the photoelectric coefficient, and o, 13 the part of
the Compton scattering coefficient o which cotresponds to the
transference of energy to a recoil election a5, the part of the
scattering coefficient which corresponds to the energy of the scat
tered radration 1s not relevant, here, since the radiation scattered
M a small volume of wrradiated air or tissue will not usually
contribute to the 1onization 1n that small volume Where a large
volume of tissue 1s being irradiated, the scattered radiation from
the surrounding tissue does of course add to the 1onization mna
gven cell, but since the scattered radiation 1s meluded the
dose 1n Toentgens, providing the 1omzation measurement has
beenmadena cavity in the tissue or in a smtable phantomn, 1t 1s
still correct to use 7+ o, and not T+ g+ 0y

On the other hand, 7 15 the total photoelectire absorption
coefficient without subtraction of that part of 1t corresponding
to energy of the excited charactenstic radiation of the absorbing
atom, since such charactenstic radiation from hight elements has
a shart range and wall 1n fact often be absorbed 1n the same cell
in which 1t 35 produced

%, the scattermg absorption coefficient per electron, 1s

t This Appendix comprises a number of caleulations, the results of

which hay e been required in the text but the detals of which are only of
technical interest

2 Table 2 (p 8) and Table 3 (p 12} are based on this section
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independent of the composition of the seatterer, and 1s given by
the well known formula of Klein and Nishina s

2ne'TC 2(14a) 143z | (14a)(l+22—2aY

Ta=ova | i e (T o) ot (1 + 22
4a? l+a_1
~mrvmp- (B st ) ez, e

where a=hu/me?, =4 8025 10-1°, m=0 1066 10-%,
€=299770x 10", h=g0624x10-7
For small values of & this may be expanded as

8ne
Imict

<0 18 tabulated 1n Table 80 for various wave lengths of radia-
tion By multiplying by the number of electrons per gram m any
given tissue, the value of a,/p, the scattermg absorption co-
efficient per gram for the tissue, may be calculated The number
of electrons per gram 1s readily caleulated from the el tary
analysis of the tissue with the mid of the figures given in Table 79
of the number of electrons per gram i various elements hkely to
oceur n tissue

7, the photoelectnic coefficient, has to be obtamed from exper:-
mental values of the absorption cocfficient p=7+0 of the
elements, by subtracting from these expertmental values the
theoretical (Klein-Nishina) values of o, the scattering coefficient =
The scattering coefficient per electron 1s

o= [a —4 22+ 14 72— 46%a'+ ]

2ref[ 2(1+a)? l+a
= [ac——’(l+2a) o log (14 2a)
+ 3
—log(l+-cz)—(l+2a)z] . (Ap-2)

1 Klem, O & Nishina Y (1929) Note that the formulae of Klem and
Nishmna are meorrectly guoted in several text books e g Rutherford, E ,
Chadwick J & Elbis, CD (1930), Kirchner ¥ (1930) Rasetti F
(1937)

z For wave lengths d 02A the 11
observed exceeds the Klemn Nishina scattermmg owmng to the coherent
scattermg However, for wave lengths long enough for the difference to
be the 13 80 much less than the photo
electric coefficient that little error 13 made in the estimation of the latter
by the use of the Klein Nishina formula
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or for small values of «,
8m

4
,a=§-§c-‘[1-2a+5 207—13 323+ 32%at ]

TanLe 79 Photoelectric absorption coefficients (1/p)

Electrons Photoelectric  Power of A 1n

per coefficient photoelectne
Element 2 A g x10-3 0008924 A law
H 1 1008 5975 ©009
9 [ 1201 3009 1150 305
N 7 1401 3010 1854
Y 8 16 00 3012 2809
Ne 11 23 00 2 881 7 200
Mg 12 24 32 2972 974
Al 13 2697 2903 1220
S 1 28 06 3005 15 88
P 15 31 02 2912 19 06
8 16 3206 3006 24 04 285
a 17 3546 2888 27 86
A 18 3994 2714 3129
K 19 3910 2927 398
ga 2 4008 3005 481
] 26 5584 2 804 1010
Air L] [33
3007 T/p=2 0BA® 9540 41A%
0o 3343 r;;: 2 50A% 08
Varus protein (p 7) 3216 T/p=156A1054 0§71 88
Wet tissue (p 7) 3307 Tip=2 2611 5.4 ( 27AY ¢

7 15 tabulated 1 Table 80, wlile a convenent compilation of
Xpenmental values of /p for various wave lengths has been
made by § J M Allen: It 1s found that when the theoretical
values of ofp are subtracted from Allen’s #/p values, and the
7/p values s obtamned converted into values of T, the coeffictent
Per atom, they may be satisfactonily fitted by a formula of the
usual type 7, oc ZmA®, the values obtamned for the coefficients m
and » being mdicated 1n the equations

Tar=148x 102241 A», with n=3 05 for elements C, N, O,
n=2 85 for elements Na-¥e

Thus the photoelectric coefficient per gram 18

T 741

5=00089 (—A—) an, (Ap 3)
Zand 4 bemng the atomic number and atomic weight and n

T In the appendix to Com:
pton AH & Allison SK (1935) )
n Theory and Exrperyment { ) Xrave
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ndependent of the composttion of the scattercr, and 13 given by
the well known formula of Klein and Nishtna «

2net M 2(1+a) 1432 (14a)(l+2x—2aY)
miet | i (1+2a) (T+2af T ai(142a)
- sirrg— (e - s o) g1 20)|, (a0 D
where amhufme?, e=4 8025x 10-1%, m=0 1066x 10-%,
€=209776x 101, Ah=86624x10-F
For small values of @ this may bo expanded as

Ta=

8rret 2 3 8 4
Tamg [a—4 2074 14 Tad = dfat+ ]

0418 tabulated 1n Table 80 for various wave lengths of radia
tion By multiplying by the number of electrons per gramn any
given tissue, the value of a,/p, the scattening absorption co
efficient per gram for the tissue, may be calculated The number
of electrons per gram 15 readily calculated from the elementary
analysis of the tissue with the mid of the figures given 1n Table 79
of the number of electrons per gram 1n various elements lihely to
ocecur 1n tissue

7, the photoelectric coefficient, has to be obtained from experr-
mental values of the absorption coefficient g=7+0 of the
elements, by subtracting from these experimental values the
theoretical (Klein-Nishina) v alues of o, the scattering coefficent 2
The scattering coefficient per electron 1s
27re‘[ 21+ea) 1+a

poms — log (1+2a)

7= F(1+22) o

e

—log(l-’-2a¢)—(l_‘_2 )1] , (Ap-2)

1 Klem O & Nishina Y (1929) Note that the formulae of Kiem and
Nishma are mcorrectly quoted in several text books e g Rutherford E,
Chadwick J & Elis CD (1930), Kirchner, F {1930) Rasetti F
(1937)

2z For wave lengths 02A the 1i;
observed exceeds the Klem Nishina scattermg owmng to the coherent
segttermg However for wave lengths Iong enough for the difference to
be the 18 20 much less than the photo
electric coefficient that little error 1s mads i the estimation of the latter
by the use of the Kiem Nishina formula
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or for small values of «,

8ret 2 34992844
,¢7=m[1—2a+52a ~13 323+ 32%4at ]

Taere 79 Ph lectric absorption coeffi s (1ip)

Electrons Photoelectric  Power of A in

per coefficient photoelectne
Element 2 4 g X103 000892¢ /A law
hid 1 1 008 5975 0009
4 [ 12 01 3009 1150 305
N 7 1401 3010 1854
0 8 16 00 3012 2809
Na 1 2300 2881 7200
Mg 12 2432 2972 974
Al 13 26 97 2003 1220
S 14 28 06 3005 15 88
H 15 3102 2912 19 06
@ 16 3206 3006 24 04 285
A 17 3548 2 888 27 88
K 18 3994 2714 3120
pS 19 3910 292 398
Fo 20 4008 3005 481
e 26 55 84 2 804 1010
ﬁ"}, 3007 T/pe=2 05A 540 41A1 45
Vi 3343 /p="2 50479
w’“! protem (p 7) 3216 Tip=156A35.40 6TA 4
et tissue (p 7) 3307 Tlp=2 2643 9340 27A% 45

7 1s tabulated 1n Table 80, while a convernient compilation of
experimental values of #fp for various wave lengths has been
made by ST M Allen « It 1s found that when the theoretical
valuea of ofp are subtracted from Allen’s #fp velues, and the
7/p values 5o obtained converted mto values of 7, the coefficient
1‘::’ 8it'0m. they may be satisfactonly fitted by a formula of the
. ‘:; type 7,,00 Zm A", the values obtamed for the coefficients m
14 7 being indicated 1n the equations

Tar=148x 10-26 741 A, with n=3 05 for elements C, N, O,
n=2 85 for elements Na-Fe

Thus the photoelectric coefficient per gram 1s

T Z‘ T n
5=00080 (7) an, (Ap -3)
Z
#nd 4 beng the atomic number and atomie weight and =

T In ¢
- Theon},‘?, “ppendix to Compton A H & Allison, SK (1935), X rays
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taking tho values given above « A 18 the wave length i Ang
stroms

The values of 0 0089Z¢ /A are tabulated for Light elements in
Table 70 With the aid of this table a formula for the photoelectne

Tantr 80 hlemn Nishina coefficients

Photoelectne
Radiation CoefTicients? » 10 absorption n

s - -~ - - water

3 A(A)  Pu{eky) o s o« e
001 24265 5108 6524 00638 8460 3733
002 12132 1022 6401 01226 6278 4508
003 08088 1532 6284 01760 6107 1309
004 086066 2043 6172 02260 6545 05442
005 04853 2564 8088 02181 5793 02758
008 Dapad 3083 BDB2 03158 5647 01881

07 03466 3576 582 03517 5511 000874

008 03033 4087 5773 03936 5380 008570
000 02698 4508 5684 04276 5258 004590
010 02428 8108 5599 04605 5138 0-03328
01l 02208 5819 5518 04898 5028 002488
012 02022 6130 5437 05178 4919 001908
015 01618 7662 5218 05014 48627 000966
018 01348 9105 5023 068407 4373 000553
021 01185 1073 4847 07031 4144 000348
024 01011 1228 4887 07455 3642 000230
027 00899 1379 4542 07812 3761 000161
030 00809 1532 4409 08118 3598 000117
033 00735 1688 4287 08315 3450 000087
038 00874 1839 4176 08601 3315 0 00067
039 00622 1802 4070 08793 3191 000052
042 00578 214 3973 (08953 3078 000042
045 00539 220 3883 09091 2974 000034
048 00506 245 3798 08217 2877 000028
08 004044 3085 3507 09562 2531 000014
08 003033 4087 3140 09820 2158 040006
10 002426 5108 2866 098713 1879 000003
12 002022 6130 2650 09823 1668 000002
14 001733 7152 2474 09711 1503 000001
18 ool517 8173 2326 09580 1368 000001
18 001348 9195 2200 09424 1258 000000
20 001213 1022 2090 09280 1164 0 00000

1 Multiply these coefficients by 3 343 x 10 to obtamn coefficients per gram
n water, 1e multiply the actual numbers Listed by 0 03343

absorption coefficient of a tissue can be caleulated if ts elemen-
tary analysis 1s avatlable Formulae of this sort for arr, water,
virus protemn and a wet tissue (for the composition assumed
for the two last-named see p 7) are included m Table 79

1 A more complicated empirical formuls, covering all elements has
been given by Victoreen J A (1943)
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The formulae may be compared with the empurical formulae
given by Kustner: and Muller,s namely,

Air 7/p=2 332313, Water 7/p=2 54A°%

These formulae are based on actual absorption measurements
on the two substances, the allowance for scattering being made
& semu-erapirical fashion which seems less satisfactory than
the use of the Klem-Nishina formula, especially 1n the present
ercumstances when the Klem-Nishina formula has in any case
to be used to deduce 7+ 0, from 7 Kustner and Trubestein:
&ive empircal formulae for various tissues based on actual
absorption measurements with these tissues We have preferred
however to calculate 7+ o, from the elementary analysms com-
bined with the r coefficients for the separate elements, since 1n
this way a more consistent set of figures less affected by experi-
mental error 1n any one experiment 1s hhely to be achieved The
assumption imphet m this procedure that the photoelectric
absorption of an atom 1s ndependent of 1ts chemical combina
tion 15 unhikely to be wrong since photoelectric absorption 1s
mainly by the innermost electron shells

Formula (3) 15 only valid on the short wave side of the K
absorption edge For long waves, eg A>1A, 1t has been
thought best not to employ an empirical formula, but mstead to
use Allen’s values of z/p and to subtract from them o,/p, w0
obtaning pjp~ o Jp=1p + o,p

The ratio of the absorption coefficients 1n tissue and arr of a
Particular wae length depends on the elementary analysms of
the tissue, and the data 1n Tables 78 and 80 suffice to calculate
the ratio 1f the elementary analyss 1s hnown The calculation
has Leen carned out for two compositions of tissue and w ater,
f(lt gelected wave lengths, and the results employed in Table 2

P 8)

% rays, protons and electrons If the experimental material 13
Uradiated 1n a thin layer by a beam of particles, eg
Protons or electrons, then the ratio of the energy
tissue and air 18 stmply the ratio of the stopping

two substances These are calculated by the Beth
Pp 350-2)

~rays 3
dissipation
powers of the
e formula, (cp

1 Kustner, H & Trubeste:n H (1937)
2 Muller, I (1938)
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Neulrons The umt of neutron doso used 1n Tablo 2 13 the ‘v’
(cp p 20), which 13 based upon the 1onizatson produced n a small
air cavity an irrndiated water  Tomzation in the air cavity may
bo converted into energy dissipation in air by 358V
per 1on pur - Nearly all the 1onization 1n the air, and energy
dissipation 1n tho water, being produced by the protons which
are sotnto motion by the neutrons, the energy dissipationin the
water can bo obtamned from the energy dissipation in the air by
multiplying by the stopping power ratio of the two substances
for protons of the appropnato energy We thus readily obtam
the figures given 1n Tabls 2 for the energy dissipation m water
corresponding to v of neutrons

To calculate now the ratio of the energy dissipation n & tissue
of known composmtion to that of water wo note that the energy
of recoil of an atom of atomic weight A for a given neutron
energy 1s proportional to 4/(1+4)%, wlhile the number of recoil
atoms per umt volume with & given neutron dose 13 proportional
to pofA, where p 1s the fractional content, by weight, of the
particular element 1n the tissue, and o 18 1ts atomic cross section
for neutron scattering We proceed therefore by evaluating
z REa: f—i{ )z for all the elements 1n the tissue, and compare the
figure obtained with the corresponding figure for H,0 In the
case of nitrogen, disintegration resulting in the emission of an
a-particle or & proton occurs as well as nuclear recoil, and has
to be tzken mto account m the caleulations « The values of
Kikuch: and Aokis have been used for the scattermg cross
sections, and of Baldinger and Hubers for the dismtegration
cross sections

Spatial distribution of lonization in irradiated tissues

Lheoretical formulae exist for computing data of the sort
given m Tables 10-18, and have been convenlently summarized
by Bethe s A certain amount of experimental data also exsts,
usually for air or other gases Swce 1t would n any case be

1 As ponted out by Gray, LH & Read, J (1939)

2 Kikuchi § & Aohi, H (1939)

3 Baldinger, E & Huber, P (1939a b)
4 This section describes the manner 1n which 1 ables 10-18 of Chapter

have been obtamned
5 Bethe, HL.A (1933)
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necessary to appeal to theory to fill in the gaps in the exper1-
mental data, & more consistent set of figures can probably be
obtamed by relying entirely on the theory, which has therefore
been done 1 this book Calculated values of energy dussipation
and primary 1omzation by electrons in gases agree with experi-
ment within the accuracy of the expertments, which 1s not very
great For « rays, energy dissipation 18 hnown experimentally
rather accurately, and expermmental values are here more re-
hable than theory « As regards & ray production, expermmental
data are rather meagre Experiments by Hornbeck and Howells
and Shearin and Pardues indicate that the theory 1s correct for
the production of fast & rays by fast pnmary electrons Expen-
ments by Alpers agree fawrly well with theory for fast a-ray s, but
gwe fewer & rays than theory for slow a-rays The experumental
difficulties of the measurement of ranges of drays of a few
hundred volts must however be very great, and we have pre-
ferred to rely on the theory
The principal uncertanty m the apphication of the Bethe
formulae 15 the modufication of formulae derived for hydrogen-
like atoms to more vomplicated atoms and molecules A value
has to be assigned to E, the effectrve mean 1omzation potential
of the atom or molecule The value of £ 1s usually chosen for
each element to giv e agreement between the theoretical stopping
Power formula and the experimental stopping power of the ele
ment for o rays Manos has given a table of values of £ which
mncludes, hydrogen 16, air 86, and oxygen 100eV, based on
@ particle range measurements in these gases, and suggests
E=45eV for H,0, mterpolated between the values for hydrogen
and oxygen This value of E we first used 1n calculating energy
disuipation 1n tissue However, 1t appears that Mano obtamned
F=45ev for H,0 by considering Z=(2+8)/3=333 as a
weighted mean atomic number’ of the constituent atoms, and
this procedure 15 probably unsound Graysin arecent review has
gven evidence mdicating that the Bragg additive law relating
the o Tay stopping powers of molecules to those of their con-

1 Cp Livngston, M'S & Bethe, HA (1937)
2 Hornbeekk G & Howell, I (1941)

3 Sheann PE & Pardue, T E (1942)

4 Alper T (1832)

5 Mano G (1934)

6 Gray LH (1944a)
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stituent atoms 1s obeyed to oncor two per cent  If we accept the
additive law, then 1t 18 evadent from 1ts position 1n the formuls
that the effective value of £ should be caleulated from the values
16 and 1000V of the hydrogen and oxygen atoms as a weighted
geometric mean, viz  (162x 100%%1 =690V It 1s unfortunate
that the only direct measurements of & particle ranges m water:
are the principal exceptions to the additive rule These expent
ments give 32 for the range of a polonium a-particle, and 60z
for o Ra C’ « particle, considerably lower than the values given
m Table 12, which are derived from the accurately known (mesn)
ranges in air with the aid of the theorotical stopping power ratio
of water and air, the latter calculated with E=69eV for water
These experimental ranges would be more neatly in agreement
with E=456V for water However, we have accepted Gray's
conclusion that the weight of the evidence 1s 1 favour of the
validity of the additive law We therefore recalculated the stop
ping powers on the basis of £ =69eV , and all stopping powers
and ranges for « particles, protons and electrons in Chapter 1
are calculated on this basis We did not think it necessary,
however, to recaleulate some of the data mn subsequent tables,
and Table 16 of Chapter 1 and Tables 81, 82 and 83 of the
Appendix are based on an energy range relation for electrons
which has been computed with E=45eV nstead of £=69eV
which we now prefer The difference 1s small, since E has less
nfluence on electron stopping power than on a-particle stopping
power, and 1 any event there 1s no certamnty that E values
deduced from « particle stopping power expenments are the
best values to use i computing electron stopping powers

In calculating stopping powers all the extranuclear electrons,
10 per molecule for H,0, are conaidered effective In caleulatng
primaty sp tion the contribution of the two mnermost
electrons 18 1gnored, and 18eV taken as the effective ronization
potential of the remaimng 8 electrons Sumlarly, 1n calculating
& ray energy distributions, only the 8 outermost electrons are
considered 4 rays of energy less than 100eV are not considered,
the caleulation of their number 13 more difficult than for more
energetic & rays, and 1n any event such short 8 rays are from our
pomt of niew better regarded as 10n clusters

1 Michl, W (1914) Phiipp K {1923)
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TARGET THEORY CALCULATIONS:
The overlapping factor F

An 1onizing particle produces 1on clusters at a mean separa-
tion of L along 1ts path An effective hut 1s supposed scored
when 1n 1ts passage through the target, taken to be a sphere of
radius 7, one or more 10n clusters (1e primary 1onizations) are
produced m the target It 1s required to calculate the average
number of effective hits per target when a dose of radiation
corresponding to the production of n 10n clusters per umit v olume
13 delivered The dose given corresponds to the production
of an average of n4mr3 10n clusters i a sphere of radiws r
Since the mean path of an 1omzing particle 1n a sphere 13 4r/3,
and the separation of consecutive ion clusters averages L, an
average of 4r/L 1on clusters are produced by each ronizing
Particle passing through the sphere  Hence

ninrd|(4riLy=nL nr? (Ap -4)
lomzing particles cross the
sphere nL2mydy will cross
the sphere at distances be-
tween y and y + dy from its
centre, and such particles
will have g path length of
22=2(R—y2)hin the sphere
{sec Fig 60) In thig path
length the mean number of
ton clusters produced 15 2z/L, and since clusters are produced
not at equal mtervals but according to the mean free path law,
(I—e2iLy 15 the probability that at least one cluster will be
produced  Hence the mean number of hits per target 1s

Fic 60 Illustrating target calculation

r
L J.o (1—e~2/Ly 2y dy = ZrmLJr (1 —e-2r/L) zdz,
0
Smee z2 +ytag
St al{l —2(1 —e~)/g2 + 2e-§/£}, where £=2r/L,
=3 RIF,  where F = (2£/3)/{1 —2(1 —e~$)/E2 4 2e£/E],
(Ap -5)

1 Thrs sectinn supplements Chapter 1
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If the dose corresponds to the production of an average of one
1on cluster per volume #7173, then 1/F 1s the mean number of hits
per target  As shown m curve A of Fig 61, this 1s unity for a
radiation of low ion density (L»2r), and duminshes as the
number of 1omzations per micron path increases
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Relative 1on denaity (2r/L)

Fie 61 Relative efficiencies of 1omuzing particles of different son densities
A, for equal numbers of 10n clusters per umt volume B, for equal numbers of
10mzing particles per unit area

This 15 the proof of formula (III-2), p 85 F1s tabulated as
a function of £ 1n Table 26, p 86

If the dose corresponds to the passage of an average of one
1omzing particle per target, then the mean number of mts per
target 1 easily shown to be

1—2(1—e)/E2+ 205 =2¢/3F (Ap -6)

Ths tends to the value umty for a densely 1omzng particle
(L<2r), smce such a particle passing through the target 18
certam to produce 10mzation 1n 1t, and 15 less than unity for less
densely 1omzing particles It 13 plotted as curve B of Fig 61

Fig 61 shows that for a given number of 1omzing particles per
untt area, densely 1omzmng particles are more effective than less
densely 10mzing particles, but that per 1omzation, densely 1on-
1zing particles are less effective m this type of action
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Target without sharp boundary

Suppose that an 10n cluster produced at a distance p from the
centre of the target has a probability e~#*#" of being an effective
‘lnt’ Then an jomzing particle which passes through the taiget
at a distance y from the centre (cp Fig 60) will produce a num
ber dz/L of 10n clusters 1n any path length dz, and hence alto-

o
gether wall produce a mean number J. e~r*"*dx(L of cffective

©

hits 1n the target This integral es aluates to
4o
(ev'®*/L) f e P dr= (b fnjL)e V"M =z, 5ay  (Ap-T)

This being the meun number of effectyy e hits, the probability of
there being at least one hit wall be (1—e—%) For a dose of radia-
tion corresponding to the production of » 10n clusters per umit
volume the number of 10mzing particles passing at distances
between y and y+dy from the centre of the target 1s nL2mydy
(as before), and hence the mean number of hits per target for

this dose 18 nL J-m(l —e~%) 2mydy, mtegrating to
o
nL wb? {0 5772+ log 2, + B1(2,)}, (Ap 8)

«
where zy=byn/L and Ei(z,) EJ e~*dzfz 15 the exponential
ntegral -

For an 10mzing particle of low 10n-density (L3> b), equation (8)
tends to the value nLwb?z,=nnib3, which can be wnitten i the
form nin(l 105)® Comparing with the ordimary formula
n47r3 for the mean number of 1on-clusters produced m a target
of defimte rads r by a radation (e g ¥ rays) m which the 1on-
clusters are widely separated, 1t 1s evident that for such a radia-
tion our target wathout sharp boundary will behave as a target
of apparent radius r=1 106

If we now use a densely 1omzing radiation with which we
should expect, with a target of defimite boundary, every 10nzing
Particle passmng through the target to gne an effective hut, and

deduce the apparent target radius R on this basis, then from
€quation (8) we have

7R =7b2 {0 5772 +1log =+ (%)},
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Ry {0 67724 10g (0 8x 2r/L)+ B+ (0 8x 2r/L)}s, (Ap-9)

because
b=r/11 and zy=mbyr/L=ryn/(} 1L)=08x2r/L

It 15 by substituting 2r/L =5 and 26 respectively in equation
(9) that the radu of circles D and E of Fig 12 (p 97) have been
caloulated

Iculation:

The {ated volume

Sccondary electrons of less than 1006V energy are assumed
to produce clusters sufficiently compact to behave as umits, and
have an associated volume no bigger than that of an 1solated
primary onzation  Secondary electrons of more than 100eV
energy are regarded as 8 rays Spheres are described around
each of the n Jomzations in the & ray track as centres, as in Fig
70 (p 84), and the associated volume deduced, beng n §nr¥/F,
where F 15 the usual overlapping factor (Table 26, p 86) calcu
lated from the ratio (£) of the target diameter 2r to the mean
separation L of primary ionizations i the path of the & ray
This 15 the associated volume of the & ray additional to the
associated volume of the primary romzation at which the & ray
ongmated This last associated volume 1s not included with the
& ray smnce 1t 15 already included 1n the calculation of the assoct
ated volume of the prmary iomzing particle The quantity
n 4nr3F 18 1n fact the term omutted from the cruder calculation
of method III (p 83) which 1g the distinction bet a
& ray and a cluster

Calculation of associated volume for any energy of electron The
procedure will be made clearer by quoting a few figures Let us
consider how we caleulate the associated volume for a primary
electron of any desired energy completely absorbed 1n the tissue,
for a target of diameter say 10mg, of the same density as water
We start by considering the last 1ekV of the electron trach
Sphtting the 1ekV imto intervals 0-01, 0 1-0 2, 0 2-0 3ekV,
etc , we obtamn by differencing Table 10 (p 24) the ranges corre-
sponding to these energy intervals, and hence, using Table 11

1 Figs 8 and 9 are based on the calculations described an this section
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{p 25), the number of primary 10mizations produced n each
terval Between 0 4 and 0 3ekV , for example, the primary
olectron travels 0 0045 producing primary 1omzations at the
rate 584 per 2 Thus 1t produces 0 0045 x 584 =2 63 primary 10ns,
having & £ value of 001x584=5 84, smnce 2r=001x and
L=584 per 1 From Table 26 (p 86) wo read off the corre-
sponding value ¥=4 131 The associated volume between 0 4
and 03ekV 15 thus 4nr3 (:12—163:%) Working throughout 1n umts
of volume of 4713 we wnite this simply as 0 637 Adding up nine
similarly caleulated contributions for the other mntervals we
obtamn 5 851 as the associated volume for the primary electron
between 1 and 0ekV , and simlarly obtain associated volumes
for the mtervals 09,08,07, ,01ekV to 0

We have now to allow for the & rays Instead of calculating
Separately for each 0 1ekV interval, we consider 1t suffictent to
calculate the & ray production per umt Jength of path by a
95ehV primary electron, and multiply 1t by 005344, the
range of the primary electron between 1 and 0ekV From Table
16 (p 28) we find that an 0 5ehV prnimary electron produces
& rays of energy between 0 1 and 0 15ekV at the rate 9 12 per
#path, and of energy between 0 15 and 0 25ekV at therate 7 38
Per ¢ path, and none more energetic than this The actual num-
ber of rays 18 thus 0 488 between 01 and 0 15ekV (mean
energy 0 125ekV ), and 0 394 between 0 16 and 0 25¢kV {mean
02ekV) The associated volumes for an electron of 0 125 and
02ekV we can interpolate m the table of associated volumes we
have just caleulated, they are 0 453 and 0 738 Thus & rays add
0453x 048840738 % 0 394=0 512 to the associated volume
5851 This represents an addition of 8 74 % for the & ray contri-
bution to the associated volume of a, 1ekV electron Taking this
to be sufficiently nearly constant, we correct by the same per-
centage the table of associated volumes for smaller electron
energies

The next, stage 13 to consider the range interval 2 to 1ekV of
the primary election This we divide up mnto subranges 1 0-1 2,
12-14, | 18-20ekV , and calculate the associated volume for
the pimary 10ns 1n each subrange as before We then read off the
3 ray production by a primary electron of 1 5¢kV from Table 16,
tabulating the numbers of & rays of energies 0 1-0 15, 0 15-0 25,
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0 26~0 350kV , etc , up to the maximum & ray energy of0 75¢kV
The centres of these ranges are 0 125,02, 03, ,07ekV,and
we now know the associated volume for an electron of any
energy up to 1ekV Thus we can deduce the associated volame
for el the & rays The & rays are found to add 9 30% to the
assootated volume of the primary electron between 2 and 1ekV,
and 1t 13 assumed that the same correction percentage 1s valid
for 18-1, 16-1, etc Thus we deduce the associated volumes,
; X'IIR” contributions included, for any electron energy up to
)

Building up 1n further steps of 2-4, 4-8, 8-16ekV , etc, we
finally obtam tables of the associzted volume for any electron
energy The computation has been carned up to 480ekV for
target diameters of 4, 10, 20, 40 and 80my, and Table 81 gives
these figures

By this stepwise method of calculation 1t 15 seen that we

tomatically allow (except in the first step) for ‘4 rays pro-
duced by & rays’

a-rays and protons Table 81 15 used when the primary

particles are electrons, 1e 1n X-ray, § ray or y-ray wradations
The early part of 1t 15 also used to make allowance for the & rays
when the primary particles are « rays or protons In this case
we read off from Table 17 4 or ® (pp 30, 31) the number of
é-rays having energies in the mtervals 0 1-0 15, 0 15-0 25, 0 25~
035 ekV , eto , muliiply each by the associated volume, given 1n
Table 81, of an electron of energy corresponding, and so obtamn
the contribution due to the & rays This 13 to be added to the
associated volume for the primary 1omzations, which is stmply
1/(LF) per micron path, where 1/L 15 the number of pnmary
10mzations per micron and F the overlapping factor, calculated
asusual In this manner we have drawn up Tables 82 and 83 of
ssgociated volume per micron path or ekV energy loss by « rays
and protons of the stated energies For the sake of interest we
have shown separately the contributions of primary particle and
of & rays of >100eV energy The totals, also given, are the
figures used 1n caloulation of the 379, dose

If the target material 18 of density p higher than water, then
the 10mizations ere correspondingly eloser together and the over-

lepping for a target diameter 2r and density p 18 as great as 1t
would be for a target diameter 2rp 1n tissue of umt densmty The
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TanrE 81 Associated volume per electron, for electrons
of energies 0 1480ekV

Fil:::gn Target diameter 2rp 1n my
ekV 4 10 20 10 80
01 0956 03867 01933 00965 00482
02 1934 07961 03988 01993 0 0997
03 2994 1277 06435 03222 01611
04 4129 1832 09315 04678 02340
05 5318 2464 1281 06350 03180
gg $§32 3142 1634 08236 04{(1;;
3871 2040 1033 05
08 9084 1643 2 480 1262 06325
09 1038 5472 2954 1511 07583
1o 1169 6314 3456 1778 08939
}z 1446 8104 4543 2 361 1191
I 1725 9996 51728 3012 1525
H 20 08 165 7000 3726 1894
] 2288 1397 8348 4499 2298
2571 16 04 9762 5342 2734
§g 3298 2142 13 55 7622 3952
35 4022 26 09 17 62 1018 5135
H 4147 3269 2162 1299 6932
PooBRomn oEno kw4
358 2 4
g 8417 6253 45 64 29 69 16 99
: los 77 7474 55176 3727 21 88
H 133 8701 66 10 4522 2717
M 1280 99 53 7671 53 50 32 81
" 1430 123 8767 6215 38 82
L TR T T
I a2 109 4 79 8
b 188 160 1 120 4 88 15 580
15 me 162 6 1314 97 87 64 81
2 55 1751 1425 1071 7178
25 §§§ 0 2386 1990 1551 1089
P i & 3017 2559 204 6 1488
e o 5 264 8 3130 255 0 190 5
SR TR - B VO 11
gg ggg 9 7449 662 7 5707 4638
80 9 1 8728 7810 6788 5593
%0 oa 9995 898 9 7858 656 0
100 leay 126 1016 894 0 753 3
1o 1252 1134 1002 851 1
g 1380 1254 nis 951 9
150 200 1505 1370 1221 1051
180 aea 1886 1725 1551 1352
210 £ 2263 2077 1880 1855
20 e 2639 2427 2207 1957
300 201 3012 2778 2535 2261
260 oo 3768 3486 3198 2876
199 o 4518 4189 3857 3489
450 tor 5263 4887 4513 4101
o B 6012 5589 5173 4717

diamete, z::?s‘t‘;’ densities p other than 1g fem ? the figures headed target
P8 10 unyeg off ® regarded as values of 2rp not of 2r The associated volumes
Hoal
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same tables suffico for different density tissues providing th
rules given 1n tho footnotes to the tables are adhered to

A complication anses 1n the case of @ rays not present for Jes
densely 10mzing radiations With rather large targets 1t ma

Tavrr 82 Associsted volumes for o rays
{Per micron track, and per ekV ensrgy dissipation )

a ray
energy
oMV
1 Due to prumary jons
Dus to Snyg
Total per s track
Total, per ekV
2 Dus to pnmary sons
Due to & rays
Tota) per g track
Total, per okV
3 Dus to xnmnry ions
Due to 8 rays

Total per u track
Total per ’:kv

4 Due to primary fons
Due to & raya
Total per x track
Total per ekV

5 Due to primary 1ons
Duoe to & rays
Total per 4 track
Total per ekV

6 Duse to primary 1ons
Due to & rays
Total per g track
Total per ekV

7 Due to primary 10ns
Due to & rays
Tota]l per p track
Total per ekV

8 Due to primary 1ons
Due to & rays
Total per y track
Total per ekV

Targel diamoeter 2rp, 1n mp

10
1499
1697
319

20
74 99
5324

40
3750
1608
5268

01092
3750
28 81
8841

031

3748

7625
115¢

055

Note For tisane density o other than 1g jom ? the figures headed ‘target disme
should ba regarded as values of 2rp instead of 2» Further the figures of associa
volume per micron of & particle track, 1e the first three figures of each group of ft

&ro to bs multiphed by p The associated volumes are 1n unsts of $7r?

haeppen that the associated volumes constructed round two & ray
tracks may merge, as n Fig 7F, p 84 It would be difficult to
allow for this effect by a rigid caleulation, but the following
method, which has been adopted, should prevent any serious
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erroransmg  Instead of taking mto account all & rays of energy
exceeding 1006V , account 1s taken only of & rays of energy
exceeding energy I, where W 1s chosen so that the number of
& tays of energy > W 1s 1 per distance 2r nlong the a ray track

Tasre 83 Associated volumes for protons

{Per ymeron track, snd per ekV energy dissipation )]

Proton Target diameter, 27p, 1n mp
ene
e i 10 20 40 80
1 Due to pnmary lons 2353 1328 72 64 3720 1871
Due tog mysry 1083 528 28 33 14 56 733
Total per 4 track 3436 1858 1010 5176 26 04
Total per ekV 1241 6704 3646 1869 09404
2 Due to primary 10ns 1602 1094 67 59 38 51 1863
Dus to 8 rays 691 385 2082 117 572
Total per s track 2204 1459 §841 4767 2435
Total, per ekV 1378 8761 5310 2863 1483
3 Due to pnmary 1ons 1222 91 65 61 88 3550 18 50
Due to & rays 521 2877 1706 947 496
Total per p track 1743 1204 7894 4408 2346
Total per ekV 1428 9 870 8470 3688 1922
4 Due to primary 1ons 9929 7873 5655 34290 1833
Due to & rays 4239 24 08 14 68 838 448
Total, per p track 1417 1028 7123 42 67 22 81
Total, per ekV 14 54 10 65 7312 4 380 2342
8 Due to primary 10ns 72 87 61568 4783 3167 1789
Dus to & rays 3138 18 50 1173 897 3 86
Total; per g track 104 2 80 06 59 56 3864 21175
Total, per ekV 1477 1134 8439 5474 3081
8 Dus to primary 1ons 57 95 50173 41 34 2015 17 36
Due to & raya 2518 15 22 9 88 605 345
Total per u track 8313 85 95 5122 3520 20 80
Total per ekV 14 85 1178 9148 8286 3718
10 Due to primary 10ns 4833 4326 3641 26 88 1677
Due to & rays 2118 1303 881 552 315
‘Total per g track 89 51 56 30 45 02 3240 1992
Total per ekV 14 88 12 03 9637 8 936 4263

Note For tissue densities pother than 1g fem 3 the figures headed ‘target diameter
thould be regarded as values of 2rp instead of 2r Further, the figures of sssaciated

Volume per micron of proton track 1e the first three figures in each up of for
are to be multap by p The d are in umts of $71? group i

The correction 15 small except for the larger sizes of target The
carrection 13 of course only apphed when, on working out the
value of W, 1t 13 found to exceed 100eV

Tables 82 and 83 refer to definite energies of a-particles and
protons, not to complete absorption 1n the tissue They are thus
durectly suitable for use when thin films are wradiated by « rays
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or protons which do not suffer complete absorption in the film
When complete absorption occurs in the tissue, as 1n neutron
experiments or « ray expertments using dissolved radon, 1n the
absence of a calculation made specifically for this case an average
particle energy should bo used

Table 81 refers to electrons completely absorbed 1n the tissue
and 15 thus swtablo for use with X rays and y rays Unity
should bo added to the figures of associated volume per electron
to allow for the two ends of the clectron track This has not been
done already in this table since 1t 18 required to be useable also
for & ray calculations for which the addition would be mcorrect
(The figures in Table 81 give the associated volumes represented
mFig 7E,p 84, the addition of unity to the associated volume
per electron 13 required to give the associated volumes repre
sented in Fag 7¢)

If an experiment 13 made using f ruys uradiating thin films
of matenal, 1n which the £ rays are not completely absorbed, the
table may be used by differencing

Conversion of assocrated volumes to 37%, dose  The calculation
of the 37 %, dose for any given size of target, 1e that dose which
corresponds to an average of one hit per target, 1s now straight
forward A dose corresponding to 1ekV energ) diwsipation per
43 gives an associated volume of ¥x 477 per g%, where Vs the
figure for associated volume per ekV read off from Tables 82 or
83 or deduced from Table 81 for the appropriate radiation and
target s1ze 1—exp (— V x 47r9) 1s thus the probability of secur-
1ng & hit with s dose of 1 ekV per g? The 37%, dose,1¢ the dose
giving an average of one hit per target, 1s thus 1/(Vinr?) ekV
per z* We ean now deduce the dose mn roentgens by reference to
Table 2 (p 8) If the density 1s not umty but p g jem 3, the
nactivation dose 15 1/(Vp$nr3) ekV per 10-12 g

As an example let us calculate the mactivation dose to be
expected for a virus having target diameter 2r=14my iradiated
by a rays of 56MV , the density bemng p=14 g fem * We have
2rp=14x14=19 6my, and mterpolating 1n Table 82 between
the columns 2rp = 20 and 2rp= 10 we find that for a 5eMV « ray
the associated volume 135 V=1 78 (umts of 4773} per ekV Thus
the mactivation dose 13

l ]
~279%10%kV per 10-12
T78x 1 4 &n (0 0071 79x10%kV per 107 g
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In Table 2 (p 8) we read that 1 r 135 66 656V per 10722 g 1n
virus protein Thus the mactivation dose 1
279% 103/66 65=4 19 x 10°r

In this manner the curves of Figs 8 and 9 and thence of Figs 10
and 11 of Chapter 11 have been calculated
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or protons which do not suffer complete absorption mn the film
When completo absorption eccurs in the tissue, as 1n neutron
expeniments or ¢ ray experiments using dissolved radon, i the
absence of a calculation made specifically for this case an average
particle energy should bo used

Table 81 refers to electrons complotely absorbed in the tissue
and 18 thus smtable for use with X rays and y rays  Unmity
should bo added to the figures of associated volume per electron
to allow for the two ends of the clectron track This has not been
dons already 1n this table since 1t 1s required to be useable also
for & ray calculattons for which the addition would be mncorrect
(The figures in Table 81 give the associated volumes represented
wFig 75, p 84, the addition of unity to the assocrated volume
per electron 1 required to mve the assocated volumes repre
sented 1n Fig 7¢)

If an expeniment 1s made using # ruys wradiating thin films
of matenal, in which the 7 rays are not completely absorbed, the
table may be used by differencing

Converston of associated volumes to 37 % dose The caleulstion
of the 379, dose for any given size of target,1 e that dose whieh
corresponds to an aerage of one it per target, 15 now straight-
forward A dose corresponding to 1ekV energy dissrpation per
£ gives an associated volume of Vx $mr® per 43, where Vs the
figure for nssociated volume per ekV read off from Tables 82 or
83 or deduced from Table 81 for the appropriate radiastion and
target size 1—oxp (~ V x §ar®) 1s thus the probability of secur
ing s it with a dose of 1 ekV per 4 The 37% dose, 1 e the dose
giving an average of one hit per target, 1s thus 1/(V4nr®) eV
per 4> We can now deduce the dose in by reference to
Table 2 (p 8) If the densty 1s not umty but p g fem 3, the
mactivation dose 1s 1/(Vpsar®) ekV per 10 g

As sn exemple let us caleulate the mactivation dose to be
expected for a virus having target diameter 2r=14mp wradiated
by « rays of 56MV , the denuity being p=14g /em * We have
2rp==14% 1 4=19 6mg, and mterpolating 1 Table 82 between
the columns 2rp=20 and 2rp=10 we find that for a 5eMV « ray
the associated volume 18 V=1 78 (urits of §7r9) per ekV Thus
the mactivation dose 15

1
=2 79 x 10°eLV per 10-12
178 %1 €x & (0 007)% P &
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cells There 1s evidences that the mutation rate 1s less in unnpe
sperm (presumably spermatogonia) than m ripe sperm, the ratios
being 0 18 1 for sex linked lethals, 0 67 1 for sex-linked visibles,
and 0 58 1 for second-chromosome lethals

That the diference between ripe and unripe sperm 1s so much
more marked 1n the case of sex linked lethals than in the case of
second chromosome lethals 15 presumably due to the fact that the
spermatogoma are hemizygous for these lethals but heterozy gous
for the second chromosome lethals, and strongly suggests that
the apparently low yield of sex linked lethals 1n unripe sperm 1s
mamnly due to germinal selection, 1e the death of spermatogoma
contaiming the lethals 2

The yield of visible mutations 1 barley produced by a gnen
dose 13 four times as great when germinating seeds are irradiated
than when dormant seeds are irradiated 3

DOMINANT LETHALS Iy 3]

A most convineing demonstration that dommant lethals are
indeed due to damage to the chromosomes and not to the
cytoplasm 1s afforded by an experiment which has been made
using the parasitic wasp Habrobracon s The eggs of this wasp, 1f
fertilized, develop nto diplord females, if they are not fertihzed
they develop into haploid (gynogenetic) males Sperm which do
not enter an egg are, of course, mcapable of development An
unferhihzed egg which receives a few thousand roentgens does
not hatch, whether fertilized or not, subsequent to irradiation
But an unfertilized egg which receives a much heavier dose
(order 3x 105r ) and 13 then fertiized by an untreated sperm
may develop mto a haploid (androgenetic) male 1n which the
chromosomes of the egg play no role Evidently the dose of
3x10tr leaves the cytoplasm still capable of supporting the
development of the intact sperm nucleus This expeniment
demonstrates that the dominant lethal effect obtamed with

smaller doses to the egg must therefore be due to damage to the
nucleus of the egg

1 Reviewed by Timoféeff Ressovsky N W (1937b)
2 It 1s known that most sex hinked lethals are lethal to individual cells
(lwhen ‘homozygous) and not merely to the whole orgamsm (Demerec M
936)

3 Stadler L.J (1930b) 4 Whiting AR (1946)
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TEXTUAL REVISIONS AND ADDITIONS:
MUTATIONS

(p 1361 The Influence of temperature
Stadlers has shown that the yield of visible mutations induced
by irradiation of barley seed 1s the same, per unit dose, at 10, 20,
30, 40 and 50°C Experiments by different workers recording
sox hinked recessive lethals in Drosophsla have given conflicting
results The expenments summanzed in Table 40; show no
change 1n the yreld of mutations with a 30° change of tempera-
ture More recently, Kings determined the yreld of sex linked
lethals produced by doses of 600-3600 r, given either at room
temperature (~25°C) or at 06°C His results can be satis
factortly fitted by the usual formula 1 —e~mP (p 146), the values
of m being
at 0 6° 7 40 4 0 70 lethals per 100 sperm per 1000 r,
at ~25° 34310 29 lethals per 100 sperm per 1000,
fi of rate at low

showing a quite smig
temperature

Medvedevs also obtamned a sigmficantly higher yeld at 0°C
than at ~20°C, and at 19° C than at 37°C

p 154 Mutation yields in different cells
It 18 of considerable mnterest to know whether the probability
of a given mutational step being induced by a given dose 13 &
constant or 1s different for the same mutational step 1n different

1 Mainly i the form noted by the author

2 Stadler, L J (1930a)

3 Timoféeff Ressovsky, NW & Zmmmer, KG (1939) Makhjam,
J K (1944), cp Muller H J (1940), also obtamned no difference m the
yields at ~5 and ~37°

4 King ED (1847) ’I’he author states that the presence of ice
sur ding the vial the fhes in the lower temperature oxpert
ment increased the dose by 569% which has not been allowed for 1n

caleulating the yrelds
s Medvedes NN (1935 1938)
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Modifying factors [

While exposure of male Drosopk:la to infra-red radiation alone
does not cause chromosome structural changes, exposure to
nfra red before X raying results i the yield of chromosoms
structural changes bemng ncreased : Thus 24 hr exposure to
nfra red rays of wave length 8000-20,000 A 1ncreased the
percentage of sperm showing chromosome structural changes
after 4000r from 31 +4 % to 47 + 4 %, an mncrease equivalent to
raing the X-ray dose to between 5000 and 6000r No sigm-
ficant changes were detected m the yields of domnant lethals,
or of sex-linked recessive lethalsz when the X-irradiation was
preceded by infra red

There 15 probably also an increase in the yield of chromosome
structural changes when the infra-red treatment follows the
X Tayng i

Expenments have also been made to study the effect of a prior
or subsequent treatment with ultra-violet ight upon the yield of
chromosome structural changes produced by X rays Kaufmann
and Hollaenders irradiated Drosophila males with 4000r of
X-rays, and subsequently exposed them to (surface) dose of
1 8x 105 ergajem 2 of ultra violet hght of wave length 2536 A
Sahvary gland chromosomes of F, larvae were exammed for
8ross chromosome structural changes Chromosome structural
changes were produced n 23 2+ 2 59, of the sperm, compared
to 30%, produced by 4000r without ultra-violet treatment It
appears that ultra-violet light (which does not itself induce gross

1 Kaufmann B P, Holleender, A & Gay, EH (1948) Breeks were
counted in the sehivary gland chromosomes of F, larvas The infra red
radiation raised the body temperature of the flies by about 7°

2 Kaufmenn BP & Gay, EH (1947)

3 Experiments to determine whet} bseq infra red d

difies the yield of ch structural changes produced by X rays
are complicated by the fact that nfra red accelerates the Tipening of
immature sperm Since immature sperm are less sensitive to X rays
than mature the result of prol d infra red t. of male flies
after X raying and before mating 13 to d h the yield of ch
structural changes However, 1if the females which have been mated to
X ray males are then exposed to infra red radiation during the period of
ovipoution, & higher proportion of the F, larvae have chromosome
structural changes than in the ab: of mnfra red treat (375+39
agauwist 20 5+ 2 59 after 40001 according to Keufmann B P (19465))

4 Keufmann BP & Hollaender A (1946)
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The experiment with Mabrobracon also demomstrates that
damaged chromosemes aro posttively Jethal to a cell and not
meroly negatively sneffectsv o, smee a fertilized egg 1 which esther
egg or sperm haa been damaged by a moderate dose of radiation
prior to fertifization does not hatch, but an egg 1 which either
egg or sperm chromosomes arc absent, or else have been
rendered completely mneffectine by a very heavy dose of radn
tion, hatches as & haplowd organism

CHROMOSOME STRUCTURAL DAMAGF

fr 230) Location of breaks

When the obseri ed distrsbution of breaks was compared with
the distribution to be experted on the hypothes:s that the prob-
abihity of & break bemng produced in & given segment 15 smply
proportional to the number of bands in the segment, the expen
mental distrsbution differed significantly from the distribution
expected on this hypothesis, the difference lying not in any pro
nounced gradient of breakability from oneend of the chromosome
to the other, but 1n the existence of a number of regrons m wiich
the mean number of breaks per band was three or four times the
aversge It 1a believed that these segments cantawm heterochro
matin, smee in sahvary gland cells paring ocours among these
regions, and between them and the proximal heterochromatin 1

{p N Frequency relatfons

Instead of studying separately the distribution of chromatd
brenks, 1sochromatid breaks end mterchanges as has been done
m Table 56, one can determune the proportion of cells which
contmn r chromatid breaks, together with s 1sochromatid breaks,
together with f mterchanges If the three types of aberrations
are distributed mdependently in Powsson distributiona with
mean valies m,, m, and m, respectively, the proportion expected

" (8™ mijet) (e mfet) (e mifel)
The results of tests of thus sorts on Tradescantia microspores

show agreement with the hypothesis that the three types of
berrat distributed independentlyin Posson distributions

8
1 BP f1o44),

1 For add 3 svidence and d see K

also Shzynske BM {1845)
2 Catchearde DG Eew D E & Thoday J M ({1946a)
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mterchange between breaks in dufferent chromosomes, and also
hindermg separation of the two breakage ends to make a
permanent break

Sensitivity at different stages (p 2
If Drosophila males are irradiated, and then mated to succes-

sve batches of unirradiated females, the offspring from these

matings are derwved from sperms which, 1 the ease of the first

batch, are mature, and which in the later batches are at succes-

svely earlier stages of spermatogenes:s at the time of wrradiation

The y1eld of chromosome interchanges obtamned i the successtve

batches progressively dimirushes, « showing that the earlier stages

of spermatogeness are less senmtive to the production of inter-

changes than are the mature sperm

Whiting= compared the sensitinity to X-rays of the oocytesir 2
of Habrobracon wradiated at first meiotic metaphase and at
diplotene (first meiotic prophase) respectively Lethal types of
chromosome structural change led to death of the embryo in the
morula stage, and could also be detected by the appearance of
bridges and fragments at metotic first and second anaphase and
cleavage divisions

Metaphase was many times more sensitive than diplotene, and
the lethal effect was due to sister-unmion 13ochromatid breaks,
which occurred only between the centromeres and the proximal
chinsmata (deduced from the fact that bndges are seen at
second metotic anaphase, not at first anaphase) This part of the
chr 131t , since the ch ta are r g the
sgparation of the centromeres, and the high senmtivity 1s
explamed by no restitution of primary breaks oceurring

Diplotens 18 conmderably less sensitive, and pister-umon 1so-
chromatid breaks occur between chiasmats, as well ag between
centromere and proximal chiasmata (deduced from the fact that
bridges are seen at first anaphase as well as at second anaphase)
Somse mterchanges between breakages i dufferent chromosomes

1 From 12 to 09 with 4000r i the expeniments of Catsch, A &
Radu, G (1943) Irradiated males were muted to females homozygous
for the e d-ch gene bar eye and the third chromesome
gene apineless The F, male offspring were tested for hnkage between

these genes
2 Whiting, AR (1945)
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chromosomo structural changes) reduces the proportion of
X ray induced breaks which take part 1n visblo types of re
arrangoment Thoro sppested to be no correaponding changes in
tho proportion of X-rny induced breaks which behaved as
domtnant lethals

Swanson: mmularly found that the yield of chromatid mter
changes induced by X rays in Tradescantia pollen tubes was
reduced by ultra violot hght (which docs not itself induce inter-
changes) Table 84 shows tho offect of a 30 sec exposure to ultra
wviolot light of wave length 2536 A upon the yield of chromatid
mterchanges produced by 247r of X rays The X-rays were
grvenan overy ease 2 hr after the germination of the pollen

Tanre 84 Modification by ;ltm violet light of the yield of chromatid mter

changes produced by 247r of X rays in Tradercantia pollen tubes
(8wanson (1944))
Tima of ultra violet exposurs i1n relation Yield of chromstid
to X ray exposure interchanges per 100 cells
No ultrs viclet 094
Ultra violet 1 hr before X rays 008
Ultra violet immediately before X rays 022
Ultra violet tmmediately after X rays 000
Ultra viclet § hr after X raya 0 75}.“5““ 004
11

Utltra violet 1 hr after X rays

These results show that ultra violet light given either before,
or soon after, the X-rays 1s able drastically to reduce the
proportion of X-ray induced breaks which take partn chromatd
mterchanges That no such effect 18 found when the ultra-violet
Iight 18 given after § hr or more has elapsed after the X-irradia-
tion 15 evidence that mnterchanges in pollen tubes (as m micro
spores) are completed within this time The yreld of 1sochromatid
breaks 1s not much affected by a prior or subsequent ultra violet
wradiation The yreld of ch t1d breaks 1s reduced, despite the
fact that ultra-violet hight alone 1s able to produce chromatid
breaks

It appears therefore that the effect of ultra-vialet hght 15 to
make restitution of an X-ray induced break more probable, and
to reduce the probability of two breaks exchanging, except m the
case of breaks at the same loc1 1n smster chromatids Swanson
considers that the effect of the ultra viclet Light 18 to make the
nuclete acid matnx of the chromosome firmer, so hindering

1 Swanson, CP (1044}



CHROMOSOME STRUCTURAL DAMAGE 371

not sigmficantly changed by change of exposure time, while the
2 Int component dimimishes with prolongation of exposure time

An 1sochromatid break mvolves two breaks, and while 1t
appears that, with all radiations, these are usually produced by
the same 10mzing particles which traverse both sister chromatids
of & split chromosome, there 1s no reason to doubt that if sister
chromatids were broken at about the same locus by separate
lomzing particles an 1sochromatid break would result Thus we
should expect the yreld of 1sochromatid breaks to be made up of
two terms, & ‘1-hit’ term proportional to the dose and inde-
pendent, of the mtensity, and a ‘2 hut’ term proportional to the
square of the dose and dimimishing with prolongation of exposure
ume at constant dose

Of the data shown 1n Fig 348, the most complete are those of
Sax, and while these may be fitted by a straight hne the 2 test
gves P=007), the fit 15 considerably 1mproved when they are
fitted by the formula y=azx+fz* (the x* test gives P=06,
despute the loss of one degree of freedom)

Relative efficiencies of different types of radiation [p 240]
Companng the yields of exchanges, Kotval: found y rays less

efficient than X rays n the ratio 0 80 + 0 07, while Catcheside et

al :found y rays less efficient than X-raysin the ratio 0 77+ 0 05

Ey tently, any difference that exists between ¥ rays and X-rays

18 shight, and i the direction of 7 rays being the less efficient

The following provisional explanation may be advanced for(p 243)
the difference m relative frequencies of the different types of
chromosome aberration X-ray and ultra violet experiments
In the first place, the fact that isochromatid breaks are not
Produced by ultra violet lght presents no difficulty, since
1sochromatid breaks found mn experiments with 1omzing radia-
tions are attnibuted to the passage of a single 1omzing particle
through both chromatids Since ultra violet quantal absorp
tions are not locahzed along tracts mn this way, we should not
expect to get 1sochromatid breaks m ultra violet experiments

The fact that exchanges between breaks in different chromo
somesdo notoccur multra violet expertments inwhich chromatid

1 Kotval (unpublished)
2 Catcheside DG Lea DF & Thoday, J M (1946b)



370 APPENDIX 1t

occur at tho higher doses, and tho yield of theso mterchanges 18
reduced by fractionation of dose, which affords evidence that
a considerable proportion of primary breaks restitute It seems
probable that tho lower senmtiaty at diplotene 13 due to the
lower tension 1n the chromatid threads permitting restitution of
a large proportion of the breaks primanly produced

It 18 noteworthy that the sensitivity of Habrobracon sperm: 13
comparablo to that of tho oocytes in first metaphase rather than
diplotene, confirming tho views thet restitution does not occur
1n sperm, and that the condition of tho chromosomes n sperm 18
comparable to that :n metaphase

tp 239) Dose relations

The yield of exchanges produced by neutrons 1s proportional
to the dose and independent of intensmity, while the yield of
exchanges produced by X-rays 1s proportional to the square of
the dose at high y and d hes at lower t
This difference 1s believed on theoretical grounds (see p 250) to
be quantitative rather than qualitative, that 13 to say, 1t 18
believed that the yield of exchanges 1s, with both radations,
equal to the sum of two terms, & ‘1 hit’ term proportional to the
dose and independent of intensity, and a ‘2 hit’ term proportional
to the square of the dose and dependent upon mtensity It has
been found possibles to detect the 1 it component 1n X ray
experiments The yield of interchanges per cell (y} produced by
a gtven dose (z roentgens) was fitted by the formuls y =az+fz*
In these experiments four doses (approximately 25, 50, 100 and
1601 ) were given In a constant time, which was 251 min 1n one
sertes and 1 2 min 1n another The values of « and # obtamned
are given in Table 85 It 1s seen that the 1 it component {a) 18

Tanrs 85 Analysis of X ray induced mterchanges mnto 1 hat
and 2 hit components

(y=ax+pPz" 18 the pumber of ¢fc interchanges per nuclevs
produced by & dosa of © roentgens )

Duration of
exposure (min ) ax 10t perr Ax10t perr?
251 266£091 3804002
12 185+104 13064118

1 Hedenthal G (1945) 2 Mauller, HJ (1941)
3 Catcheside, D G, Lea DE & Thoday J M (19465)
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reverse the argument and to use the values of £ given by other
methods to show that the probability of an exchange between
two breaks produced at a separation not exceeding h=1g
approaches umty

Alternative denivation of G+ Ip 2

The experimental fact that the 31eld of interchanges produced
by & given dose diminishes with ncrease of the exposure time
must mean that two breaks at a given position produced at
different times have a smaller probability of exchanging than
the same two breaks at the same position would hav e if produced
simultaneously We may designate by f(t) the factor by which
the probabuility 1s reduced with mcrease of ¢, f(f) diminshes from
the value unty at ¢=0

Consider two breaks independently produced by an irradiation
at umform intensity which extends over time ' Each of them
Mmay occur with equal probability anywhere m the time 7, and
1t 15 readily shown that the probabihity of the two breaks being
Separated by an interval between ¢ and ¢-+dt 1s 2(1 —¢/T) (d4/T)
The ratio @ of the number of exchanges produced by the given
dose spread over time 7' to the number which would be produced
by the same dose given m a very short time 1s evidently

T 1
G=J.‘_02(1 ~YT) @) f=2| [Tz} (1-2)dz

To evaluate G we must assume some plaustble form for the
fanction f(1) The simplest function fulfilllng the condition of
being unity at ¢=0 and dimmshing gradually with increase of
t1s fit)=e~¥" With this form of f(t) we obtan

G=2(1/T)* {T/r~ 1 +e-T/1}

BACTERIA

Effect of intensity Ip 331

Table 86 presents further data show ing how the mean lethal
dose 15 the same, within the error of the experiment, whether the
trradiation 1s made at a low intensity and spread over a prolonged
time, or at a high mtensity and concentrated in a short time
Thus table 1s thus supplementary to Table 74 (p 321)

 rtrheeida TV Y T oom TV TV e TN o . T ml fam oo
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breaks are freely produced 13 moro difficult to understand, and
at first glanco scems to demand the assumption that ultra
violet induced breaks are different mn naturo from X ray-
snduced brenks  Howover, wo have scen (p 368) that ultra violet
light preceding or following X irradistion reduces the proportion
of X ray induced breaks which tale part 1n gross chromosome
structural changes Presumably ultra-violet bght treatment
smultancous with the X-irradiation would have the same effect
Evidently, therefore, ultra-violet ight has, besides the property
of producing breahs, the additional property of modifying the
chirc or the nuclear sap 1n some way which reduces the
proportion of breaks which take part m exchange » This would
seem to bo a sufficient explanation of the absence of exchanges
mn ultra violet experiments on T'radescantia pollen tubes, and
may apply also to Drosophila sperm and maize pollen

The efficency of ultra violet hight in producing bresks 1s ex-
tremely low The yield of chromatid breaks obtaned in Swanson’s
expeniments, for example, corresponds to about 1 chromatid
break observed per 10! quanta maident on the chromatids

{ p 259 Evaluation of breakage frequency

It has been assumed above that when two breaks are produced
(simultaneously) at a separation less than A=1p, exchange
between them 13 certain It would perhaps be mare plausible to
suppose, not that exchange 1s certain, but that union 1s random
between the four breakage ends, which would make the prob
abiity of exchange recurrng equal to two thirds If this
modification 1s adopted, the values of £ hsted for Methad III 11
Table 67 should be mereased by about 20%, and the values of
£ correspondingly reduced

It 1s arguable that we have no nght to assume erther that
exchange 13 certamn, or that exchange 15 random between the
four breakage ends, since the arguments of the last section which
led to the conclusion that most pairs of breaks which exchange
are mnitially separated by a distance not exceeding 1« did not
give any estimate of the probability of exchange occurring under
these circumstances If this view 1s accepted, Method III
cannot be used In this event, however, 1t 1s permissmble to

1 Swanson C P (1944) suggests that the action is on the matrix of the

chromosomes
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Taziz 86 Independence of mean lethal doss on intennty

Radistion
X rays (071A )

X rays (071A)
Xrays (1 84AY

Ultrs-violet Light
2538A

1 Latarjet, R (1942)

APPENDIX TT

Intenmty LD
Organimn (r fmun) (r)
Bacteniophage, 57,500 468x 10
c1s 1730 473
114 460
B dysenterras, 40,000 s1x10?
Y 2,180 53
B34 52
Yenat 157,000 10-1x 107
8 ellipsordens 4,800 10-0
135 103
(ergaem ~*aec -1} {ergnem=?)
B dysenteriae, 43 000 245
Y6R 8300 242
4,800 241
B30 246
260 264
83 260
n 260
8 258
Yenst 140 000 752
S ellipsmrdeus 14,800 796
2,800 780
805 770
280 778
224 778
28 716

{p 325) Metabolic disturbances
A culture of bacteria rendered non infective by & heavy dose

of radiation will nevertheless continue to respires and will
support a limited multiphcation of bacterophages These
properties are not retamed by bactena killed by heat or chemical

disinfectant

2 Latarjet, R {1944)

1 Bonét Maury, P Perault, R & Enchsen, ML (1944}
2 Rouyer, M & Latarjet, R (19486)
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column of fons of, 27 40-52 88, 89

& roys produced by 28 30, 32
88-80 272

delayed division by, 303 304 305 312

dosimetry of, 18 22

efficioncy compared to X\ rays, 47,
59, 00, 72, 87, 115, 121 153 179,
241,270 304, 312 315, 324 327

energy dissipation per micron path
25, 351, 352

energy dissipation perr 8, 340

energy of 17

mutations by 152, 153 179

range of 17, 25,32 240 352

rapudly dividing tissues effects on
312, 335 336

sources of, 17 18

stopping powers additive law of
351, 352

target suze for 88-92 97, 98,122 123

viruses, effect oo, 718, 114, 115,
116 117, 119 121, 123 313, 314,
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‘Wilson chamber photographs of 49,
Plate Ta
Absorption spectra 35 188
Acenaphthene 181
Acentric chromosome 137*
Acetone, 55
Acetylene, 37
A

Alr
eloctrons por gram 1, 347
X ray absorption n 347, 349
Alamune 56
Algas 300
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Allsum cepa (onion) 190 193, 199, 201,
208 214, 220 223 337, 338,
Plate IV x
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Amphitna 295, 206, 299, 310 337
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Antirrhinum, 181
Arbacsa (sea urchin) 284-85 297 208,
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Associated volume 83-89 356-63

Asymmetnical exchangs between chro
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Attached X stock of Drosophils, 142
143 185

Aucubs virus 115 143 144

Auger effect 10

Autosome 132%

B rays 15*
absorption of 13 24 41
bactenicidal sction of 316 318, 322
324 327
chemz.al effects of 37, 41, 42
dosimetry of 16 22
energy disstpation per me radon 18
energy dissipation perr 8
energy distribution of 16
mutation by 147 148
sources of 15, 18
Bactena
chromosomes of 326 Plate IVo
of 78, 317, 318 319 320

lesion (i ) 201%
Activated water, 44%, 47-65, 109 305
312

Activation energy for mutation 136
Active deposit T
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Affimty of solute for activated water 56

mbibition of divion of 300 301,
Plate IVB

Xalled by smnglo 1omzation 69 71 78,
77 81, 120 325

Inlling by radiastion 316-27
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Bactena (cont )
motihity of 326
mutation of, 141, 144
epores of, 318, 321 322, 324, 325
target mze and number 120 326
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density of, 103
estimation of 104, Plate IIs
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108 114 115 117, 118, 119, 121,
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size of, 103 118
structure of, 122
Barley, 164
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Bellevalia romana 193, 225, 338
Bethe formula, 349-52
Burds, 128 (se also Chick)
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Broth 105 108 109
Butterflies 128

x* test of goodness of fit, 146¢
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Carbon dioxide 386, 37, 42 46 55
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Cathode rays, 15%, 37

Centrifugation, 102 121, 220, 285
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Chan reactions 36 63 175

Chemical bond 1

Chemueal effects of radiationa
biologeal effect due to 1, 64

37, 57-60
competition between solutes 55-57
decomposition of water 40-42
direct and wmndirect action 6064
free stoma and redicals 47-48
gas reactions 34-37
mdwrect action i agueous solution
42-84
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10n denmty, effect of, 57-60

10me yields, 33¢, 34, 37, 46

kmetics of indirect action 5254

hiquds and sohds, 37-3%

protective action, 56-57

recombination of active radicals
48-52
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57-60
solutions, 39-64
spatial distribution of active radicals
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ultra violet ight, 2 386, 37, 39
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duplications in 137, 200 339, 340
loss of, 164 105 185 200
maps of, 131, 134, 138, 139
n}olrlx‘of, 180* 193 201, 224

SYUBJECT INDEX

187, 208 207, 212 217, 18 221,
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matid breaks 260* 261 262 278

intensity dependence 211 214
225-29 £37 232 233 241 246
247 248 262-69 279

mathematical theory of 166-69

modifying factors 220-25 248 247

number of lomzations needed to
break chromosome 245 246 270
276 280 281

probability of onizing particle break
g chromosome 260 261 262
270 271 272 213 276, 277 278
279 280

produced by single 1omzing particle
11 66 69 71 155 164 173 202
226 227 228 232 233 234 246-
49 250 260 280 282



SUBJECT INDEX

Chromogome structural changes, imnduc
tion by radiation {cont )
produced by two 10omzing particles
155, 158, 164 187 228 248, 250
280, 282

relative frequency of duffe

407

Deficiency (of gene or genes), 137%, 141,
155, 156 158 159, 163, 176, 178
183 184, 185 188 187

Degonerste cells 309, 310

Delayed division {se¢ Division)

types
196, 197, 211-14
ning chromosomes, structural change
n 171, 172
senmtivity at different stages 190
196, 198 203, 213 223-25
temperature effects of 207, 209
211, 221, 222 223 246 247, 266
theory of (summarized), 279-81
ultra violet hght 182 183 242-44
yield of breaks per umt dose 159
160, 167 169 170 241, 256 261
262, 270, 275 280, 330 332
Clam 311
CIB method 1 Drosophila 132 142°,
143, 144
Cleavage delay 1n fertilized eggs 284-
95 311

Cluster theory 36
Clusters of sons, 27, 80 84 85, 86, 85
174 Plate I
Colchuemne, 191 220 221 22¢
Colbsions between
H and OH radicals 48-52 57-60
radhesls and solute molecules 53, 54

Del (see under Ch struc
tural changes and Deficiency)
Density (of viruses or proteins) 89,

03
Deuterium hydroxide, 50
Dicentric chromosome, 137*
Dichromate, 46
Dsffusion
of radicals, 50
of deuterumn hydroxide 50
Dilute solution, reduced yield 1o, 5700
Diplond 130*
Drrect and indirect actions of radmtion,
60-64, 107-11 317
Dissociation of e gas molecule, 3
Dissolved oxygen affecting t mn
solution 41 42 46, 47
Distribution of radiosensitisity among
cells, 77 78
Divigion, delay mhibittion snd pro
longation of
bacteria 300 301
cleavage delsy in fertilized eggs 284-
95

of d st

solute and solvent molecules 39
Colour blindness 127 130
Competition between golutes, 45 55-57
Compton effect, 11, 13, 345-49
Concentration effect on
bacterieidal action 317
chemcal reactions 1n solution 43 41
49 57-64
sperm mactivation 312
virus ansctivation 108 109 110
1318
Condensation of chromosomes 128+
Cosmic rays and mutations 180-81
Crogaing over 131* 133 142
Cumangua (elam) 292 311
Cumulative dose 283* 285 286 289
290 292 295 297
Cumutative type of action 76 77 79
Cyclatron 19 20

& rays 277, 28-32 82 83-89 179 272

276 279 351 352 356 357 358
361 Plate Ia
d amino acid oxidase 46 55 56
D+D neutrons 8 20 21
Deactivation efficiency 56 62 63 111

303-6 312

cumulative dose 283 285 286 289
290 292 295 297

direct or mndirect effect 285

dose dependence 282, 288 289 299,
304 305 306

ntensity and fractionation effect of
292 297 208

nucleic aesd 283 304

nucleolus 304

number of 10n1zations requred 304

oxygen uptake relation with, 29%
292

rapidly dividing tissues 71, 194 196
205 223 225, 237 295-300
recovery 282 283 287 289 291, 292
recovery time (7} 289 290 291, 292
t1ze increase (of cells or nucler} 300-2
stage most sensitive to radiation
288 289 293-95
stage subject to delay 286, 287,
293-95
temperature effect of 290 291
Dominant 126%
Domunant lethal, 161-72 18¢ 329.32
Dose tate {202 In snaity)
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Chromosomes {cont }
duphieations 1 137, 200, 339 340
loss of, 164 105 185 200
méps of, 131, 134, 138, 139
mLauix'of 180° 103 201, 22¢

SUBJECT INDEX

187, 208 207, 213 217, 218 231
231, 233, 241, 242 252, 236 328
phenotypiesl offects 138 139 142
rondom or non randam union 185
108 219 243 230 231 252
of breaks 158, 130 180

b 1 offoct of radiation on
192*.97 223 225 237, 230 336
39, 343 344, Plato IVe-x

polanzation m, 210

repulsion botween 198

nng 137, 171, 172 193, 294, 193, 208

salnary, 134* 135 138 130 153
183 180 161, 143 183, 189, 190
191, 200 208 209 212 214 215,
217 224 228 231 248 Plale

a b

epiratization of, 128 203 224

stickinoss of (ace phymologeal eflect
of radiation on)

tm:o of sphit 128 107, 198 180,

Chromosome structural chy

behaving aa dommant lathats 164-72

behaving as recessive lothals 154-60

bohaviour at cell dwimon 129 137
183 164 165 171 194 295 19D
200 205 200 208 Plate 11X

behaviour at mewms, 185 332 340
341

171, 172 187, 200 201 216 220
221, 223 224 216 222 A6, 253-
80 290 280

separation of breaks which sxchangs
249-52 250 280

spontanecitn 239 241, 243

aymmuetrical and asymmeteical 137%,
183 134 195 207, 208, 209, 210

tranntion from chromosome to chro
matid types 198 222

tranalocations {sce pxchanges)

types of 130-38 794 155 187-21%
Plate 111

vability effect on 138 183 188
185 209 225 328 329 333 340

Chromosorne structurat changes, induc

tion by rediation

centnfugation effect of 220, 224

calchicme offect of 220 221 22¢

companson of dufferent radistions
204, 211, 226 227 233 23740
254 255 261, 262 263-81 336

337
among

breake or termunal del 187
194 195 197 199-20%, 218 229
230 238 238 241, 242 243, 258

eychical exthanges 2§8-90

exchange between paternal and
materna) chromosomes 229

exchanges (imtrachanges or tnter
changes) 185-72 187 19¢ 195
198 205-1¢ 218 239 220 221,
224 226 227 228 299 231, 232
233 234 241, 242 248 240 280
251, 252 256 257 266 279 328
3354, Plate Hla b Fg o2 k

healng 248

hereditary partial stenlity 338-41

wncomplets exchanges 187¢ 210
211, 242 253 254 255 280

nterval between breskege and joun
wmg 193 197 223 228 223 246
263 279

wnversons and delehiona 159 183,
294 195 205 208 207 212

jomability of breskege ends 204
205 210 239 253 257, 258 261
2682, 278 280

mmute 1nverstitial deletions 141,
155 156 158 169 163 178 183

b of

cells 217-20

dustnbution of breaks in chromo
somes 182, 170 214-18

dose dependence 156 137 158 187
168 169, 170 3713 228-37

energy needed to bresk chromosome
278

pgeometnical factor {g) for wsochro
mat:d breake 260% 261 262 278
219

intensty dependence 21§ 214
225-28 237 202 233 241 246
247 248 262-69 279

rathematical theory of 166-60

modifying factors 220-25 248 247

number of repizations needed to
bresk chromosome 245 246 270
278 280 281

probabuility of omazing particle break
1ng chromosoms 280 261 262
270 271 212 273 278 297 208
279 280

produced by mingls sonizng particle
13 66 89 TI 155 164 173 202
226 227 228 232 233 234 246~
49 250 280 2W0 282



SUBJECT INDEYX

Fles (se¢ Drosophila, Sciara)
Pormaldehyde, 46, 49, 55
Formate 56
Formie acid, 43, 49, 55
Four strand pachytene 131*
Fowl plague virus 118
Fractional deficiency (in & chromo
some) 1868*
Fractionation of dase, effect of 78 147,
228, 228, 266 267
Free atoms and radicals
collistons with solute molecules, §3, 54
concentration of, 50-52
diffusion of, 50-52
energy to form 47
explaiung radiochemical actions n
solution 47-48
formation from H,0, 47
mn gases 35
n water 47-54
recombination of 48-52 57-60, 305
spatial distnbution of, 47, 48-52,88
Frog, 296 310
Fructose 56
Fungal spores 143, 183, 188 300

@ (function of time intensity theory)
264, 265
g ( 1 factor for
breaks), 260 261 262 278 279
Gametes 120+
Gametophyte 185*
Garma (y ) rays, 13*
absorption of 14 15
bactencidal action of 316 317 318
322 324 326 327
chemical effacts, 37
chromosome structural changes by
211 228 239 240
delayed division by 295 296 237
300 301 304 305 306 309 312
dosimetry, 14 22
electrong Liberated by 12 13 14 15
energy dissipation perr 8
filtration of 14
Intensity &t 1 em from 1 mg
radium 15
mutation by 147, 148 179
rapdly dividing tissues effects on
309 312 335 336
scattenng of 14
sources of 13
spectra 14
target volume deterrmined by 91-92
viruses effects on 172, 115 118
118 121 122 123 314 315

409

Gas free water 41
Gas reactions 34-37
Gelatin 108, 109 110
Generative nucleus (of pollen) 332¢
Genes
nature of 101, 130 133-36
number of 90 134, 135 179 180
315 326 342
reproduction of 139
size of 121 135 172-80 315, 326
virusea and, 101 121, 124, 136 174
175 1711
Genetical effects of radiation (see also
under Mutations and under Chro
mosoms structural changes)
costme rays 180-81
deductions concerming size of gene
172-80
domunant lethals in Drosophila 161~

72
recessive lethals 1 Drosophila 144~
8¢

relation betweon recessive lethats and
chromosomal changes 154-60
ultra violet Light 181-83
visible mutations 110-14
Genotype 126*
Germ (see Bacteria, Egg Fmbryo,
Sperm)
Globulkn 134
Glucose 56
Glutathione 46, 49, 58, 59
Glycerine 63
Glycine 56
Gram roentgen 22
Grasshopper 192 183 198 109 201
208 209 217, 218, 225 230 248
293 294 299 337 338 Plate IVa
Gross structural change (of chromo
somes) 138%

Haomogloin 38, 45 46

Heemopiuba 127 136, 131

Helf eggs 285

Haploid 130*

Healing (of chromosomes) 246

Hermzygous 131*

Heredaty 126-31

Heterochromatin 135*
219 234

Heterozy gous 130*

Hexane 50

Hippurate 56

H log! {gones or ch:
128+

Hydration of viruses 102 103

133 139 215
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Dosymetry
@ rays, 18
Froays 18
¥ 1oy, 14
interconversion of units 22
neutrany, 19, 20
protons, 19
vltrs violot light, 4
11

X rays

Drosophila (fndt Sy} 4 8, 90, 128, 130
131, 132 133 Ja4, 135 138 139
140, 342, 143, 164-72 175 178,180
18E, 182 153 187, 18D 191 186,
197 109 200 206, 208, 209 212,
213 214 218 216 217 218, 119,
220 2971, 222 223 227 228 P31,
233 234, 237 242 243, 248, 248
247,315,325 328 320-32 342 343

Duplications {of portiona of chromo
sotwee;, 137%, 200 338 340

SUBJECT INDEX

7o suter unlon in 187
restitution in, 187

chrv;lmoavna deficlenvies {n, 18483
243

defective 184
mutations affocting 184
suter undon of chromatuds in, 187,
200 328
Energy dusipation
by leatsstion and exctation, 1, 2 35
by ultrs vislet ight, 3 6
in molute and aclvent, 3% 44
per fon paly 7 34
por micron path 24 25 26 351 352
perbosntgen or L umt 8 22 35 50
per undt volume 8, 13
Energy umit 8, 32
Eazymes 37, JJ 42 44 45 46 54
85 114, lTﬂ 17

By mean
351, 382
Egg
mgzgperm, relative senmibivity, 285

delayed cleavage of 28403, 311

{aduze to hateh 162 268 189 308
308 329-33

half-eggs 285

wradistion of, 152 153, 181, 213,
220 284 285 2&¢, 287 288 289
296 291 202 308, 309 329-83
341

nucteus {(in sood plants) 183*

Electrona (vee also £ rays)

absorphion of 24

agsocisted volumes of 358-59

attachment to moleculos ions or
radicals £ 35 38 47, 48 88

chromoesame breakesge by, 210 21}
249 272 273

3 raye produced by 28 29 3%

enexgy dismpation by, 24 348 351
352

energy dustnbution of 12
mucrography 122 314 Plates IIe
Vo

nurnber crossing a cell 249
nurober per umt volume 32 348 347
priceary. romutm hy 2% 3831, 352
rango of 24 27

tad 273 27( 2’15 275 280 Plate It
volt eV} 1

Erabryo {in seed plant} 183*
abgenve of 184

Euchmmnm 135°, 138 139 uo 216
218 234

Excaumrs 1
biologieal affects of, 2
chemical eﬂ’m of 35,47
energy of 2 3
in solute sud oolvcnt 39, 40 42 43
Exponenha\ dose relation, 38 45 81
298 107, 110, 112 113, 114, 124
!84 238 308 308, 318, 319 S0
324 327, 330
Exponentusl function table of, 75
Extincuon coeficient (of ultra violst
Tight) 4
F {overlappiag function) B85* 86
35354
P, and Fy (fest and second Shial geners.
tiona) 128%
1 {groportin of chromosome brosks
which sre unjomsbla) 253-82
Ferrie gulphate 46
Ferncyasude, il; ”
Ferrocyamde
Fotrous sulphats 45 46 47 48 &0
Fibroblaets uradiation of 201 203
295 296 287 304 A06 307 30
337 Plate IVe-z
than fo.r

ulms vnolec bght 5

rsyz 9
Fﬂm(wnorvu-um 102 193 e 12!
Furst heplod mions 8%



SUBJECT INDEX

Fhes (sez Drosophila Scrara)
Formaldehyde 46, 49, 55
Formate 56
Formue acid, 43, 49, 55
Four strand pachytene 131*
Fowl plague virus 118
Fractional deficiency {in & chromo
some), 186*
Frectionation of dose, effect of, 78 147,
228, 228, 266, 267
Froo atoms and radicals
collisions with eolute molecules, 53 54
concentration of 60-52
diffusion of, 50~52
energy to form 47
explammg rathochermcal actions n
eolution, 4748
formation from H,0, 47
n gases 35
n water 47-54
recombmation of 48-52 57-60 305
epatial distribution of, 47 48-52 68
Frog 296 310
Fructose 56
Fungal sporea 143 183 188, 300

@ (function of time intensity theory)
264, 265
g factor for 1soct d
breaks) 260, 261 262 278 279
Gametes 120%
Gametophyte 185%
Gamma (y ) rays 13%
absorption of 14 15
bacteneidal action of 316 317 318
322 32¢ 326 327
chemical effects 37
chromosoms structural changes by
211 228, 239 240
delayed division by 205 296 297
300 301 304, 305 306 309 312
dosimetry 14 22
electrons hberated by 12 13 14 15
energy dissipation perr 8
filtration of 14
wtensity at 1 ecm from 1 mg
redium 15
mutation by 147 148 179
rapidly dividing tissues effects on,
309 312 335, 336
scattoring of 14
sources of, 13
spectra 14
target volume determined by 91-92
viruses effecta on 117 115 118
18 121 122 123 314 315

409

Gaas free water 41

Gas reactions 34-37

Gelatin 108, 109, 110

Generative nuclous {of pollen}), 332

nes

nature of 101 130, 133-36

nurcber of 90 134 135 179 180
315, 326 342

reproduction of, 139

size of 121, 135 172-80 315 328

viruses and 101, 121, 124, 136 174
175 177

Genetical offects of radiation (see also

under Mutations and under Chro
maosome structural changes)

cosmic rays 180-81

deductions concerning size of gene
172-80

dominant Jethals in Drosophila 1b1-
72

recessine lethals in Drosophila 144~

relation between recessive lethals and
chromogsoraal changes 154-00
ultra violet hght 181-88
vistble mutations 140-44
Genotype 126%
Germ (se¢ Bacteria
Sperm)
Globubn 134
Glucose 56
Glutathione 46 49, 58 59
Glycerine 63
Glycine, 56
Gram roentgen 22
Grasshopper 192 193 198 199, 201
208 209 217 218 225 230 248
203 204 299, 337, 338 Plate IVa
Gross structural change (of chromo
somes) 133%

Egg Embryo

Haemoglobin 38 45 46

Haemophiha 127 130, 131

Half eggs, 285

Haplod 130*

Healing (of chromosomes) 246

Hemizygous 131*

Horedity 120-31

Hesterochromatin 135% 138 139 215
216 234

Heterozygous 130*

Hexane 50

Hippurate 56

Hum;)lt;gous {genes or chromosomes)
2%

Hydration of viruses 102 103
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Hydrezine, 37
Uydrodis acid, 37, 39, 46
g;g:;bmmiu acid, 96, 37, 46
gen, 36, 37 40 41, 42
48, 49, 55’ ) o 46
Atoms (ess under Froa ator
radicals) Hams aad

nwelef (se¢ under Protonn)
peroxido 40, 41, 42, 45, 48
wulphide, 38
Hydroxy! radical (ecs under Froa atoma
and radicals)
Tes, 40
Tilegiti union of ch

137°
Imp\‘xgtlte:,l effects of traces of, 41, 42,

Insctivation doss 61°, 74 108
sn;l‘-;hd content of solution, 62 109,

an;}izzarget eize 80-88, 116-23, 382

N of virusee 109 110, 116-23

p 0]
;g;‘. 210 211, 242, 253, 264 258,

Incomplete linkage (of genes}, 130¢
Inde;la:;u.!ent assortment {of genes),

Indirect actions of radiations
on chermicals, 39, 40, 42-64
on sperm 285
on viruses 83 84 107-11
Infra red radiation, 223, 247
Intensty (or doso rate) 7% 72, 78-19,
114, 115, 16, 124, 144 145, 148
147 153, 214 225-29 241 248,
247, 248 262-69, 279, 202 297,
208 321, 327

BUBJECT INDEX

B8 00, 115, 116 153 179 204,
205 210, 2131, 23740, 254 255
2682, 270 271, 272 273, 277, 300
304, 30% 306 312, 323, 324 327,
338, 337
affecting chemical offocts, 57-60
affecting  probability of effective
*hit’, 354
Tonle yield, 33%, 34, 36 37, 38 40, 41
46 46 47, 57, 58, B2 63, 64 65,
110, 111
Tonuzation 1*
chamber for neutron dommotry 18
energy of 1 34 35
in air perr 7
in solute and solvent 39, 40 42, 43
potential 351 352
single actions due to 38 71-72
111-16 153 328
spread of effect of 87-08 89 173
Ionizing particles (se¢ also under a rays,
d rays Electrons Protons)
number per unit volurne, 32
number travermng cells 151, 248
249, 250

range per umt volume 32
ons

negahive 2 34 35

positive 2, 34 35

recombination of 35 50

gpatial dutribution of, 10 49, 350~
52 Plate I

Tsochromatid breaks 195 202¢-5 210

217 218 220, 221 227 229 230,
237 238 239, 240, F41, 242 260
2631 277 278 279, 260, 281 334
Tlate Ille & 1

b

Jensen rat sarcoma 295

Kinetica 52-57, 138

137+

Interphase 128¢

Interstitial deletion (of a chromosome)
187¢

I {of &

Todide 41

Ton-clusters 27, 80 &£ 85, 86 95 174
Plate Ip

Yon-columne 27, 48-52 §8-89 Piate
Ia, B

Ton.denstty (ar apecific 23+

affecting Apparent target size 97 €8,

356 356

affecting biological effects 72 79-80

Klewm Nishina formula 14 34549

Lactose 107
Latn equare 105
Lethal effects of radistion
ascribed ta chromoaome physiologieal
change 337-38 34344
ascribed to chromosome structurst
change 328-37 34143
ascribad to Isthal mutstion 313-18,
32427, 342
bacteria 316-27 341 342
division related to 307-13 341 343
eges 308 311 329-32
hereditacy partisl sterility 338-41



SUBJECT INDEX

Lethal effects of radiation (con? )
pollen 30§ 332-35
rapdly dividing tissues 307 312
34134
root tips 335-37
spermatozoa 312
viruses 100-25 313-16 341 342
Lethal mutation {sce Recesuive lethal
and Domnant lethal)

411

inhibition of 295-300, 302 303-6
309, 310
radiosenaitivity of dufferent stages of
190 198 223-25 237, 283 289
293-95
Molecular
dameter 52
wewght, 53,65 89 135 136 177 178
Mosaze 132*

Leucylglyeine 56 Moths 128 _
Linear dose relation 4§ 47 45 60 72 Mohility of bactenia 325
145 146 145 153 156 157 158 Mouse 225 235 236 238 281 300
165 181 183 229 240 231, 232 341 343
233 235 237 238 241 243 244 Multy ht tarpet theory 31 322
248 249 280 Mult: target theory 90-92 122 314,326
Lankage 127 Mutations
altered by ch 1 h IIs induced, 131
change 188 endo<perr affecting 154
group 123% nature of 131 133-36 154-60

incomplete, 130*

Ligwids chemieal effects1n 37-39

Lthum  diantegration by peutrons
18 21

L1+D neutrons 8 20,21

Liverwort spores 18§

Local lesions (due to plant viruses)
105 140 176, Plate Ilc

Locusta migratora 199

I;Ogamhms 7475

¢ 190

238
Lyvmphoms 235 236 238, 343

Maize, § 127 130 181 183-88 200
202 205 219 242 243 328 310

Malpighisn tube 175 170

Mammalia (see Man Mouse Rat)

Man 127, 128 130 300

Mass spectrograph 34

Matrix {of a chromosome) 190* 193
201 22¢

Mean lethal dose o1 74 321 335 335,
337

Meionis 129

Mercury famp 4 5

Metaphase 128* Plate IIfh 1 3

Methaemoglobin 35 46

Methy! alcoho) 49 55 5% 59

Micro moles per 1000 r 35 44

Micronucle: 199 333 343

Mierucmores (see Pollen)

Milcurie {me } 15 18

Jinute «tructura] changes (of chromo
sornes) 138+

Mitous 123+_29

duration of stages of 204 295 305

relation to chromosome structural

change 13640 154-60

spontanecus 131 180 181
e

rate 136, 181

viability affected b, 133 142,176,183

Mutations nduction by radmation

caused by smgle ionizstion €6, 69,
101 153 174

companson of different radiations
145 147 148 149 153 179

cosmic ravs 150 181

dormunaat lethals 161-72
32

domnant v ivble mutations 133 140
141 184

dose dependence 143 144 145 46
156 157 158 167 168 169 181,
183

grouping effect 150-51

1 bacteria 141, 144 32427

n barley 154

1 Drosophila (see Drosophila)

1 viruses 140 141 143 144 176
313-16

ntensity not affacting 145 146 147

relativ e frequency gene mutation and
deficiency 141 159 176 178 183
184 186

recessive visible mutations 14144
184

sex linked recessive lethals 133 140
144-60 170 182-83

target sze for 90 120 178 179 180

temperature not affecting 154

yield per unit dose 132 144 177,
178 180

184 379~
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Mutat]

of Drosophila mel

Bar (eye}, 140, 142

brown (eye), 209

cugi;;m interruptus (wing vein), 139,

ebony {body), 200

forked (bristles), 144

mimature (wings), 144

Notch (winge), 138, 208

scute (bristles), 234, 242

whito (eyo} sones 130, 139, 143 144,
154 175 178

yellow (body), 138, 165, 234 242

v unit, 20*
energy dissspation per, 8
= unit, 20
Natural radiation and mutation, 180-81
Nerew, 311
Neuroblasts, 102, 193 198, 201, 208
209 217, 218 230, 248 203 204,
299 337, 338, Plate IV
Neurospora crassa 143 183
Neutrons, fast
bactericidal action of 316 318, 324,
327

chromosome structura! changes by
204, 210, 211, 218, 226, 227, 230
231, 233, 434, 235, 236, 237, 238,
239, 241 248 246, 255, 256, 259,
261 262 289 270 272 277 278
279 280 281, 338

division delay by, 303 304, 305, 308
a12

dommetry, 19, 20, 22, 237
efficiency compared to X rays 72
145 148 149, 241, 270, 336
energy dissipation per v urut, 8, 350
mutations by, 145 148 149 150
151, 153 179
mtrogen dumntegration by, 19 350
nuclear projection by, 19, 20, 21 350
rapdly dividing tissues effects on,
304 312, 335 836 337
scattenng of 20 450
sources of 20
Neutrons slow 19 21
Nitrate 46, 56
Nitnte 46, 56
Nitrogen, 18 350
Nitrous oxide, 37
Nucleate 56
Nucleio acid 5 128 139 188 190 193
196, 215, 283 304 343
Nucleoproten 5 101 122 123 124
127, 134 135, 136 188

SUBJECT INDEX

Nucleus {of cell)
membrane of, 128, 293, 294
scparation from cytoplaam 285
size increased by irradiation, 300-2
sizo of, 249, 302

Onlon, 190, 103 109, 201, 208, 214
220, 223 337, 338, Plata IVx

Qocytes 190, 224

Oregon R (stock of Drosophuda melans
gaster), 149

Orgunio acids, oxidation of, 46

Overlapping function (F) 85¢, 86,
35354

Oxalate, 56

Oxalic acid 49 55 58 59

Oxdation by radiation £1 42 45, 46,
48

Oxygen, 38, 37, 40 41, 42, 48, 291
Oxyhsemoglobin, 46
Ozone 37

p (probsbility of colimon removing
active radical) 54-85 56, 57, 59

p (probability of 1onization 1n target
being effective) 93 95-06 97 122
172 174 175, 176, 180 355 358

p (probability of 1omzng particle
breal a chromosome) 260 261
262 270 271, 272, 273, 278 278
279 280

p (probability of ssterunion st &
chromosome break), 166 169 172

P (probability of solute rescting) 54,
€0 61

pH affecting chemical actions of radia
tion, 47
Pachytene, 131*
Peas, 126 127, 238
Permanganate 46 47 49
Persulphate 83
Phenotype 126%
Photochemical reactions (see under
Ultra-violet light)
Fhotoelectric absorption 10 34549
Photoelectrons 10*
sssociated volume of, 87
energy of 10 12 273 275
number of 12 32 249 273 274
275
range of 32, 173 249 273 276
Physiological effect of radiation 162
102-97, 223 225 237 239 336-38,
343, 344 Plate IVE-x
Plague virus (fowl) 118
Plaques bacteriophage 104 Plate II®



SUBJECT INDEX

Pont heat, 3, 87
Poisons produced by radiation, 84, 78,
317, 319 320
Poisson distnbution, 150, 1886, 217, 218,
248, 256
Polar cap {of egg), 152%, 163 181
Polar fusion nucler, 184%
Pollen
defective, 185, 186
development of, 332, 333
dimensions of, 249, 259
failure after d
308, 332-35, 342
on

fioral 4

191, 242

wradiation of, 183-88 189 193 198,
199, 200, 201, 202 203 205 207
209, 211, 212, 213 214, 216 217
218, 219 220, 221, 222, 224, 225
228 227 230, 231, 232, 233, 235
236 238, 239, 240 241, 242 243,
245-81 308, 332-35 337 340

mother cell 180*, 201, 219

tube, 191, 203 204 209, 211, 212,
214, 216, 224, 239 240, 241 243
255

ultra violet absorption by, 5, 244
Polomum, 17
Polypeptids, 210
Posmtion effect 138*—40, 155-58, 175
Potato virus X, 112 116
Primery effect of radiation on chromo

somes 193*

Primary 1omzation, 25 26 85 352
Primordial germ cell 152%
Probability (see p P)
Prophase, 128%

prolongation of 286, 287 294 296
Protamin 134
Protection aganst effect of rad

413

Protozos, 71, 300
Pyocyaneus, 71, 320

g (probability of chromosome break
not undergoing eswster union) 166~
12, 330-32

Quantum energy, 8 9, 12 13

Quantum yeld, 36, 37, 39, 125

Rabbit fibroma virus, 118
Rabhit papdloma virus, 102 103, 109
111, 113, 118
Radipactive
matter 1n orgamsms, 180 181
radiations (see a , B, ¥ rays)
eources (se¢ Polomwum Radium)
Radiochetucal  reactions 33
Chemuical effects of radiations)
Radium
emsnation (se¢ Radon)
y roy ntensity at 1 em trom 1 mg,

(aee

15
RaA B, C C, 156 16, 17 18 32
34 241, 270, 277
Radon (radium emanation), 13, 17, 18
32 33, 34, 41 46, 152 239, 241
270 277
Range of
« particles 17, 25, 32 240 352
electrons, 24, 27 32
protons 26 32
Rat 225 205, 208 299, 309, 310
Recessive 126*
Recesuive lethals 133*
Reciprocal translocation, 137+
Recoll electrons, 11%, 12, 32 345-49
Recoll nucle: 18 34
Recombination of
1ons 50, 88
4 of ch 1d

mn
solution 45 48 49 55-57 60-65
108-11 312
Protein 38 45 46, 55 56 89 98 109,
110 111, 112, 134 135 180 312
Protons 19*
asgociated volurne of 358 361
biologcal effects (see Neutrons fast)
& rays projected by 31 32 272
dosumetry of 19 22
energy dissipation perr 8, 349
number traversing a cell 151 248,
249 250
projected by neutrons 19 20 21
32

ranges of 26 32
sources of 19

P
36, 39 60, 176
radicals 48-52 57-80, 305
Recovery from effects of radiation 79
196 282 283 287, 289 201 292
308 309 312

h 4

) b; 40,
41, 42, 45 46, 48

Resonance radietion &

Restung atage 128*

Restitution (of chromosome break)
168 159 180 171, 172, 187 200
201 216, 220 221 223 224 228
232 246 253-69 279 280

Ribonuclease 5, 38 46 177 .

Ring chromosomes, 137, 171 172, 193,
194 195 205
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Roontgen (r) 6*
energy dussipation per, 8
number of 10nizing particlos per, 32
Root tips, 100, 103, 107, 201, 208, 225,
236, 238, 281, 206, 300, 301, 302
303 304,305 312,335-37, 338 342

SUBJECT INDEX

Bpores (see under Dactera, Fungs)
Pollen}

Bproad of effect of fonization, 67-88
69 173

8quare law doso relation 232, 233 235,
236 241, 248 258, 257, 219

Stenlity, heroditary partial, 328 338-41
k of ck 192-87

7, 7« o, {Compton g coeffl
clents), 345, 346, 347, 348 249
L4 (st;ﬂgnng croea section for neutrons)

5

Salivary gland chromosomea 134 135
188, 139, 155 159, 160, 161, 163,
183 189, 190, 181, 200, 206, 209,
212 214, 2185, 217, 224, 228, 233
248, Plate Il g b

Scrara, 100 108 213, 224

Soa urchin, 284-05, 207, 208 311

Second haploid mitoss, 191*

8 on chro

Survival curves
ofirradiated bactenia 318,319 320 323
of irradisted eggs, 330, 33t
of irradiatod viruses 107, 112, 113,
114,124
significance of ahape of 70,71 72-78,
110 124, 308, 306, 324
Bymmetnical exchange (between chro
mosomee) 137¢
Synapms 129¢

Toh 1 3

absorption

dary effect {of radaatl

mosomes), 193¢

Secondary jonization (sec also 4 rays),
26 80, 85

Belenite, 46

Sex chromosomes, 128

Sex linked, 131*

Sex ratio distortion, 170, 171, 172

Bhope rabhit fibroma virus, 118

Shope rabbit papilloma virus 102, 103,
109, 111, 113, 118

Bigmoid survivel curves 76, 77, 78, 319
320, 331

Bungle umit action, 77*
Buster unyon (ses under Chromatids)
Solids, chemical effects of radiation on,
37-39
Solut
on 3¢ 42-64
Somatic cell 130*
Spatial distribution of
H and OH radicals 48-52 68
jomizations 10 49 79-90 92 93,
350-52 Plate I
Specific jomzation {(see Ton density)
Sperm (of ammals} 129*
chromosomes :n 162 181 196, 187
awrradiation of, 132 141-83 189 109
200 206 209 212 214, 217 218
219 227 223 227 228 234 237
242, 245 248 247 284, 285 286,
288 291 311, 312 329 341
relative radiosensitivity of sperm and
ege 285 329
size of 151
Sperm nucler (in pollen) 183%, 332
Spirafization (of chromosomes) 128

1 effects of radiat;

345, 347, 348, 349
7 (tume constant for chromosome
union) 263-69 279
7 (time constant for decay of cumuls
tive doso), 289 290, 291, 262
Tadpole (of frog), 206 310
Tail of electron track 273 274 275,
276 280, Plate Ic
Target
area, froma ray data, 91 313 314 326
calculations 353-63
indefimte boundary to, 93 96-88,
35556
mult: hut theory 71, 322
multi target theory 90-92, 122 314,
326

number, 90-92 122 179 180, 315 326
of bactena 322 326 327
of genes 172-80
of viruses 116-23 177
overlapping factor 85% 86 353-54
shape 91, 83, 93-95
aizo from 37 % dose 80-90
s1ze, from relative efficroncy of two
radiations 90, 122 179 315 326
validity of target theory 98-99
Telophase, 129%
Temperature
affecting action of radiation, 72 154
181 246 247 266 290, 291 309
310 312 321 322 336
affecting recovery from radiation
effects 290 291 309 312
158 caused by radiation 2
Termunal deficiency (of & chromosome},
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Tertiary electrons, 27
Thiocyanate, 56
Thirty seven percent dose, 61%, 74
and associated volume, 362, 363
and target number, 90
and target size 80-88
of bacteria, 321
of chemical reaction 61-84
of viruses 109, 110, 116-23
Three halves power dose relation 156,
157 158, 232 233 267, 268
Time intensity factor, 78, 114 115
116 124 144 145 148, 147, 153
214, 225-29 241 246 247, 248,
62-69, 270, 202, 297, 208, 321,
327
Tissue
culture 201, 293 295 296 297, 304,
306 307, 310, 337, Plate IVE-x
electrons per gram 1n, 347
slementary analyss of, 7, 11
energy dissipation n, 8, 22
X ray absorption in 347, 349
‘Tobacco mosaic virus 100 102 109
110, 111, 112, 115 116, 125 138,
140, 143, 144 175
Tobacco necrosis virus 100, 107, 112
115, 118 177, Plate Ilc &
‘Tobacco ningspot virus 118, 177
‘Tomsto, 190, 238
‘Tomato bushystuntvirus, 100 102,103,
107, 115, 118 135 177 Plate Iip
Tradescantia 67 71 187, 191 193,
198, 199, 200 201, 202 203 204,
206 207, 209 210 211 212 213
214, 216 217 218 220, 221 224
225 226 227 228, 230, 231, 232,
233, 235 236 237, 238 239, 240
241 245-81 308 329 332-35
336 342 343
Translocation of chromosomes 137*
Trichophyton tmentagrophytes, 183
Trpload
Drosophala 209
endosperm 184 328
Triton (newt) 299
Trypsin § 125
Tryptophan 5
Tulbp 212 214
Turours 225 235 236 238, 281 295
300 343
Tyrosme 5 46 47,49, 58 59

Ultra violet hght

biol

P 4
5,182 18% 244
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bactericadal action of, 2, 316, 317,
318, 319, 321, 322, 327

chemical effects of, 37, 39

chromosome changes by 182 183,
185 216, 223, 24244, 247

d with :onizing radiat.

8, 36 37, 39 124, 125
202 203

genetical effects of, 181-88 242-44

phyaical properties of, 4 5, b

ocuantum yield 36 37 39 125 327

viruses, effect on, 112, 115 124~25

wave length dependence of biologtcal
effect, 3 182, 188

5,
185-88,

Vaccia virus, 101, 106, 113, 115, 118,
123, 313-16 341, Plates IIa IVD

Vegetative nucleus {(of pollen) 332%,
335

1 energy of a molecule 39
V-cus Jaba (bean), 71, 190, 225, 236,
238, 281, 296, 300, 301 302, 303,
304, 305, 312 335-37 342
Victoreen dosemeter 20
Viruses
chemical change tolerated by, 175
crystallme 100 122 Plate IIp
density of, 103 121
drying of, 107
electrons per gram m 347
elementary analysis of, 7
energy dissipation mn perr, 8
estimation of 104-6 Plate IIa B ©
filtration of 102 103 119 121
genes and 101, 121, 124, 136 174
175, 177
hydration of 102,

103 121

mutation of 140 141, 143 144 176
nature of 100-2 122-24 313
serologically related 136

shape of

sizes of 102 103 104, 118 135 138

structure of, 314 Plate IJVp
ultra viclet absorption by 5
X ray absorption by 347
Viruses mactivation by radiation
caused by single 1onization 69 98,
101, 111-24 313
of d d
115 116 121, 122 123 314 315
dwect and mdxrect action, 63 64
107-11
mtf;prebed s lethal mutation 313-

ultra violet hght 2 3 12¢-25
Vitellne membrane (of egg) 5
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Water
coxlx'ﬁ)nt of, affecting ionlo yleld, 62,

doocg_n‘podtlon by radiation, 38, 37,
electrons liberated in, per gram, 12

S8UBJECT INDEX

bactericidal action of 316-27
chamical offocta of, 38-68
chromoseme changes by, 189-281,
328—40
delayed division eaused by, 282-306
dosimetry of, 8 22
P length of 9

eloctrons per gram in,
347

energy disupation in, porr, 8
X ray sbsorption cosfficients in, 347,
348, 349
‘Wave length of ultra violst ight, vana
tion of effect wnth, 3 182, 788
Wave length of X rays, variation of
offect with, 47, 72, 115, 118 144,
145, 147, 148, 239, 240, 241, 269,
270, 278, 224, 276, 277, 280, 322,
323, 324, 327
Wild type, 130*
‘Wilson chamber, 19, 49, 88, Plate I

£ (oumber of primary chromosomes
breaks per r ), 256-62, 260, 270

£ (in target theory), 85, 353

X chromosome, 128%

X [0 malea 164

X X|Y (attached X) females 142 143
185

X rays
abeorption of, 8, 240 345-49

electrons libersted by, 10, 11, 12, 13
energy dismpation in tissues by 8, 9
34649

genetical effocts of, 140-88

lethal effecta of, 30744

physical properties of, 6-13

relative eficiancy of different wave
lengths of, 47, 72, 115, 116 144
145, 147, 148, 239, 240, 241 269
270, 273, 275, 278, 277, 280 322
323, 324, 327

scattering of, 11 34349

wvirus inactivation by, 108-23

wave length dustnibution 9

Xenon 37

Y.chromosome, 128¢
Yeasts, 71, 300, 307

Zea mays (maize) S5, 127, 130, 181,
183-88, 200 202 205, 219 242
243 328 340

Zygote 128°






