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Vicia faba,and investigating the effects of ionizing radi-

ation on its root system. In particular, species such as

P

Tradescantia, Pisum, Allium_ and Mordeum vﬁlgare have

been extensively studied.

'Nevertheless an ever-increasing number of workers have used

Vicia faba fof explaining the basic problems of raﬁiobioldgy.
One of the reasons ié the small number of large chromosomeé
contained in the root meristem cells, which are partiéularly |

- conducive to simp1e cytological analysis. The seedlings also
have other attractive featurés;rThe fact that the meriste- -
.matic differentiating and fullyidifferentiated tissues are
spatially separated, enables each to be separately irradiated,
and since, in an untreated root, a cell progresses:at a rate. |
which is now fairl& accurately known from one state tb ahothef,
the consequences of inju;y to the dividing cell population ~
ﬁay be quantitatively evaluated. Clowes (1963) regards tﬁis

as an unfortunate choice of species for examining pfganizqtion:
because its méristem is not very clearly divided iﬁto régions;
On the sther hand thié greater heterogéneify in the cells of
the root t{p of the broad bean has enabled simplified models.
of its meristem to be constfﬁcted, a procedure which might'i.
not afford reliable results in méristems which can;be clearly
deiineaéed into regions,.

By compérison,,Zea mays does ﬁave a meristem consiéting of
well-defined regions. Nevertheless it is very Simiiar to

Vicia féba (provided the growth of the primary root is en-
: S

couraged), in that it can be studied using similar; well -

established culture techniques, and the same critefia fof

radiation damage may be applied. Consequently the matheméftdal




complexities will also be sihiiar. Of particular interest

.in Zea mays root meristems:is the large and'cleérly defined
quiescent centre, éIOWes (1959) has shown that the quiésceﬁt.
centre is a reservoir of cells which will become meriste-fvlv

matic after. the normally meristematic cells have suffered
s ' -

genetic death,

The majority of experiments iﬁdicating a stimulatory éffecf
of protracted radiation on célls, have been done on ﬁlant
systems, Mosf'of the early work was done on field crops in
an attempt to increase the yield from such plants, Later,
more sophisticated experiments were carried out‘by Spérrow
and others on a large variety of species of plants. | |

Vicia faba was also used by Hall, Oliver, Shepstone and

others in an attempt to explain a possible stimulatory
effect of gamma-rays.

Elkind and Sutton (1960) were the first to use fractionated
'doses of radiation.to demoﬁstréte the mechanism of sub-
lethal damage‘and recovery in Chinese hamster'cells.

Experiments-by Hall (1963) on Vicia faba showed evidence .

of similar patterns of sublethal recovery of the cells to
the radiation. A repetition of the experiments by Hall,

. using a plant system (such as Zea mais) with cells having

a different intermitotic cycle time and different %adiation
J .

parametérs, was thus contemplated to confirm these patterns
of subléthal recovery for blant_éells. |
Although much of the work on the effect of radiation on
celis was dOne‘on mammalian cell systems, numerous close
pgrallels‘hadvappeared from time to time ﬁith results ob-

s

tained with plant systems,



Of importance in the present investigations was the fact
that nearly all animal systems require the_collaﬁoration
of other workers., Plant systems, however, have the advan-
tages of cheapness of material and equipment, simplicity,
and the ability to handle large enough numbers to reduce

random errors to a reasonable level. Furthermore, it is

possible to irradiate root systems under conditions which

- would often be impossible with animals.

The first radiobiologicél experiment; on'Z§é~to'determine e
fhe dose éurvival curve with respect to reproductive i;te— B
grity (Shepstone,1964), were hampered by the faqt”that”the.lf;:
" variety used, "Canada Gold", was not a.hardy variety;w'

Latef experiments (Fenner,i970) proved that the 1ocai

vafiety known as “Kalahari Blitz" was hardy‘énough to obtain
results which were, as far as statiétiqs is.concerned; .
superio; to those pbtained using "Canada Gold",

‘It was therefore decided to study the effect of fractionated
and protracted‘doses of ionizing radiation dn‘the kinetics
of the root meristem of Zea mays and to see to what'exteht\
the meristematic mpdels; deduced in the case of the bean o

root, could be used to explain the.population kinetics in

Zea root tips.
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CHAPTER _IT

GENERAL RADIOBIOLOGY.

) .
Introduction.

.‘Radiation biology had its start in the year 1895, with thev'
discovery of X-rays by W.C. Roentgen. Many divefse and | |
apparehtly contradictory reports of a fadiobiological nature‘
appeared in the early literature following this discovery..
"For exampie, radiation was reported to shorteﬁ the 1life of
some types'of protozoa, but to lengthen the life of others;v
to increase ﬁhe number of blood cells in some animals but

o to decrease the count markedly in others, o,
Ionizing radiétioﬁ acts on a biological system by altering
the molecules of which it is composed. The initial chemicai
change is rarely detectéd directly and may be repaired
almost immediately. Some of the molecular chanfes may,how-
.ever, occur within important structures, and a small'iﬁitial.
change may eventually result in alterations which are readily
recognizable. Tﬁe transikionvbetween a chemical change in a.
.system and the biological manifestation of this change is
complicated and often obschre.

Radiation resulté in such widely varied effects asvincreased

- permeability of membranes, gross structural chromosome chaﬁgeé,

and subtle chemical changes in the structure of the DNA

molecules, ' . _ o

The bulk of both direct and inferential evidence suggests

that cell nuclei are a major Site_of radiation dahage leading -

to,cell death, For example Sparrow (1965) has found marked
.

correlations in plants between cell sensitivity and many

nuclear parameters such as chromosome number, nuclear volume,



and DNA content.

Effects of radiation on the function of cells.

When irradiated in comparable conditions, different cellular
populations renct similarly. With increasing dose, effects
become experimentally measurable in the following order:
modifications of.growth rate; mifotic delay, inhibition of

mitosis, delayed or reproductive death and interphase death,

Growth rate.

Under continuous irradiation, the total mass of cell cultures
first.increases and then decreases. The initiai increaée of

’fhe total cell mass of the-culture accompanies the‘emergencemumf‘
of giant cells, the volume of which increases Without'dlvision;

This phenomenon has been observed among bacteria, yeasts and .
‘also among higher organisms e.g. mice (Loreqz et al, 1947), b
and seems therefbré to be fairly general. As the dose accu-
'mulétesx the total'weight of the culture decreases and becomes
1ownr tHan tnaf of the controls, In general, radiation reduces
growfh rate and increases generation time; however, under
certain metabolic conditinns, the generation time can be
shorter than in control pultures once irradiation is discon-

tinued. Interference with growth rate has been detected in

iso;ated cells, even with doses as low as 0.001R,

Mitotic delay.

When a cell has beén irradiated before prophase, division is

deléyed.3The main characteristic of mitotic delay .is its
temporary nature, but the mechanism of mitotic delay is still
not understood. The delay of mitosis can be modified by do;g

rate and by oxygen concentration, and this may mean that

metabolic propesses are involved.



Inhibition of mitosis and cellular death:

reproductive and interphase death,

_Wifh increased doses, cellular death usually occurs, Cells

can be killed im@ediately (interphase death) or after a few
divisions (delayed or reproductive death). In general, the
doges réduirea to achieve intefphase death are higher, although
tﬁere are cells whiéh undergo interphase death even if irra-
diated by relativeiy small doses e.g. small'iymphocytes.‘..
Reproductive death oécufs for‘éxample in intestinal crypt
cells, a group of cellS with a high mitotic index (i.e. a large

number of cells in. this group are in mitosis). With these

. cells interphase death would probably require avhigher dose,

’

The processes leading to reproductive or interphase death

‘are not completely understood.

The Target Theory.

Early in the history of radiation biology it was noted that
there was a direct relationship'betWeen,the-ngmber 6f'micro—
organisms.which were killed by a radiation ex;osure aﬁd‘fhe
’radiétiqn_dose they had received. In order tb put this rela-.
tidnshiﬁ into mathematical terms, the target theory was:
foymulaéed by Crowther (192h). The theory states tﬁat the
production of ionization in or very neéf to some particular
molecul% or structure (target) is'responsible for the measured
efﬂect.‘The pfoduction of an.effective event in the target -
is often called a hit. The target may.be a whole celi, paft
“of a cell, or a critical molecule, Generally the éystem'
studied is a cell popﬁlation in which the meaSﬁred;effect
may be cell death or inability to grow or divide. . : ﬁf;

In the simplest form of the target theory one hit is sufficient



'
!

to produce the measured effect in the associated organism,

‘Egponential Inactivation,(i.e. "single hit" cell kinetics).

Suﬁpose a biological sample, which contains N biological
en%ities (these entities may be enzyme molecules,fviruses,
tumour cells etc.) is given'alsmall dose of radiation dD.
It is required.to calcuiate the number of entities dN which
are inactivated by this dose dD. fhe number of inactivations'
produced shoqld'ﬁe proportional to the dose and proportionél'
to the number of entities presenf. This statement may be
expresse& mathematically by: ,
‘&N-_T":NAJD : (2.1)
whére%g is a constant of proportionality. | ' ’
Rearranging Equation (2.1), one obtains:

d.Du_dN D,  (2.1a)

N -
When dN is madelequal to N id fhe above equ;tion, theﬁ it
is clear_that.Dd is the dose tﬁat would be required to'in—‘
activate all the entities if fhey continued to be inactivayed'
at the initial rate of inactivgtion. The quantity bo is called
the mean lethal dose and is the dose that is required{on th;

average to place one inactivating event ("hit") in each of

the biological entities.

Equation (2,1a) can be integrated to yield: I R
S 3 &
Nl % . (2.10)
0

'where Nd = number of biological entities present initially.,

3

N numbéf of entities surviving after a dose D.

The slope of the straight line obtained when plotting iog-"'
(%i) vs, D is equal to -3h (v is sometimes denoted by A ).
This fact is used when the effect of radiation on diffefeﬁt‘

cell systems is being compared.



When a dose D has been given such that D/Do = 1 then since

e ' = 0.37, D_ 1s also called the 37% dose slope’ (Lajtha
and Oliver, 1961). Thus when there has been ahﬂavéfagé‘af
one hit per target, 37% of the original ﬁumberldfudrgénisms~
will still survive. B
Many assumptions in the simple target theory are errsimﬁli;”bn.
' fications. For éxample, it assuﬁesvthat the dggree of effect
is not influgnced by the dose rate, and that experimental
conditions during irradiation or immédiately aftef'will be

‘ unimportant. In order fo-explain survival curves of noh—expp-

‘nential form, the following extension of the target theory

"has been suggested.

"Multitarget theory.

According to the multitarget theory, certain organismé contai?,
mofe than one target, In order té inactivaté'the entire unit,
eaéh of thé targets must receive a hit,

This can be expressed mathematically by the equation:

S ) )rm.

R-1-(-e (2.2)

N

where mvrepresentslthe‘numsef.df targeté in this model and
is called>the "hitness". or extrapoiation number. The other
sympols are as béfore. | |
The curgg described by equation (2.2) is sigmoid. If log (%h),/
is glotged vs, the dose D, thenh the survival curve consists

of Sn initial ﬁshoulder" and a straight portion as depicted

in Figuﬂe (2.1) for Zea mays, The slope of the straight portion
of the curve is equal to-—l..‘The»extrapolat;on numﬁer ié the

intercept on the ordinate of the exponential part of the éurve

(Alper, Gillies and Elkind, 1960). | L -~ .
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At 'values of D> D0 equation 2.2 becomes:

.%L_—_—_ me:am' . : . (2.28)

i.é. for large doses the relation between N and'D is
exponential, . |

' Thé tﬁo numbers, m andA , give a cpmplete descfiption of the
response curve without furtﬁer qualification. These two
constants can be evaluated graphically or, more acéurately,
.by an iterative process which seeks those values of A and m

which give thé minimum variance residue (Tyler and Dipert,1962;

" Porter, 1964).

_ The "single event component" of the multitarget curve.(where

an evenf is defined as a hit on a targef).

Experiménté;by several authors (Lea,19h6; Gray and Scholes,1951;
Bérry and Andrews,1963) have shown that the survival cﬁrves}'\ |
obtained with densely ionizing alphaeradiatian having high
average linear energy transfér are as a rule purely equnential,
and therefore represent a single ionization event in a single
target. This shape suggesgs that éhe deposition of a suffi-
ciently larée amoﬁnt of energy in a small volume anywhere iﬁ

a relativély‘large part of the nucleus will be effective

_(Le?, 19&6).A | |
Consideration of the spatial distribution of energy depdsitioh/

by §parsely ionizing X-irradiation makes it plausible that

at }east a small part of the damage caused by ionizing radiﬁ-
tiopns of low averagg iinear energy transfer will bg due to |
the, same type of locally concentrated energy deposition,

especially in the tails of‘the-electron tracks i.e. pérdef.the“;-
X—?ay damage may be considered to be caused by a single eveht;;

type of action. The gréater part of the enérgy,‘whiéh.ié”f*: -
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deéosited in less concentrated formf may be assumed not to
‘beias effective. The damage caused by this part of the de-
po#ited energy might be reparabie. For'tﬁis reason}a ”single
event companent" is sometimes included in equation (2.2)which

then reads: ) i

%%“‘dfmil—ﬁ_éib)m} (2.3)

where ju is the reciprocal of the 37 per cent dose slope (Dl)
for the single event component. Unfortunately, in the ma jor-
ity of experiments the data is insufficient to provide én

accurdte estimate of this component.

The recovery of sublethal radiation damace.

If the shape of the survival curve for a cell population.is
sigmoid (Equation 2.2) it implies a' threshold typé of responée,
in which damage must be accumulated before iés effect becomes
apparent.

Elkind and Sutton (1959) havg shown that for Chinese hamster
cells grown in vitro, sublethal damage is fullyorebaired in
about 10 hours. Frgctionated dose resulfs of Deﬁey.and Humphrey
(1965) and Sinclair and Morton (1964,1965) with synchronized
Chinese hamster cells, and those of Whitmore et al (1965) with
‘synchronized mouse L—éells coﬁfirm‘that repair of sub;ethal
_dam;ge is prompt (i.e.within a few hours).

Hali and;Lajtha (1963) have also demonstrated the foect inr

|
the rootfmeristems of Vicia faba where the effect of two

doses of, 100.rads of X-rays each, separated by a variable
time interval, is described. They used the results to infer
the . rate of reéovery of radiation damage, and this rate is~ -

shown to vary with -the temperature at which the roots are
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stdred_between doses, As has been previously stated by Lea.
(1946), macroscopic changes'in‘rbot growth are related to the

proportion of cells sterilized in the meristem. It may therefore -

be concluded that the recovery of the organized population

in the root meristem of Vicia.faba follows the same péttern

as reported fb? mammalian cells in culture.

The curve in Figure 2.2 illustrates the'way in which the "growth"
in 10 days" (which is a functionvof cell survival andvis |
defined in Chapter V), varies with the time interval between

the two dose fractions. The smooth curve has an exponential

. form and has the empirical equation designated by:

. -0.693t .
19°C: "Growth in ten days" = 0.49-0.15 e (2.4)

If there had been ﬁo recovery of sublethal damage betfeen the
fractions, the two doses of 100 réds would have been completél&
aaditive, and the "growth in ten days" identical with that .
after a single dose of 200 rads. Alternatively if there had

. been complete'recovéry of sublethal damage between the doses,
. the redﬁction in ten day growth due to botﬁ doses of 100 rads
would be’tﬂ7 sﬁuare of that due to the single 100 rads dose. .
The experimental data are consistent with the second possibi;'
lity, provided the two dosés are'Separated by 12 hours or
more, Fpr small separations there is bnly partial recovery,.
Thus on the plateau region of the smooth curve in Figure 2.2
the recqvéry is. at a maximum. There is an initial rapid rise.
‘in‘the curve corrésponding to an increase in recovery with

an increase in the time between the‘doses. The smooth Cgrve
assumes-the recovery prdcess to be an exponential functioh
e

of time with a corresponding half period as given by

"Equation 2.4,
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Ofispecial interest in such experiments, especially in fhose
cohcerned,with cells. in culture, is the fact that fhe recovery
cu?ve is not smooth, but contains a Seconéary maximum épd
'miﬁimum, The firsf demonstration of this effeqt was given'byv
Elkind and Sutton (1959,1960) using Chinese hamster cellé.
These cells.wefe éxposed to fixed doses ééparated bijarying
intervals of time and the resulting curve is dolloquiaily
-referred to as the "Elkind recovery éurve". As an example

of this type of.cufve, a plot of the percentage éurvival Vs,

time befweenvdoses for the intestinal crypt cells is given

in Figure (2.3). ‘
- Fractionation fesulfs indicate that thg structure in the

2-dose fractibnétion curve during the recovery period is due

to the combined effects of repair plus the cell proceeding
through the cell cycle (and thus its sensit{vity is changed‘\
by;the time the second dose is given)._Partial‘synchrony is
 pr§duce§ by the cbnditioning‘dose and since survivihg cells

may progress through the cell cycle or repair damége or both
‘at different rates it is possible that fluctuations in thexvn
survival parameters (m and X ) will be observed in time after

a conditioning dose (Elkind ot al,1961). This explainsjthe-‘v
"kink" in the curve deplcted in Figure 2.3.

Elkind End Whitmore (1967) p01nt out that the observed value

of m may in any case be a poor indication of the individual
m-;valués in a heterogeneous population, as for éXample the
differe?t populétioné of cells in the root meristém 6f;Zea mays.,
.Ac?ordihg to the authors the extrapolation number can often
be'approximated:by: ‘ . |
| m = uLmL‘ - | : (2 5) -

vhere u, is the fraction of the population which is leaat



sensitive and has an extrapolation number m . In the case

of Zea this will correspond to the m-value for the cells

in: the quiescent centre,.

Hall and Lajtha (l963)_found evidence of such a Wkink“‘ig¥
the recovery curve for Vicia at 19°C (dotted 6ur¢e~in,
Figure 2.2), but it was not possible to resolve such a
fine structure with statistical certainty from fhe results,

There was no evidence of any "kink" at 3.5°C.

It is interesting to note, as suggested by Hall and Lajtha
(1963), that there is a correspondence between the rate of .
recovery of radiation damage and thé repair of chromatid
breaks. Sévage, Neary and Evans (1960) obtained a value

of one hour for the avefage time for which breaks were
available’for union at l9°C, and the corrégponding quan=- '
ti%y at 3°C, calculated from Lea's G-function was about
'12§hour§, with 95 per cent confidence ;imits of 6 and 24
hogrs. The 12°C results, giving a time constant of 5;5

hours, lie between these two extremes, ‘

The constants of the survival curve (i.e.;{and m) deduced

\
: t

f . ' _
frbm the response to unequal divided doses of X-rays,

i

Asfthe fractional survival of cells after two split‘doseé

of '100 pads each is greater than in the case of a single
] :
dose of! 200 rads, there is a dose "loss" due to fractionation,
: : Y '
% f ’ :
!

I
t {
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Thgs "lost" dose is referred fo as the "quasi thre§holdi
.Ados’e">DQ (Alper, Fowler, Morgan, Vanberg, Ellis anQIOliyer,
1962). This value, bQ’ is usediby some authors in ?ddition
to the two constants, m and A , which are used to describe
thé mqltitanget curve. D, is definéd as the'inte?cept on the
abscissa, drawn through 100 per cent survivalf/of the»exffa—.
polated exponeptial part of the curve (Fig. 2.4). If the |
phenomenon described by Elkind and Sutton (1959,1960) is
geﬁerally appiicable, then the value of DQ for a given cell
pogulation may be determined by.comparing, at an igterval’
which gives full recovery, the single dose required tb pro-
- duce a defined effect with the sum of two doses, separated
in time, needed to give the same effect. The difference
between the single dése and the sum of the split doses 1is
a measure of Dq, as illustrated in Fig. Z.M:’If éells which "~
have been exposgd to a dose of‘.D3 rads (Fig. 2.4) i.e. exposed
"to a dose just‘large enough for sublethal daﬁage to bé a |

‘maximum (D, lies at the start of the straight portion of

3

the Survival curve), are irradiated again at a time along
the plateau region of the 2-dose fractionation curve (Fig.2.3),
then the,resulting fractionation survival curve normalized

‘to{the survival resulting from the initial D3 rad exposure,
lies well above the survival curve resulting from single,

. ‘ t . |
acute exposures. In any period without full recovery, a-

Q
Hoqnsey and Vatistas (1963) have used a method of %ivided

smaller value, say D, is obtained. !

!
doses to determine the size of the "shoulder" on the sigmoid
survival curve for the crypt cells of Lieberkuehn. .

Their results have shown that when two doses of radiation

were separated by a variable time interval (Fig. 2.3) it
\ X ! .
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was also found that the survival was possibly greater if
the doses were separated by six hours than if they were
separated by nine hours, WhehAthe doses were separated by

i

intervals Iarger'than nine hours the survival level was

gréater and qpproached a plateau bétweén 12 ‘and 1% hours.,
Their data verify that the sum of two doses, separated in
time, is greater than the single dose required toiproduce
a‘postulated end-point, whicp is taken by the authors as
the total dose Q to reduce a population of mice by 50%..
From theoretical qonsiderations it wouid be exbecfed'thaf
when the first dose is small, so that the survivihg'fraction
of a population of cells falls on the shoulder of-fhé_sur-
vival curve, only a small inéreasg in Q would be necessary
.to reach the postulated end-point. As the first dose is
increased, the totél dose needed would indfease until the
first dpse would be large énbugh to fall on the e&pohential
- part of the.survival curve. (When the survival qurye becomés
a étraighf line, sublethal damage 1is maximaly:/ThejValue
of?Q shpuld then remain fairly constant until the firét.dosb'
is sufficiently near to Q fof a single dose of irradiétion,
th%t only the'part of the "shoulder" of the curve ;f the
seéond irradiation would be needed. |
Ho%nseyland Vatistas's results fit this theoretica&_péttern,
as shown in Figure 2.5, in which the total dose.required to
kill 50€per cent of the popuiation of mice is plot%éd agéinst
~the first dose for an interval between doses of 6 hours,

‘ ! |

Thé total dose required rises to a maximum and remains con-

stant until it falls, The difference between the m%ximum alue

N -

of Q for the split doses and the value of Q for a single dose
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shruld be eguivalent to DQ This figure, which was, found to
begmore than 400 rads for the:crypt cells in the mlce, .also

ofTered further proof of a definite minimum in the curve.of

: i '
survival as a function of the interval between two separate

i
doses,

‘

After the irradiation the cells suffer mitotic delay and it
is therefore unlikely that repopulation occured before the-
second dose of radiation was given. DO’ DQ and m are related

by the expression (Alper et al,1962)

Do = Dy 1n(m) - '(2.6)'

Hornsey and Vatistas calculated DO to be equal to 580 rads
for DQ-= LOO rads and m = 2 for the population of crypt.
cells, A

Sofe factors influencing sublethal damage and recovery.

: 0 ‘ :
Research on sublethal damage and recovery over the past few

ye%rs has lead to the following conclusions:

1.' It has been found that although cell growth and division

i
1

issstrongly dependent on temperature, repair of sublethal

%
'damage is not so dependent (Elkind and Alescio, 1963, Elkind

et al, ;965, Elkind, 1965).

2.§ As aemonstrated by Whifmore et al (1965) as wegl as
Si&clai; and Morton (1964), repair occurs in cells; in all
pa%ts o% the mitotic cycle. This is true for/;11 t?mpératufés.;,
i -

3.1 Wit% regard to the degree of sublethal damagq,:the.resultg
.boéh_ wjth'modse L cells (Whiﬁmore et al,1965) anddwith |

i . .
ChineSelhamster cells (Sinclair and Morton,1964) are consistent
B ' i SR

§

with essentially complete repair before division.

1
H
i
i

{
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j , .
4,, 2-dose results obtained with synchronized Chinese hamster

X

cells have shown to be consistent with the 2-dosefsurvival
data observed with asynchronous cells (Sinclair and Morton

 19%64,1965; Elkind and Sinclair,1965).



19

The behaviour of apical root meristems under
; ‘ )

continuous radiation exposure at low dose rates.

Growth inhibition resultiﬁg from chronic exposure'is a well-
known radiobioiogical effect, Eafly investigators, hgwpver,
have also found a stimulator;.effect of gamma rays on blants
of agricultural importance. For example, among early in-
Qestigations, Sparrow and Singleton (1953) reported-an
earlier flowering of tobacco p}ants exposed’ to 100-350r of
gamma-rays daily and.Breslavets (1958) increased the greqn
weight of corn by 36%, using 1,6r/day from a 1Ci Cobalt-

60 source. These and many more reports on thé stimulatory‘

’

effects of radiation on plant growth are summarized by

Sax (1?63);

Cﬁronic irradiation presents a different problem to the .
; N

organization of the meristem as in the casé of acute irra-

} .
diation. The‘radiétion dose is now applied throughout the '
mitotic cycle or until the cycle itself is stopped by failure

of the cell to divide. Differences between different regions

. - v
as a result of the predominance of a phase of the,cycle

cénnot effect the relative sensitivity of cells in the same
way as in acute irradiation. The slower the rate of mitosis
tﬁe greater will be the accumuléted dose to a particular

c@il under chronic irradiation. Thus Van't Hof and Sparrow

(E963)}plotted damage against dose per mitotic cy?le iq'roots
] : '

of, Pisum and found a linear relation up to about ;450

Rqéntgen per cell cycle. As a measure of damage they used

¢ ) .

the percentage of aberrant anaphases in squéshéé of whole
. , \ A

root tips, and as a measure of the rate of mitosis they qsed"

{

the time necessary to produce 1% of dividing
b ' .

f

-



I : ‘ ' : {

tétraploid nuclei after colchicine freatment.Theyjproduced
differences in cycle duration solely by varying the tempera-
t&re, and considered that the irradiation itself did not
géneraily produce a significant change in cycle time over
the three days of the irradiation, provided expoéure was
beiow the critical level of about 450 Roentgen per cycle.
They béliéVe that the temperature itself is unimportant in
determining the amount of damage suffered because;.wheh

1 . ' .
plotted against dose per cycle, all their results fell on

_tﬁe same curve, Thus the effect of temperature is;merely
tﬂat of varying the duration of the cycle and hente the
total dose received by the average céli.Following;a study_.

lon the population kineticsbqf the root meristem of Viéia :

faba exposed to continuous irradiation, Hall,Oliver, »

Shepstone and Bedford (1966) support the hypotﬁesis that ™

ié is the dose pef cell cycle that determines the degree:of

‘démage-produced ihva population of dividing cells exposedA

cgntinuoﬁsly to radiation. ‘ | |

Wimber (1960) has shown that chronic irrad%ation changes

the relative lengths of the phases of the mitbtiC'cycle

considerably. Clowes (1965) therefore feels that the

r%diation effect will depend initially on the duration of

tﬁe mitotic cycle, though radiation may then change the

r&lati%e duratiohs of the phases. It is for this reason

vth?t aé first the quiescent cenfre of both Vicia énd ggé,

bﬁlvirﬁue of the long cell cyéle applicable here,zwilli

sﬂbw least damage and in Zea the cap initials can ‘be expec-

ted to be especially sensitive. The accumulation of dose

dufring the mitotic cycle will initially tend to lengthen
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. | S
the mitotic cycle, but whether it will continue to do so

or{not depends upon whether the accumulated damage in-

flicted\during one mitotic cycle can be considered as

! ' r
being passed on to the next or if, as Van't Hof and

Sparrow's view seems to imply, there is no effect to pabs

on to the next cycle. » ; o R

Clowes and Hall (1966)measured the change in the dprationbh‘d

of the mitotic cycle of the cells in the different regions. - S

1

of the meristem in Vicia and Zea roots exposed to continuous-

i

irradiation from a gamma - source at different dose rates.
The percentage of cells with micronuclei was used as a
measure of radiation damage (Clowes 1963b; i96ha); The
metaphase -~ accumulation technique was used (Clowes 1961a)
to measure the entry of cells into mitosis. The average
duration of the mitotic cycle (T) and the percentagevof

cells containing micronuclei are given in Table 2.1 for the
!

four regions of the meristem investigated. In Zea all

re%ions of the meristem other than the quiescent centre

loyer their rates of mitosis. The most spectacular change
isgin the cap initials which, in normal roots, hav; the!
highest\rate of mitosis and which are the most sensitive to
acéte radiation, In Zea the quiescent centre seems?to be

least affected. In Vicia the chronic irradiation increases

A
I ' 3
the rate of mitosis in the quiescent centre, but: has no

marked cons1stent effect on the other regions except at

lZéC when'there is a slight general stimulation.of mitosis.
/ ' A
Accdording to Clowes the variations between the resglts at

1 ‘
the different dose rates are the consequence of considerable

] . . —
reorganization within the meristem. As meristematic cells

[ {.
! :
§ '

i
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céase to dividé under thé radiation whole tracts bf hew

i

célls invade the regions that would normally be occupied
a,

b& the progeny of the sterilized cells, In Spite bf this

€

réorganization, the meristem maintains some resemblance to

! i
a normal meristem., This disruption of cell lineages is more

! oo v
noticeable in the stele and cortex of Vicia than in Zea,
though the'cap'initials of Zea are frequently disbrganized

and replacedbfrom.the quiéscent centre(Clowes 1963b).

It is not known if a steady state is reached in the regions
of the meristem but Evans and Sparrow (1961) have shown that
there is, for the meristem as a whole in Vicia,a steady

state in the frequency of micronuclei which is reéchedvin
% , .

three to seven days of chronic irradiation. The same is also
true for mammalian cells. For example, Lamerton and Lpfd'
(1963) have shown that the small intestinai'epithélium'of

~ Young fats can maintain a steady population under: 400 rads
, , g -

per day, but the animal dies from failure to maintain a

pjpulation of stem cells in the blood-forming organs.,

5
i [
I . .

M&thematical models for the behaviour of the meristem

s 4
- 5

3 ,

under conditions of protracted irradiation.
! i
i ;

I& the?case of roots continuously exposed to radiétion; the

] . v
‘population of. actively dividing meristematic cells is
§ . : .
d ' ¢ .
co%tindally being depleted as a result of radiation sterili-

za%ion'as well as differentiation., Under these cifcumsﬁandes,
i e

thb population kinetics of the meristem is described by

;l (1963) as follows' L . | o

;
i
!
i
!
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Rate ofrchange of" Gain due to Loss due to fLoss due to
viable cells in = - division - sterilization -, dlfferentiatior
‘meristem ‘ :
‘ 1 (2 7a)

‘
1} .

To ;make the aboye conceptual-equation quantitative; Hall putm

' fofward two assumptions: " |
1.-i The viable cells of the meristem are in exponeetial grbwth

and have‘an intermitotic cycle time of T hours,

2, The dose response relationship for reproductive 1ntegrity
of the meristem cells exposed to low dose rates is an |
exponential function of doee i.e. the inaetivation of the
eells as a result of protracted irradiation is:assuﬁed

to be a "single event" process,

Thus, . : . : -
F=.e_"\,b 4 : o ; (2.]7:}3)

where F is the fraction of cells surviving a dose D and%: is:
the slope of the surviVal curve when 1nF is plotted-against\
the dose D, ' v . ;

Thus equation (37.) now becomes:

P4l =ﬁ1-¢l;I ~ loss of cells due to differénfiation.(zns)

where ' u 0.693/T - '
, : 1 .
number of viable; cells in the meristem at-a time t.

H
]

. r = dose rate, in rads per hour !

T

It is possible to postulate various models to account for the K
. “ i i
& ! v ; .
"loss off cells due to differentiation" similar to ﬁhose:
deésicribed by Hall, Lajtha and Oliver (1962) for roéts exposed

to'ﬁingle doses of radiation at a high dose rate. However

o Hall (1963) considers that at the limiting dose rate for which

the' root just stops~growing, differentiation is zero and it

is bqt necessary to assume any model, At the same time, the. .
. i S

! ®
[N
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t

pfoducﬁion of cells by division is just balanced by the loss
due to radiation sterilization, consequently,f%%ﬂ, the rate
of change of the number of cells in the meristem, is also

zero, For this limiting case, therefore, equation (&%)

simplifies to 0693 _ . N | (2.9)
. . — T = e ™y

where r, is the critical dose rate, defined to be the dose

oss of

rate at which cell division just compensates for the 1
: ;

t

1

cells due to radiation sterilization.
If we accept Model A (to be described below) to account for

tﬁe "loss of cells due to differentiation", then,. for a small

interval of time we would have:

The net increase .

in number of =dl =[LI —'rA;I—,»_J.T::_ (2.10)

meristem cells,

1

where, as mentioned previously, the_radiat}pn damage céﬁ ben‘
taken as to be entirely due to av"single hit" process, |

" The symbols in the above equation are as used breViously.

If is assumed that recovery of latent damage during irradiation
réduces the pos#ibility of a higher target number to negiie'
gible proportions, an assumption which has in fact been
confirmed by"éxpefiments by Hall (see Shepstone,1964).

Bécause of the faqt that the relevant cell popula?ion'kinetics
‘aée so complicated, only conditions on the plateé§ can be:
‘cénsid?red. This consideration leads to the follo;ing‘argu-
ment. i ’ ' | o ;

Worded ;as above the formulation seems to suggest éhét all
c%lls éoming up.éo division divide successfully,\ﬁhat indef
pe%danﬁly a certain number of cells is removed fof differenti-
at&on (this number being smaller than the number dividing™

.
1
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' o o i
if the meristem population is reduced from the normal

equ111brium value, so allowing recovery) and that? again
{ !
1?dependant1y, a number of cells is removed from the popu-

letion by radiation damage, this number being proportipnal

té dose rate. There is no apparent cqnnectibﬁ between this
'nqmber of cells removed by irradiatien and the.nuwbet gf'\
divisions, i.e. it would seem (without further ex?lanétien)-:u
tq imply an interphase death, : B » ‘lL‘
Actually a more Aetailed consideration leads to a very:simi%ar
eQuation, but theee steps should be clarified, ; | |
.‘Aceepting Model A, on the assumptions of which Equation (a-\0)
is based, the first and third terms of the right—hand.side

are correct. However, the radiation daﬁage is usually assumed
to lead to a mitotic death i.e. cells will be rempved from

the populatidn in this time ieterval only out of those N
cbming to divieion. The significant dose ie’at presentyusually4
.asPumed to be the total dose colieeted over the cell cYcle.:
(This may be the.whdle answer if, for instance, rediatton
sehsivity varies over the cell eycle and different parts of
thF cycle are affected differently). .

Th%s of the /LI cells coming to division a proportion Qie
in}division - not only do these cells not divide and so add

B

to;the population as assumed by the- first term, but inlfact

o

'the parent cell itself is lost from the meristem population.

'Thb actual fate of the cell is referred to later, but ﬁll

that matters here is that neither does it produce a daughter
N ! l
nor aftfrwards‘itself count in . the meristem popul%tion I,
. : i 5

Ty -4D
Therefore the. second term should be - l)»I(J~ §) "
; Co
t . .
| o
§
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Now D = rT, where r 1is the dose rate in rads per hour
. } : o ,
and T 1is the cell cycle time in hours. If AD is small,

|
thiis term approxlmates to

(2.11)
_;ﬁl(—QBL>WR|——J4gQR'¢1 o

i
Itgis to be noticed that,as in the original equation, this
term does not includeﬁ., i,e. the number of céiis;beiné
removed from the population per hour is independent‘of the
‘cycle time. An increase of the cycle time reduces;the numbgr
of cells coming to division ﬁer.hour, but at a gi%en aose

rate, the dose per cell cycle and (so long as l.D?is small)

the proportion of cells coming to division which die'iq

itself proportional to dose per cell cycle. The.proporgion
of;cglls dying in division thereforé iﬁcreases by the %amé_

‘ fafto? by wh?ch the number of cells coming to‘divisithis-
re?ucéd‘ and the ovérall number remains constant depending; o
onfy on' dose rate and not on the cell cycle; .

In,; fact, the approximation used above for the proportion of
i
] b ’

diyidiné cells which dies is not very accurate under these
conditions. The values are r = 2.5 rads per hour and T = 46

;ho&rs, so that the dose per cell cycle, D = 115 rads. ;
X i : B
This is not small compared with A, , so that the approximation

)

us}ng the first term only of the exponential expansion ﬁs not

fully Justifled under these conditions - ‘ ;
P R s
\ i R "%w)-, e %% =1—0.6931 = 0.307 |

co%pareé with the approximation used of 115/230:0.%., i

, = D
CoAsideying the expression in detail, under the limiting

-a,D .
) o

coﬁditiéns ) —
oo ! pl=2pI (1= e

|
: -3,D
i or "e<a' - 05 ;
. L : i C
; j.e. X, D = 0-633 ! .f
} and ST . where v is the critical dose
~ 0-643 - rate as given by Hall,

R R ) .‘
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3 : o | _ ,'? e |
Thus for D = 2.5 x 46 = li5 rads,‘%‘: 115/0.693 =g166 r‘fads-f
T& sum up, Hall‘s.equafion‘as stéted would apply %f ?hé.“ |
radiation death as an interphase process is propo#fiohai.tom
do'se rate., This could be postulated, but it is rather un- 
likely. Considering the death as affecting only cells in
-division and depending on;the dose received per eell cycle,_

—-%, 0:693)
Hall's r 4, should be replaced by &)L(F-e #* )
This gives, in facf, without approximation, a valde of%Q for
the paramefers stated of 166 rads, identical with his value,
although the derivation appears to be different; !

C S B
The above theory applies only to the crifical dose rate at
wmich growth is just prevenfed, but to reproducé the full
growth curve after the start of the irradiapion,‘the kineticsj
of the meristem célls.must be considered in detail. | N
Tﬂe decrease in the number of cells prgauced per unit time
fco%ld be the result of either an increase in the duration
oﬂ thé average qell-cycle or a reduction in the'number of

cells proliferating, or both.Oliver and Shepstoney(1965,l963)

have considered the root-growth of Vicia faba undeér protrac-

ted irradiation (at low dose rétes, 1—10rads/hour) in terms
ofi adaptations of existing theoretical models (Model A and’

[
Model B as described below) for explaining the recovery of

tde meristem - from single exposures at highzdosq ¢atesf
(H%11,1962). They demonstrated that the reduced gqbwthirate
 is§in Qact, largely the result of a reduction in ﬁhe nember
of) cellé proliferating and that any contribution\%rom an

" increase in cell cycle is only of second order 1mportance.
i

The latter aspect was investigated as a result oféthe acl

|
i
i

increases in cell cycle times reported by Clowes qnd Hall

(1962,1965). , | | o -‘ 

‘
i
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They predicted -that if the cell cycle time is var&ed 3
-

s{milar growth-rate curves should be observed forfthe>
] i : ! !

séme dose received per cell cycle,(rather than fof the
: X .

s#me dose rate). They have also demonstrated that;it is
imperative to consider the role of sterilized cells in,
contributing to the‘observed growth rate, and how.thisg
may be the cause of certain reports on the sttmulétion

of growth rate under conditions of chronic irradiationi

The adapted models for the behaviour of the meris#em
,(hereafter referred to as Model A and Model B) un?er

continuous irradiation as described by Oliver ahdf

, L
Shepstone (1965) refer to the feedback-control relation-

ships which are postulated to determine the reduction in

) .

the proportion of cells differentiating when the meristem
| C : :
i s !

is reduced below its normal size, thus providing an.

|
|

- excess of cells produced by division over those lost by
differentiation so that repopulation of the meristem can

take place. v !
Model A, ¥

|
N

'T@is model considers the cells in the meristem to be in
{ .

exponential growth with a uniform cell cycle time, Under
h :

n&rmal equilibrium, productioh of new cells by diéisio& is
asFumed to be balanced by removal of an equal numﬂer of
. { .

cells for differentiation, To provide for repdpulétion(of
a depleted meristem, it is postulated that the préportion

3

of cells removed from the population for differenﬁiation

¥
e
N

- : [
per unit time is itself proportional to the ratio{of the

i “ ! el -
‘meristem population at that time to the normal equilibrium
| ) . ? ]
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p&pulation. This results in a corresponding increase in
i .

the proportion of cells dividing and a gradual infrease
] : - .

. id the total pqpulation back to the normal level.;

Model B,

Here an attempt is made to provide the right type of feed=

back control on tﬁe basis of possible biological response
te a population change.tIt is suggested here thatfin the.
nermal meristem all the cells present themselves for.divi—_t
'ston bet an equilibrium is maintained, because, f r’tﬁe T

able to

Rl « R

m%ristem as a whole, only half of these cells are.
divide. The other half, failing to divide, differeptiate.“
The proportion of cells able to divide.varies throegh the
meristem from virtually 100 per cent to zero at the'edée of
this region, due possibly to a variation in concentrétion I-\
of some substance which must be utilized fef maintenante of:
,reproductive integrity. In a depleted meristem, t@e giten
sdpply of this substance provides for more than hélf tﬁe

cells reaching d1v151on ¢to retain their reproductive inte-

L

gﬁlty and so divide. This proportion increases as, the meria
[
} ‘

ngem i% reduced, thus enabling repopulatipn to océur.

i
The mathematical derivations of Model A and Model B are
.é {

i

-giwen in Appendix A,
; 1

Cahculatlon of the model kinetics under protracted irradlation.
’ ¥

| ! | : | L ' |
The method of calculation adopted is similar to that which

‘l

has been used for theoretical con31deration of the kinetics

of the bone—marrow stem cell system.(LaJtha Oliveg and Gurney,

) ~— -
H

1962)

I
1
, .
1
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It is.essumed that the intermitotic cycle time 1s‘divided
i&to 10 equal sections or compartments (to be denoted hy
tﬁe subscript (.n) in any instance) and the appropriate
proportion of the cell population occurring in each ofé
these cell cycle compartments‘is calculated  for the;par—
ticular model which is assumed to applyf The progress of
the group of’celle in_each cell cycle comparthent,to the

* next compartment at each time étep'can be calculated,con-
sﬁdering the neceésary changes. in numbers as they;are
tﬁansferred from one compartment to the other.

In the case of the unirradiated meristem the chengeAin{the“
number of cells is due to the removal of cells from the
population for differentiation., ' : , L

In Model A, the population is regarded as being in eipo;
Anential growth, a sufficient proportion ofhthe cells ”
throughout the cell cycle being removed for differentiation
- per hour to maintain a constant total-population,;énd 55.

a result the number of cells per compartment‘mustjvary"
exponentially through the cell cycle.(Oliver, 1963). |
Then if there are say ten cells in the compartment before

: mﬂtosis,the-distrtbution of cells in each compartment will
bq initielly as set out in Tabledd for t=0. The value of"Qf
.i% the abovementioned table is found from the rel?tion |
Q% = —:(i'e. Q=0.933).It is the time constant forsthe ex—
ponential distribution. of the cells throughout the cell' |
Cﬁcle in accordance with the requirements of the model R

l
’ 1
.

oqtlined earlier. . :
f : :
Thus a constant proportion, Q , of cells are being lost
i ¢ !

due to differentiation in each period of one-tent% of thek‘

cycle time, corresponding to transfer from one compartmentf

;
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to the next, to leave a total of say 10 in the compartment
b . K R
prior to mitosis. A number 10 in this compartmentqwillgbe

: - I -
doubled at division, to give 20 cells. This will be the

state of affairs in the meristem at the onset radiatioh."

1

When radiation has commenced we proceed to find the number
of cells being transferred from each compartment kn-l)vto
the next compartment (n) at the end of each interyal of
t%me (t) equalling one tenth'of the cell cycle tipe T',
Fér the irradiated meristem it is also assumed th?t a
pfoportion, P, of the cells are damaged per one t;pth Qf
- a cellic?cle. But the sterilized cells only 'die' (and are
removed from the'population) aé.divisibn._Under low dose.
rate conditions it is further assumed that these_sterilizéd
cells do not die until their second division after recei-
ving radiation damage. P will then be proportional to the
dose rate. Fbr the calculations, therefore, tﬁe cells in
' eﬂch compartment must be considered in three groups or
c%tegories:
C%tegofy A: Those cells that ‘are reproductively ihtact.(ihteger)
Cétegofy B: Those that are sxeriliied as a resul? of %a—
. | diation damage, but which will be abie to}
i

i undergo one division to produce two sterile'

! " cells; and

¢

o e

Cgtegory Cﬁ These sterile daughter cells wﬁich'a?e de%tined
| to 'die' and be removed from the pop%;ati;n
f ; at the next division, \E
) : - .
THe principle of calculation is then to set out a{table as
‘
‘quwn in Table&&.llsting the number of cells in e;ch of the
l

ten cell cycle compartments. In each compartment the célls are to
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be listed in three categories, viz. (A,) (Bx),and (C.), ,
1 ’ '.

i
time !

: i

wnere n denotes the compartment number and t the f
W ! ’

u

(in steps of one tenth of the cell cycle time)..D'ringEeach
one tenth of a celi cycle, the cells in each cellgcycle |
compartment will progress through this compartment te the
next (adjacent) compartment.

‘(i-Q) is the fraction of the cells of the compartment which
are removed by differentiation per one tenth of a cell |
cycle and this will be reducea in proportion to (F)h , the
total meristem population as a fraction of the steady state
value at the time t after the start of 1rrad1ation. The value
of F is changing continuously, but 1ts value at the begin- |
ning of each time interval is assumed to applyathroughout
that short interval. Thus the fraction of cells differen-
tiating per one tenth of the -cell cycle wiii be (i-Q)F:-.
- Therefore in the case of the cells in category A at the
“time t, the number of cells proceeding from eompartmen%

(n-l) to compartment n is given by: ‘?

" (2.12)

1

§

, . 1

l (A%)t = Xg (A )-t—\ ' ?
5

where X, = 1-{1-Q)F, | ’ o {

qure is, however, a further loss due to radiatio% damége
at a rate P per one tenth of a cell cycle, and th% number

ofi cells actually reaching A dis: %
¥ ;

§ (2.13)

I (A)y = Xg (1-P) (An don

v

Transfer of cells from compartment number lO at the time t

to.the next i.e. compartment number 1 at the time,t=t+1

involves the special change at division. Cells must be;re—'
-
mﬂved for differentiation and sterilization as before Qnd the
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'remalnder is doubled to correspond to ‘division. ‘
j S
Thus the number of cells proceeding from compartment rnumber 1

, 1 .
at the time t to compartment number 2 at the time t=t+l
{ ) : .
i% given by: '

E . i

(.A\ )-b-n = Xiy (l‘P) (Aw )t 2 | (2-1’4)

In the case of the cells in category B the damaged cells at

the time t viz. X P(Aw ), are transferred from (A;) to (Bmﬂ)t+|
No cell death ‘takes place in this category because of the.

fact that in the present instance only death in second mito-
sis is being considered.Also, the damaged cells in thﬁs

compartment are considered to be immune from further rédiatibn

damage, The appropriate formulae for this compartmenf are:

X¢ (:Bm.-\)t-—l + X P (Am.—ll )t-l .(2'1'_5)'

(B )y

} (B‘o)bqé 0 for the compartment after mitosis.

| (3, ), = %P2 (A )y, (e

Eduatiqn&%;holds because twice the number of cells forperiy"
t ; .
ié B, , are now at the beginning of their second post

! L ot
irradiation cycle and must therefore by definition be in

s !
compartment C., Thus the equations for this compartment are:

} ‘ (Cm )1-, = Xy (Cm-\ );-\ ‘(2'17)

g ' (CI A)t = 2 (Blol)t-‘ Xe

] '\
!

|
|
!
: (2.18)

! . . ‘ :
Thus during the first cell-cycle after the start %f irradiation
i ! ,

(i.e. duriTg the first 10 time steps), there willibe no
| ' S

cﬁlls in category C in the compartment immediately'pri¢r

tolmitosis (Ciw )- o - é |
I ' RN
Thle fractional size of the meristem at any time t would be'
]
P . ‘ . - : ; .
; : . _ . N )



(2.19)

o

{ 10 10 }
where %(H’“)t 4 %(.&.)t‘and %(C,{,Qt represent- the sumc‘) of‘all the

Ca e wemrre cre et R ewan e -

‘; P, = (\q )t % (B §t+;(c’"’«t
)

; - &O(&-&—Q} S + GJ'O

cells in the respective categories at the time t,.
The growth rate G (at the time t) as a fraction of controls

is therefore:'

n

e Sea]

P m= M>t "= 1 +-%-I “(2.20)
t QO(G*O} ...i..+&'°) ‘ :
Tﬁis would be the growth rate ﬁf the cells died a% their
second‘mitosis after receiving the necessary 1eth§1 radiation.
ef?ect; apd‘were removed from the ﬁopulation,'If,;héergr,
suph cells were not removed from the.population (as ma§ well
be envisaged at thése exposure levels) but; unable to quide,i
differentiated and contributed to the growth rate,:fhelgrowfh'
raFe G' as a fraction of cohtrolé would be fhen} | |

G! = G o+ (Co ) ‘ (’2-.2_1)‘7

10 : '

Itimight even be possible that these sterile cells were able
to divide, EQEE daughters being able to differentiate:and

contribute to the growth rate. o . j
|

In this case equatlona.&iwould become:

i
. ' ; '
G = G, + &(?Om )¢ | : ‘(2.22)

A Computer program (Append1x D) has been written 1n FORTRAN Iv

tol calculate G G', and G" for a large number of Jalues of P

,..E.J,.Mo__ e e

"the IBM 1130 Computer. The flow diagram for the calculation

is also outlined in Appendix D. : ;

For Model B, exactly similar considerations can be!appﬁied:'

Inithia-cayh the cells are assuméd to come up to divis%on,ﬂ

r - o 5
i ' 7 ’
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’ '
whien a certain proportion retain their reproductive integri-’
4 1=

1 .
( ,
ty, and divide; the remainder,unable to divide, diﬁfereqtiate.

f :
The dividing proportion is 0.5 in the normal equilibrium

£
and higher in a meristem of reduced size, thus permitting

recovery., Under continuous irradiation a further proportion

of the cells, which would be expected to divide, failito dpj;“‘

ot

so successfully, dying a mitotic death.

As before, this means that not only do these Celiﬁ not .
produce new cells by division, but they themselveé‘éfe.also~~
removed from the population., It is again assumed ﬁhat thé
infermitotic cyclé_time is divided into ten eqﬁal‘¢ompart-
ments and tﬁat there are ten cells in the last stage. |

In the case of this model'there will also be ten cells ih_
each of the other compartment§. The same division into
inpeger;(A) and two sterile categories (B q@d C) as described
iﬁ‘the previous case are considered énd for this model the |

‘in}tial'situation will be as shown in Tabledd for t=0.
This arfangement will then account for the fact that in this
i ' 5o : -
model there is a linear distribution of cells within the
‘ | i
ce?l cycle. - i
{ ) ’ :
IfHF isgthe fractional size of the meristem, Model B states

b

P '
that only a fraction Xy of the possible 2 (Ap). (in the case

of%the integer compartment) will divide per unit.time,‘where

i

| | ;
| X' = 1 - exp (-1.595F¢ ) o (2.23)
| | 1.595F, o ,

. . . 1 ’
It‘is again assumed that when ;irradiation has commenced: a
. R |

: {
proportion P of the cells are damaged per one tenth of a

{ i . i i
ce%l cycle. Also, the cells are again considered to die; at. .
their second division after receiving the lethal radiation

) '
do§e.

1
cot
M
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b% the following equation:

36

‘
T
'
'

;
The equations describing the population kinetics of the
4

{ . .
mFristem under conditions of protracted irradiation on the

b;sis of Model B will therefore be as follows:

(Aode = (1P) (Ao Do (2.28)
) = 23X (g (1B (2.25)
(Budy = (B don + PlAna ) . (2.26)
(By )y = 0 & 2P(Ayp Jgo Xo L (2.27)
I (Cn )e = (Cau Veny L (2.28)
(Cr Je = 2 X (Bio ey | - (2.29)

The fractional size of the meristem at any time t will

be given by:

1o \ 10

{ ‘ e = n%i (Am )1, )og e (Bm )t“ + % (Cm )t ,(.21.30')
g \ . \O { v . ' 4 .
where g (Am )t , %_ (Bm ), and é‘_\ (Cp ), are the sums of all |

the cells in the respective compartments, The growth'rate‘G ’

aé a fraction of controls is again derived from F :
{ ' _ R
' G = 1. F. + ex -1. F. -1
f ¢ 595F p (-1.595F: ) C (2.31)
« 0.7975 ' : -

!

i
1

Aiternétively it can be .shown that

'% o Ge = J(Auw)e + (Bw) + (Cow x}{é-x& - (2.32) |
: 3 . *
5 | j

Aéain if we include the cells dying at division with those

_d%ffergntiating, we get an increase in the growth rate given

i

.~ s

6 = 6 + Xe (Ciolg | . (2.33)
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Ifithese cells divide before differentiating we have:

; . .
i o = G+ 2X¢ (Co)y
' 5

(2a3)

H
/
)

)

A Computer program (Appendix D) has been written in FORTRAN IV
T

e

to calculate G, G', and G" for a large number of values 'of -P.
on the IBM 1130 Computer, The flow diagram for the calculatioﬁ

is‘also outlined in‘Appendix D.

|

The fate of dying cells,

L i
I ] .

t

To explain the stimulatory effect observed for roots under
continuous irradiation (Hall, 1963), as shown in Figuregbé
formulae were derived for which it was assumed that the cells

stfriliped by radiation 'die' at their second mitosis after

reFeiving'the radiation damage. These cells are then no N
| i .. . o

longer considered to count in the population total and to

‘siTply 'vanish', After large radiation doses, damaged celle

can be seen, and these probably collapse and are removed,
(
HoYever under the conditlons of low dose—rate exposure

anpther hypothesis was considered - that these sterilized
i
ce%ls, being unable to div1de at their second attempted

i
mifosis@ did not ‘vanish but d1fferent1ated thus %ontrtbuting'
1 . A

to’the observed'growth rate. Further it was considpred'to'

be‘conceivable that the sterilized cells were able, to carry

out a final division to produce two daughter cells, both

offwhicp differentiated and contributed to the gro%th rate.
i . ,
~ ' ﬁ
! <

[ i oy ! .
The experimental results by Hall actually show growth rates

gréater than the normal equilibrium value during the first

; ~

' da% after the onset of irradiation. This implies that the

i B . .
st%mulation effect is virtually immediate. The formulae above,
howeveré.simulate a stimulatory effect only after the first
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chl cycle. Thevcalculatiﬁns were consequently-reéeated,
t%is time without any cells in category C. This 1@@11e$'
th;t the cells 'die' at their‘firsf mitosis after 'being
stgrilized by theAradiatioh. THe effect on the computea
growthlrate due to the sterilized cells not dying but
differentiating of dividing and differeptiating‘was algo'
considered,

- The appropriate changes made to the‘computer programé,‘
degignated to caldulate G, G' and G" with cellAdeéth-
occuring at the second mitosis after sterilizafion, aré

di%cussed in Appendix D, !

The effect of the cell cvcle time : o

In the above formulae, no account has been taken of any
effect of the radiation on the length of the cellicycle;

However, the experimental results of Clowes (1965) have

i

sthn that under continuous irradiation there is a gradual.
{ , .

inkrease in this time for Zea mays, at any rate at the i
_ . | .

higher and intermediate dose rates.
1

Thk computer programs (Appendix D ) for the calculation of
G,gG' and G" on the assumption“that the cell cyclg (T);is
co%stant (and that cell death occurs after the first o;
‘seLOnd mitosis after sterilization) were thus modified ‘to
ac%ount for a gradual lengthening of the cell cyc%e du%ing
ir%adiation. These'caléulatioﬁs take into acgantéthe b
corresponding increase in radiation damage per oqﬁ ten@h:

( . ‘ P :
of;a cell cycle i.,e. the corresponding increase iq_P.'?he
. . . i ) .

: : |- ;
value of P for the mth cell cycle is then given byt ;

1 H

} .~ -



P+ (T, - 1)P, = P, Twm

is the value of P for T constant.

i}

‘T +__ AT with T w To _+ AT

T,

+ A T(m-1) T,

fractional increase in cell cycle time

Total increase in cycle time

Number of cell cycles over which the increase
takes place

cycle time at equilibrium

(i.e. when no radiation is present)




TABLE 21

The duration of the mitotic cycle (T) and the percentage of cells with micronuclei (per cent)

after continuous irradiation of the root meristems of Vlc1a faba and Zea mays for 1h days
and 7 days respectively. ) .
Stele 1 is the stele just above the quiescent centre and stele 2 is the stele at
250/& (for V1c1a) or 200)* (for Zea) from the quiescent centre,
Quiescent _
" Cap initials centre ‘Stele 1 Stele 2
Dose-rate Temp. T pef T per T per T per
(rads/nr) (°c) cent cent cent cent
Vicia '
0] ‘19 50 .o 246 .o 38 . 32 .o
0.59 S hs 6.6 106. 7.7 25 5.1 29 5.2
1.14 " 71 8.9 77 9.3 31 8.5 28 8.7
1.52 " 25 ‘9.2 | 29 7.6 26 8.4 31 8.6
2,28 " 99 16.0 64 12.3 bs 8.6 37 9.1
0 12 71 . 252 .. 62 .. . 149 .
0.89 " 107 4.8 75 5.3 4i 5.4 64 7.9
1.52 " 67 19.6 221 16.4 163 14.3 229 13.5 Irradiated
2,44 " 40 28 .7 65 20 L5 26.6 69 20.6 22 days
’ ' Zea ‘ )
0 19 14 .o 174 . 22 e 23 .. Data from
o Clowes
2 M} 209.....7.0.. ALk 3.4 L8 3.7 Wy 6.4 T L et
7.57 " 99 6.5 176 k.3 ho 7.7 58 6.8 g65)
12,60 " 299 6.3 178 1.5 4bs - 10.9 b1 11.1
16.51 " 3580 . ..8.5. 132 3.9 53 . 8.1, 73 7.4 e

o%
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. TABLE 2.4.¢°

SCHEME FOR THE

CALCULATION OF G, G' and G",

Time $=0 Q=0.933

Cell-cycle compartment-n 1 2 3| 4 5[ 6 7| 8 9 10
Cells in | category A {R‘\)°= 20 & | _ qu)o' 0 q’ ' ‘ @Qo= 100"
Cells in categof‘y B @Jﬁ OV @)Qa_.o _ . (Blso___ O
Ce.lls in 'c.':a tegory C (C\)a‘f (CQO»_- o ) <Cro)°= o

Time t=1 (= 1/10 of the cell cycle)
X,=1=-(1-Q) F, 4,2x,0-P)  L=X/P
‘>Cell—cycle compartment-n 1 2 3 AHS 6 7 8 9 10
Cells in catggo-;i} A @t\_lﬂ‘@“\' .(nhln‘jl@\ho | Qq')l:ﬂ‘(gq\‘
" ICells in category B (Bb."l 7,00, C&b‘_x‘@)oﬁ_z‘@hn . ®‘b‘=)\.(1’>,\o+’l-,(ﬁq\c
»Cells in category Cv (C\)- 0 (C,)- o . (C =0
Time t=2 (= 2/10 of the_gell cycie) '
| . _ | M;Xz' l—(lfr‘a)F; ” v_.\;‘j.:f X,‘(\~P) Li= XLP
Celi;;yc.le compart‘mer{t—n”m 1 2 13|4i5]6(7]|8]9 10
-~ --fellsin category A"**'"“@“‘;:ﬁ,glmlb"_ @1\; 40y _’ ’@‘51‘;&;@\\
Cells in category B (3\ TS @)hl_x@‘\‘.ym(n“)v'. - <B‘51=X,®‘+Z;(ﬂ,\
. Fells in category C q‘_lx‘@)\b' (C'-)L“ 0 .‘ (CAD- 0

MODEL-A

S+ S

Fo-

G, =F*

G, =G, + (C“.)
. Q

C’J:, =0, + LC'E‘:BO

2w(Q+Q s

Csz),, + i&m\

- +Q)

I

i(m\ 5—@5«3 i(m

j R D.o(&ﬂ)} )
VC.J F
C') C’) + !Cw!
6,’: 6\_* (C'E»l
_ 5
ey

2.0(0.1-&.‘

AGQ=G

i‘ QE \m'&' ; (C'“)m
.. Q)

G’.“‘—' C‘Jz‘\".icillg_}__ »

G';," C'Jm *'_L.g'e__x_



. TABLE J-3:

O .

SCHEME FOR THE CALCULATION OF G, G' and G",

Time t= X= l-exp (-1.595F,) = %
1.595F,
Cell-cycle compartmenf—n 1 2 3181516171819 10
Ce}ls in category A | (ﬂ\ @%_& 10 . @\%: 0
"Cells in category B (3 o (:B) -v.;»o . @) .
‘ . 2o 1)y
. Cells in category C (C)- o @:)“O .
. o "'0 (C"‘b°= o
Time t=1 (= 1/10 of the cell cycle) Y = 1-p X= 1;eép (=1.595E, )
' 1.595F,
Cell-cycle compartment-n 1 2 3151617 18(9 10

Cells in category A

B)-2 4k

W\o

) - 4,

ST

. _--Cellls in category B @)‘-&X,P@,ba CBQ'-@,%_\;(MO . | . @‘qf@so»f?@gu
Cells in category C | '@){_ lX(BQO (C.:),'(CBO . (C"). - (Cq\o
Time t=2 (= 2/10 of the cell cycle) Y = 1-p X= 1Le$ﬁl(—l-595ﬂ )

N 1.595F,
‘ Celi-eyaleueehpartment-nmmmwamdrwﬂ‘~n»«m»uﬂ2A~‘ 31 |5 16 |7 18+9 ~--~ 10~

Cells in category A

- (F\)I-,J..tj.x,f&gl}f A

- 3R,

et '(h'h;‘ﬂ@ﬁ\; -

Cells in category B

t&hx-‘lx‘ P QQ'\"} \

holls inhcafegory' c

(€421,

(L)~ 0,

_@’D;@bﬂ@, AL

(3330
il GLQxTGLQI -

MODEL B

2 (R) 00 im |

\oo F

C,o:{,(‘ﬂ.o} + (% w)a +CNI-xd |
G G, + Yo lode

G G. + aXoCio)s :
- 5 !

ch

L EE). ). 50

RRILH) (35+(C33{r X]

C')\= C’)|» + X.@/m\
. 5

G:='~ G\ +M

o Slad e S0 300,

s 8 oer A |.00 R N e BT LRI =)

G, - 19_:.\& +(3\;.+ lo\z\i\-\zk

“E&G-!,_Lx_(__li_

Gl_. G’:. + ;\Lms(kaa.
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FIGURE 2.1 i
o a
) . ;
RESPONSE OF THE ROOT MERISTEM OF ZEA MAYS :
TO ACUTE DOSES OF IONIZING RADIATION. ;
(FROM FENNER,1970) o :
o _ . . ‘
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Growth in 10 days.
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Interval between Doses.

(hrs.)

FIGURE 2.2

THE "GROWTH IN TEN DAYS" FOR ROOTS
EXPOSED TO TWO DOSES OF 100 RADS
VARIOUS TIME INTERVALS.

(FROM HALL AND LAJTHA,1963)

OF VICIA FABA
SEPARATED BY
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Time between lr‘r‘adic_!’tions
(hrs)
FIGURE 2.3‘

i

THE PERCENTAGE OF SURVIVING

BY A VARIABLE TIME INTERVAL,

MICE FOUR DAYS AFTER
X-IRRADTATION, THE IRRADIATIONS WERE SEPARATED

(FROM HORNSEY AND VATISTAS,1963)
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{Log.Scale)

-
7

SURVIVING FRACTION OF CELLS

O b D

DOSE OF RADIATION (MEAN SCALE)

FIGURE 2.4

THE RELATIONSHIP OF DQ TO THE INCREASE 1IN

TOTAL DOSE NECESSARY TO PRODUCE A GIVEN -
EFFECT WHEN THE RADIATION IS GIVEN IN TWO
DOSES COMPARED WITH A SINGLE DOSE.



Total Dose (rads)

4

1800,

1000 . . A
0 . 600 1200

1st Dose (rads)

i

FIGURE 2.5

THE TOTAL DOSE OF RADIATION

NECESSARY TO KILL:

50 PER CENT OF ANIMALS WHEN THE RADIATION WAS

GIVEN IN TWO DOSES SEPARATED

BY AN INTERVAL OF

SIX HOURS PLOTTED AGAINST THE SIZE OF THE FIRsT

DOSE.

(FROM HORNSEY AND VATISTAS,1963)

L
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T”WEIN DAYS.

FIGURE 2.6

PATTERNS OF THE DAILY GROWTH RATE AS A FRACTION
OF CONTROLS OF EQUAL AGE (G) OF ROOTS EXPOSED
TO PROTRACTED IRRADIATION AT DOSE RATES IN THE
RANGE 0.63 TO 11.4 RADS/HOUR; THE DOSE RATES
ARE INDICATED ON THE CURVES. *

i
I
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g -  CHAPTER _III - :

THE MORPHOLOGY AND MICROSCOPIC ANATOMY

OF THE ROOT OF ZEA MAYS.

Maize,an annual cereal now known only in cultivation,is almost
certainly of Tropical American origin.Bright sunshine;warm déys
and nights,abundant rainfall and;good drainage are all conducive
to its welfare, Onebof the most unfavouréble cohditions that can
be %isited upon the plant is to‘compel it to stand through cold
clo?dy weather with‘its roots in a water-soaked soii.Thq agricul-~

tural conquest of the colder latitudes by maize has been accom-

plished both by a shortening of the growing season and by deve-

. loptent of a hardiness to withstand temperatures near the free-

ziné point.But.these advantages have been gained at a sacrifice

of Fhe size of the individual.

It ﬁs a markedly variable plant.and can best'Be described under

fhefcomprehensive name given it by Linnaeus, Zea mays.

Mai%e,a flowering seed-beéring plant(Angiosperm),beléngs to the
fémjly of monocotyledonous plants tecﬁnically designatéq as
Gramineae and commonly known as grasses. It'is a plant of thg
tripe Maydeae and is classed as an endogenous plant for the
rea#on that it incréases in height and diameter of stem by
intkrnalégrowth.

Morphology.
I] N

The;corn plant (Fig.l) is a tall,annual grass with a stout,erect

sol}d stem,a fibrous root system,large narrow leaves with wavy

margins,spaced alternately on opposite 51des othhe stem and male
andéfemale flowers are borne on separate inflorescepées.In size,
sha%e,colour and external form,the grain of corn is'varﬁablé,but
it fonstantly possesses threeAfuddgmental parts: a tougﬁ. dry,
hemPranous covering; an embryonic corn plant; and a resgrve

foo? supply.

|
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m: Enc.,Brit. vol.6 p.449 A,

FIGURE 1

Entire maize plant. '

Stalk showing female or pistillate inflorescences.
Thejmale or staminate inflorescence. | | ‘
Staminate spikelet, showing anthers, ‘

Portion of style or silk maénified showing pollen grains
caught in hairs. ‘ '
Par%s of the leaf. z ' SR

Auricle (a); Blade (b); Ligule (1); Midrib {(m);

Nodé (n); Sheath (s); o

P.Weatherwax: "The story of the maize plant." p.h7
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% | ~ é
Membraneous éovering: A ' o , | .¢
'Thé outer wall of the fruit(Fié.ZC)'is called the ?ericarp(p).
Atlone end of the érain the pericarp is marked by ﬁhe'minute,
begklike base of the silk that was attached during;development;‘
At the 6ther end it merges into the cﬁitinous pedicel by which
the grain was attached to the cob.The seed inside is in&eSfed
by a thin yeliowish or brownish membrane,gonstituting'the'seed
coat and is called the testa.Pericarp and testa are both thin
and fused together to form a'single envelopeLAn.aleurone 1ayer

coﬁtaining protein granules is positioned directly under the

testa in the part covering the endosperm.

The embryonic corn plant. : ‘ |
On:one of the flét faces of the grain (Fig.2A) a whitish Qvall
depression marks the position of the embryo(e),the remaining
yellow part Sf the contents of the grain copsisting of endo -
éperm (Fig.2C,en).Two regions are distinguishable in the endo~
sperm,a portion nearest the embryo being whife and relatively
soft,whilst the remainder is. yellow and harder,the. "corneous""
endosperm, , : : o |

The embryo(Fig.Z)consists of two peg-like projections oné direc-
ted towards the original point of attachment of the grain and |
_prgsenting the radicle(r), the other placed in the opp031te direc-
.tlon and constltutlng the plumula(pl).The remalnder of the white
embryo comprlses the single large cotyledon(c ), the portion in
coqtact(w1th the endosperm belng called the scutellum. When
V1qwed ?nder the microscope the plumula and rad1c19 can He seen
tobe covered by a sheath, the coleoptile (pS)yana;the coleor -
hiéa (rs) respectively. . - : ‘i,h .

! .
H . ]

!
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‘ ‘ FIGURE 2

Structure of the grain of the maize.

(
'

o a

Al‘Entire.grain showing the outline of fhe ?mbryo. )
B Graﬁ; ﬁith envelope removed and édges of cotyiedon'
: ’ 1
? folded back to show the plumule and radicle. E
; Lohgitudinal section of the complete grain (m%ch_enlarged).
Cro§s—section 6f grain with envelope removed. ? | |
. 3
{

r= ?adicle; pl= plumule; c= cotyledon; P= pericarp,

ps=jcoleoptile;  rs= coleorhiza; en= endosperm- e: embryo.

Ftom: F.E. Fritsch & E.T. Salisbury: . o ,
'Botany for students of medicine and Pharmacology - Pe32
¢ { . '

P. Weatherwax: ' o,

é - "The story of the maize plant." p. 32 ° . =a

[




The Germination of the Seed. g o

f

‘

Tne seeds of maize are capable of germination as ?oon as mature,

no after-ripening process or other period of dorm?ny being

necessary. Most grains of corn retain their viability‘for'two or

three years. o : j

i .

.When a viable seed is surrounded with proper conditions of

-

moisture,temperature and air,germination. proceeds by an orderly
succe351on of definite steps. | i

The first change after the grains are placed under conditions
suitable for germination is the imbibition of water by all the
célls until they become turgid.As the cells become turgid, the

- gnioove over the embryo widens.The coleorhiza enlarges and 1n'
some 20 hours breaks the grain coat and protudes @eyond the

'

surface for about 2 mm (Fig.3A). The radicle at the same time
swells and bursts the coleorhiza a few hours later(Fig,BB).'ﬂ
Cell division of its meristem also begins abont the time it

" breaks through.When the radicle is about 2 cm long (Fig.BC)‘
the plumule pierces the grain coats by its own active growth,
.Ald growth of the ‘seedling results from the elongation of the
rqdicle and the plumule.The hypocotyl(Fig.jE,h)does not elon -
g%te;About the same time when the plumule appearsithe lateral
rdotlets begid'to develop.The first to appear areéthe initials
thch lie right and left of the median plane.Owing to their
po}ition,they tend at first to grow upwards betwe%n the'axis of
the embryo and the scutellum.After their emergence they respond

1

to: gravity and start downward.Later a third rootlet appears on

the face of the seedling above the p01nt of attachment of the

scutellum(Fig.3D). These roots give rise “to the main, rpot system

1

ofgthe plant. Adventitious roots are also later fqrmed;from :

| A HENS
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" FIGURE 3 B ' : {
i ' :

Thé germination of the maize.
! i .

A,%B, C & D: The different stages during germination pf_the?éeed,

. E;. Late stage in germination showing -the escape of foliage -

leaves from the sheath. -
F:. Mature seediing. ‘-
. g .

h= hypoéotyl; pr= primary root; lr= lateral:root; pl= plumule;

ar= adventitious‘root; sr= secondary root; ls= 1eag~5heath;vw
- rs= coleorhizaj; rc= root cap. -i

' Frém: F.E. Fritsch & E.T. Salisbury: RS
: "Botany for students of medlcine and Pharmacology. p.32
; . : .
P. Weatherwax: . ' o i _ :
"The story of the maize plant." p.35 I AR



1

55 ; A

; |

the succession of closely spéced nodes at the basF of khe
. o ! [

snoot(Eig.jF).The primary root may. give rise to latefal roots

!

elongation of the radicle,the cells of the eplthellum begin to
. | i
swell and elongate.The surface is also increased by fissures.
' S

bdt it is usually of short duration.About the tlme of the f1rst
f

Later the wnole scutellum advances into the endosperm by an

. . ’ i

enlargement of its individual cells. ;
¢ . |

When the plumule reaches the surface its inner leaves begin to.

P

grow rapidly and,bursting the outermost sheath,become ?xposéd'
tq'the light. During the whéleiprocess of_germinapion %hencoty_
IQdon remains underground within the seed and‘is @ctinély ab -
sorbing nourishment for the grdwing embffo from the-adjacent

endosperm.

Roots. ; ‘
; N
The roots are fibrous and of three types: Seminaliroots,
Adventitious roots and Brace or Prop roots. B :
13 Seminal roots. :
; , ' . i
'_ Tﬂe prinary root develops from the radicle of the;embrYO} It
ap;ears early and after growing to a con51derable length bran-
: i
ches The secondary seminal roots are typlcally 3 in number - a
pa;r which develop rlght and left of the medlan plane at a p01nt'
sldghtly above the 1nsert10n of the scutellum; and ra third which
( l .
develops opposite the scutellum, OW1ng to their poS1tion the -

)

L]
medianfpair first grow upward between the scutellum and the

axdis of the embryo,thereafter turning sharply downwardé.Varia"—‘

tion is’ frequent.An extra root may form above theginseﬁtion of

A : ;
the median pair,and also above the third root.Smiéh and Walworth
i : . . } 8 ‘
(1526) found the number of secondary seminal roots to vary be-

' ! . ' . ! !
tween 0 and 10, Except for the last few inches,thﬁse rdots are

allays profusely branched. ' ' - 3

' . f . -
! . v
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2, Advent1t10us Roots

'

| ,
Thq adventitious roots develop from the nodes near ground
level. They are -said to form about an inch below the surface
no matter how deep the planting. Not more than four devplop in

whorls at the succeeding nodes which at the base of the, stem’

’
i

are crowded together. (Weaver 1926) g

The early-formed adventitious roots (in plants up to 5 weeks

>

old) are 10 to 15 in number. They run .almost parallel to the

1
8011 surface or at a slight angle and are" conf1ned'almost

entirely to the surface foot of the soil. They vary”la ﬂength
from 0.1 to 2.6 feet, and are branched profusely to neaf the
~apices, In oldef plants they spread 1atorally for a~dis%anoemof
2 to L feet; they then generally turn sharply downwaros;for up

to.3 feet. The younger roots are more bunched, the spread being

only some 10 to 20 inches.They grow almost vertica;ly downwards, .
i . v |

the maximum depth reached being 4 to 7 feet. '

The colour is either brown or white depending on tbe age.,
G -
In general, maize appears to have an average lateral spread of

3;5 feet, and a penetration of 5 to a maximum of 8gfeet¢
3. Brace or Prop roots. 4 ?

f . !
At the time of rapid elongation of the stem severai of ;he
nodes above the gfound level may send out ﬁhorls of braLe roots,
.Théselroots are thicker than the normal and are oftenvd;eplyk
piémentad Their sorface is somewhat mucilaginous %itﬁ %he
epidermls silicified and the sclerenchyma well deviloped On

‘i

enterlng the so0il they behave as ord1nary roots. E :
. |

Anatomy of the root

R

P

|
| ]

Inia longitudlnal section of the apex of the root! (Fig. h), We'
!
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Thé structure of the root. ‘E
S i | g
C -‘T- ropt - cap. i
: : i
Q = quiescent centre. ;
M = dividing meristematic cells surrounding the q
E = elongating zone.
! :
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[

 Median section of the root apex of Zea mays shoying

‘the position of the quiescent centre (shaded).

!

JR S O e

[+})

—

Q.

2

1]

G
o —~
(=)}
H N\
0] (o))
] ~ o~

oped ©
=] —~ -
H )]
5 o 3
"o o
& 3 9~
() o | &)
- B
I} fl o
H
=
g

E
s

{



59

}%{ftQ&#i&iim’ Central Cyiinder‘
——Cortex

Protoderm '
Swollen Wall Substance

nitials of Central

Cylinder
Initials of Cortex
alyptrogen

ootcap.

o

FIGURE 6 _

. ]
7
f .

Root tip 6f Zea mays in longitudinal section. The epidefmis
) 1

arises from the same initials as the cortex;
The swollen wall substance originates through the gelantinization

of the wall between the rootcap and the protoderm,a phenomenén

aséociated with the sloughing of the root cap. 1

From: Esau: “Plant Anatomy." b.ll7 - i
i v |

[ o
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fgnd on the outside the roof cap,a covering layer of spmewhat;
eliongated parenchymatous cellé,whose'surface is cpnsta?tly

being worn away,bﬁt whose mass is kept ponstant by add%tibns

on the inner face from the meristem, the 1attef being the prin-

: cipai seat of formation of new'cellg as the root grows,
Clowes(1954) has demonstrated thé'existence in fhe meristem of

a quiescent centre(Fig.5),a region consisting of about 600vcells

{

Pa§sing upwards the meristem differentiates into periblem and

pl?rome.(Fig.?) The periblem resolves itself into: o

which divide very infrequently;if at all.

'(19 thé piliferous layer on thé outside,(Z) a cortex of several
layers and (3) the endodermis,the innermost -layer of the cortex.
‘ The plerome becomes the central cylinder or stele.Its 6htérmost
1ayer in contact with the endodermis is the pericycle. Some
di§tanqe within 6 to 8 cells are recognizable owing to tﬁeir\_
sige.As they pass upwards they differentia£é int0i6_to 8 prima—
‘rygvessels. Between and behind these cells,smaller veséels ére
also differentiated. Between each of these is fhe scanty phloem,
This region of the root is termed tﬁe "elongéting zone“,bécause
'thp cells here onl& differentiate and elongate. Cells ﬂfom.the

dividing zone pass into the elongating zone,and by their elon--.

I

ga?ion cause an increase in the length of the Eboﬂ} The elonga-
tipg zone extenas to about 4 mm. from the end df fmevroot and -
after this there is no sign 6f divisidn. The remaibder of the
ro?t isfcompbsed qf mature cells which are fully eﬁongated.

A %gcti?n,a few centimetres froé the apex,(Fig.S),shows the
.sa?e tissues; (1) the cortex bounded by the pilifé?ous uayer.to
thé exterior and thé endodermis to the interior. This emdodérmis

isfthiCkened on its inner and radial walls.(2)The centrﬁl‘cylin-

der.The outermost layer is the pericycle,a codtinuous band of
4 ’ . ’ : _/,! ) ’i . .
f
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FIGURE 7 : :

)
The root apex of a monocotyledon.

—_——— —-

From: Lowson, ' Textbook of Botany.'!
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FIGURE 8

. Portions of a cross-section of

H= root hair; E= epidermis{,P:

T= trachea, )

. [ : . . . §
. Por%ions of a cross-section. of

H= root hair; E= epidermis; S=

En=,endodermis; Ph= phloem; T=

- From: P.Weatherwax: "The story

a young root. .

parenchyma; Ph={phlo

e o

an old root. _1§
' {

sclerenchyma; Pz par

trachea. é- ‘

of the maize planf."
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|
small cells adjoining the endodermis.Beyond this a;elalmernéte
bands‘of xylem and phloem,the?number Qarying comewhat.Tne phloem

consists of 3 to 4 sieve tubesj;the xylem of small yesse;s,ﬁith

annular or spiral thickeningj; and the centripetally—formed

vessels which develop later and are generally wider and{pitted.

‘

_The interior is filled with conjunctive tissue.In this tissue,

however,the 6 to 8 large vessels already referred to occur.They

lie opposite certain of the xylem strands.The large vessels are
primary and are fcrmed almost simultaneously with the protoXylem.
When elongation‘nas ceased the root hairs appear.Ajfully de -~
veloped root hair is a cylindrical elongation of ajsingle epi—
dermal cell,réndercd more or léss irregular by thewprescure of
particles of soil around it.(Fig.8)They are generally short -
lived,but as the older ones die,fresh ones are continually being
- produced ncar the apex as lcng as it is actively growing., W
Development of lateral roots: Normal root—Btnnches:are developed.
entirely from the pericycle.The corticai tissue.of‘the parent— é
root takes no part in the formation of the tissues of the lateral.F
branch,The development begins some little distance‘behind the eloni
gating zone of the parent-root.When development begins, two or
,none cells of the pericycle divide i.e.become meristematic and
'pruduce‘a growing point,which soon shows a distinc%ion %nto root-.
capjperiblem and plercme.The young branch-root gradually elon—' A
gates, stretching and then breaklng the endoderm}s ﬁnd overlying
cort1ca1 t1ssue till it reaches the surface of the parent root.
The structure of the lateral root is identical with that of thev [

’ parpnt—root and the conducting tissues of the formirvmake con- 3

tact with those of the latter.Adventitious roots éﬁe developed

e S

similarly,
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fransition from root to stem:
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<The vascular system 1is contlnuous 1n root and stem.

ev1dent that transition- from the arrangement characterlstlc

of the root to that characteristic of the stem is'effected“in(?

eg'that region of the axis which lies between typical stem and

typical root, This region is the hypocotyl
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THe development of roots and the concept of initial ceils,

1

; i

root apices the cells are arranged in patterns whicp.reflect

o SO,

I
tﬁeir origin.Attempts havé been made to interpret;thesé patternq
to show how a root is constructed in its ontogény;The Post im-
portant of the limitations of such'analyses in Aqéioépgrmé is
the identification of initials,the cells which in?tiatg new
tissues.In many ferns a single "apical cell",which iniriates all j
tissues,has been discovered in the root meristem. |

In Angiosperms'it was often thought that there were several'
initials constituting the pérmanéntly meristematic celis or pro-
meristem;but thebéize and shape of the promeristem wasgcontro-
versial.By following the patterh of cells in Zea mazs,;Clowes
(1954) derived a $o~called minimal constructionalicentre.
(The minimal constructional centre is the minimum.number of_
cegls needed to maintain the constructipnal'pattegn withip tﬁe

apex. ) ' : : 'g ;

Clowes K1959) suggested that in the case of Zea tﬁe'“iqitials"

were situated around the surface of the "quiescenﬁ‘cenﬁre" -

) : : :
the cells of which divide very infrequently,if atiall,Qnder nor-

ma? circumstances.These studies were the direct result |of re-
se?rches based on the so-called Koerper-Kappe theqry(thuepp,
l9@7),which describes the planes of cell divisionfby an analyses

of%the pattern of the cells.This theory is an impqovemqnt on

r ¥ '

‘the histogen theory of Hanstein (1868),which divi@ed‘tne meri-
. ; : { !

st?m into three regions,according to whether they produce stele,

coFtex or epidermis. The difficulty of the latter ﬁheor? is that
. o !

{

iticannot explain how the histogens are maintained§and gt merely

I

divides the meristem into regions based on the assumed Fifferen-

- -

tiation of their cells, Investigations have shown that a combi-~
§ .

nation of the’Koerbér-Kappe theory with a modified histpgen

i.
: ! ‘ . i |

] N . N
1
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tﬁeory is adequate for explaining the pattern of pellsgin root
méristems}‘Cells from variou§ geometrical parts of theérodt
would thus coﬁstitute the initials of the seQ;ralianatbmical
régions of thekroqt e.g., the meristematic cells abové %he
quiescent centre initiate thé stele and the cortex,wﬁile those
below initiafe the root-cap.

It was generally assumed at first that the minimal constructi-
onal centre was identical with the promeristem.Guttenb?rg and
hﬁs associates believed tﬁis assumption to.be cor?ect and reduced
tﬁe size of the promeristem'to}a single "central gell"for to a
feﬁ initials (Gutteﬁberg,19h7;chhade and Gutfenberg,li951)
fﬁom which cell tissues could be derivgd.Guttenberg maintained
th;f the "initials" of the histogens were renewed from thé cen-
t;al cell and that those of the cortex and the cap were removed
more frequently than were those of the stele.Thus the éentral
6&11 cén function,like the apical cell of a fern,throughout the
gﬁowth of the root,or it can function only in the embryo or
prﬁmordium and give rise later to a multicellular promeristem
inithe root. Guttenberg originally seemed to favour'tﬁe former

initerpretation but later stressed the latter one.

i . °
(Gpttenberg,Heydel and Pankow,1954; Guttenberg,Burmeister and

Briossel,1955). : ' | :

1 .
Gu&tenbergs views were supported by Brumfield (19&3) who induced

ch&omosome aberrations in young radicles of Vicia?faba?by X -

,ir%adiatiﬁn. After a period sufficiently long to glimidate ce;ls
no? derived frém the initials existing at the timé of #rradiation,
| heiexamined sections of the root for the positionzof éﬁerrant |
ce?ls. He discovered that some roots were.sectoriﬁl ch%meras,in
which particular aberrations existed in sections of tﬁ% root

extending from the stele to the cap,and for about one third of
! ¥
! Cd

3

T !
, . ( : i

1 .
. } )
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thé circumference. He concluded that there were thfée'ipitial_

ceils for the whole root,each of which had produceg a séctorﬁ

of;tissue. b e
Poﬁham (1955) criticized this paper on the groundséthatfin Vicia

the classical hypothesis of a large transverse promeristem .

could also account for the presence of sectorial chimeras,because:

thé transverse promeristem develops from a smaller promeristem
in  the young‘radicle. In othen words Bruﬁfield's conclusions
should apply to embryos .rather than to mature plants.

Surgical experiments were designed by Cloweé (l9535195h90n Zea
to discriminate between hypotheses which require arlargé prome-
ristem and‘those which require a.small prdmeristem; The experi—
ments coﬁsisted df'excising an oblique segment from the apex.
The depth of the cut was_varied so that in some roots the knifé
cut through the pole of the stele,in others the cut Qas more
suﬁerficial. After the excisions the ropfs Qére allowedito grow
a further 10 - 20 cm, if the promeristem consists of a small
nudber of cells as required by the hypotheses of'thténﬁerg or.
Brdmfield,the root should regenerafe completely orgnot at all.,
Ifithe promeristem is large there ought to be an additionalf
cldss of experiments where par%'of the root is norﬁal,régenerated
frdm the intact part of the promeristem,and part abnormél,rege-

nerated from the cut surface. Clowes found the latter té6 be the

case, . : { g
: T
The large promeristem was also confirmed by determination of the

reﬁative rates of nucleic acid and protein synthesis;(C}owes,
1936 a,b;1958 b) the rates of mitosis of the cellsiin the apex
boﬁh from continﬁpus‘and pulsé labelling of nuclei;withgtritia—
te% thyﬁidiﬁe (Clowes 1965) and also from the accumulat§onN§f~
'phases of mitosis blocked by iqhibitors (Clowesf 1961 ai._

‘ : q

' N . .
! X i b
! 4
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Frdm this it emerged that the cap initials of Zea fonsist of
.-a &isc of afout 150 cells lying next fo the quiescént centre,
and that they maintain the highest rate of divisioé:in %hé
'root.(Téble 1). Thére is also evidence that they m%intain a
higher rate of D.N.A, synthesi§ than is'necessary éven for their s
high rate of mitosis(Clowes,1968 c).This high rate, of mitosis

of cap initials does not occur in species with differenfly

organized meristems,as in the case of Allium satirum (Tﬁompson

and Clowes,1968) and Vicia faba (Clowes and Hall,1962).}

Thé cap initials give rise to the differentiated cells bf the
. ; |

cap.There may be up to 2000 dividing cells in the é&ap(Clowes,

{
1968,a).The rest of the meristem in Zea adds aboutglOOOOO cells

a day to the length of the root.The concept of initials in
" these other parts of the root is more nebulous‘becéusé 6f the- f

préblem.of the quiescent centre occupying the poles of the'st@le,

'a

ahd cortex. o o ',7"v ’
A dlagram of the root tip of Zea,demonstrating the: three tlers v
of initials in the 1n1t1al zone,is given in Fig. 6 and 95 'One
é;ves rise to the c¢entral cylinderj;the second to the co:rt:ex;‘~

.thé*thifd to the root cap. The epidermis different{ates from
| .

the outer layer of the cortex. ‘ R

i

Davidson(1960,a)used X-rays to produce chromosome éberrétions

in Vicia faba and has followed these in the producéion 5f

latieral branches of the irradiated mother 3-4 weeks after

i

irradiation. He found that one of his lateral roots hadifive : ;
'different chromosome complements as well as normal;cellé and

| . '
therefore deduced that at least six different kinds of ¢ell 1

i
r

con&ribdted to the formation of the lateral root pﬁimor@ium;
In {fact,the actual number inVolved was likely to b% gre@tén.

than six.This result implies that six different kirds oé cell

{ ' : : i i
' t { " .
' : i . : ! ;

' ! Co ‘ i
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|
{
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|

Rates of mitosis in regions of the root meristems ?f

four species.

{
¥
f

The figures are average durations of a mitotic cycile
f i

in hours.

t

From: ClOWeS!
"Anatomical Aspects of Structure and Development;" 1968
A 1
Stele ' 1
. Stele 200~ .
Quiescent Cap just .250/Am Metho?- References
centre initials . above above ’
: QC QC
3
Zea mays 174 12 28 29 Metaphase] Clowes,
: accumu- 1961¢
_ : lation .Clowes,
167 14 22 23 Pulse 1965
labelling '
4 E “
Vicia 292 Ly 37 26 Metaphasel Clowes
f'aba - ' accumu- ' {& Hall, .
1atioF 1y 1962
. . [ .
Sinapis - 520 35 32 25 Metappase Clowes,
alba accumu- 1962
latiov .
|
Allium 173 33 35 33 Metaphase| . Thompson
i ’ . | .
sativum ) accumu- i and
: ! latiob " Clowes,
| | T | 1968
173 27 26 26 Pulsei ' Thompson
labelling| and
‘I |V Clowes,
1968
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FIGURE 9

Diagrém of the root tip of Zea, demonstrating the three
‘tiers of initials in the initial zone.. One giyes rise

"to the cgntral cylinder; the second to the cortex; the

v

. . % .

‘third to the rootcap. The epidermis differentiagtes fro
- , : ‘ | :

.the outer layer of the cortex.

i

¢ s

-

Fem sl tr v e sl
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: i
exist together w1th1n a very small reg1on of the mother root -
‘ i
a very d1fferent result from that of Brumfield. Dai1dson (1960 b)_i

b

used aberrant chromosome complements as cell markers to deduce
, .

the number of initial cells from which a root irrad1ated w1th.

. : ’ 1
600r of X-rays is able to regenerate. He calculated the :average
number of meristem initial cells to be 32-8 abnormal and -2ﬁ v
normal cells.Davidson (1961) later raised the number to |
between 40 and 50. |

' ' | }

The. control of differentiation.

( A ' ; -
Bunning(1952) cut off the apical 2mm of roots and replaced the

tips on the stumps after rotating them through an angle‘about
the?axis.He'found'that the vascular tissue in the tip dlfferen—
tiated out of line with that in the stump. This means that
differentiation is not influenced by the existing differentiated
tissue, Torref (1955,1957)‘reaehed a similar_conclusion after

a s#udy of the changes in vascular patterns which occur;during

the.culture of the excised roots of Pisum. i

~Gra} and Scholes (1951) found that although theqexgression of

the;radiation effect ls in the elongating zone,thi% inhibition_
¢ : : ; :

is achieved by irradiating the meristem; irradiation of the

; i
v !

elongatfng cells themselves having no effect. Also,Hornsey
(1956) found that mitosis was. present every day from 1 to 10

'following 140 r of X-rays. ‘ ;

- From these two studies Davidson(l96l) has argued that the re-
duction or cessation of root growth which follows %rrad1ation
cannot be attr1buted to inhibition of mitosis of elongating

cells but must be largely due to a reduction in the number of

L

cells elongating. Thus it seems that the pattern oq differen-

tiation,and consequently root growth,is governed'bx events

{
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within the meristem. Use will be made of this conclusion when

v {

thé kinetics of the meristem are discussed. ' ,
t ’ ' f
-’ ' | ; i

‘The quiescent centre. ’

1

Fqllowing a study of the pattern of division in apical meristems{'
Clowes(1954) postulated the existence in Zéé:méis apices of a
quiescent centre,a region in which cells can divide rarely,if

at all,under normal growth conditions (Clbwes,l956 a;b). The
constituent cells of the quiescent centre are Carpied'QOrward'
pa;sively by the growth of the ;urroundihg méristqm.Théy are
quiesceﬁt only because of their position within_the ap%x'and not
because of any inherent disability. ‘ X i

The presence of a quiescent centre to the root meristem of

Zea mays has been demonstrated experimentally by Clowes (1956

~

a,b; 1958 b).The method involves a comparison of the rates of
nu?leicvacid synthesis among the cells of the apex.Comparative
rates of synthesis of deoxyribose nucleic acid (D.N.A.) can be

determined by autoradiography of nuclei fed with a radioactive

] i

precursor of the nucleic acids.In the original exgeriments on
ggé,phosphate labelled with P-32 or adenine labelled w#th carbon-
.lhlwas'suppliea to the roots.It is now usual tb use trﬁtiated
fhymidine for £his pufpose (Clowes,1968 a) because, the}synthe;
si% of DNA is directly coupled with mitosis,. ;

In, the autoradiographs prepared from root Sections the quiescent

ceptre was clearly demarcated from the remainder of the meristem
l
because the labelled DNA pPrecursors were 1ncorporated at a much

¥

slpwer rate,indicating infrequent cell division. In the case

«
1]

i N
of{Zea;the boundary in the autoradiographs between! the quiescent

ce tre and the distal cells of the meristem is verr sharp

(Fig 5) ’ » ) _ _' v S S . 1...  ‘
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-On{the proximal(side,in the stele anq cortex, the q?iesc?nt

centre éradhally merges into the meristem. The qu}esce?t
.centre_consists of about 600 cells in a hemispheri?al'v?iume
surrounded by the meristem of app. 125000 activelyjdivi?ing
cells. (Clowes,1968 b) . ' | ‘

The distal neighbours of the gquiescent centre cell§ aréithe
initials'of thé cap,and,as the cap is discrete fro? the;rést

of the root,the sharp boundary between its initiaif andztne
quiescent centrg was as expected.But this sharp bo?ndary is also’

found in roots whose cap cannot be considered to b? disprete as
' i H

in the case of Vicia faba (Clowes,1959). Here the;quie§cent

centre consists of about 1000 cells in a hemispherical yvolume

(Frig.10) surroundea by app. 250000 meristematic ceils.(Flowes;
1968 b). The root épices of Vicia shoy no clear anatomiFal,
bonndaries to the histogens. The cell.patte?ns'havg'beer intgr_ -
prgted in two ways in tnis case(Reeve,l9h8; Neumann,l939). :
Th%re is quantitative data about the rates of mito?is o? tne
cells in the apex of Zea,both from continuous and ?nlse;iabelling

‘of .nuclei with thymidine (Clowes,1965)and from the;éccumulation'
. of .phases of mitosis blocked by inhibitors (Clowes, 1961 a)

These show that the cells in the quiescent centre div1dﬁ some

ten times slower than the adjacent cells on eitherjside%-

(T%ble 1).

Not only is the mitotic cycle éspecially long in the quiescert

centre and especially short in the adjacent cap initials

H i

(Clowes 1967) but these anomalies are due to exten?ing the Gl

‘,-,:3‘,-_,..__. PR
g, e

period(the part of the mitotic cycle between mitos?s an? the

fOIIOW1ng DNA synthetic period) in the quiescent centre;and

Che -

eliminating Gl in the cap initials.(Clowes,1965tl963 c)f
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The actyal duratiens of the pheses in hours are-liﬁted Pn}
Table 2;‘ : ‘ vy

The negative value of Gl for the cap initials of Zﬁg inFicates'
that DNA synthesis starts before the end of the prievious |
mitosis in some of the cells;The difference in theérateiof
mitosis:of the .cap initials and celle of the quiespent ceﬁtre_
is not as marked in other species-e.g. Vicia (Table l).{

vAs well as having the lowest DNA content,the’cellﬁ'of tpe
quiescent eentre have the lowest content of both cytopl?smic
and'nueleolar RNA,the lowest rate of protein synthesis,@he
smallest Golgi bodies,the smallest nuc;eoli,the fewest ribosomes
and the fewest mitochondria (Barlow,l968#Clowes,1956e§1958a;
Clowes and Juniper,l96ﬁ;Hyde,l967;Piletlend Lance-Nodgarede,_
1965). S o ;

The microdeneitometer shows that in Zea the Wean'D§A CO?tent ~
in the quiescent eentre is 7.7 ﬁnits and in .the cap initials

is 12.6 units (Clowes,1968c). | ‘ . ' P
Clowes(l959,a) has shown that %hé cellsAof the meristem!of L
Zea mays may be so badly damaged by X-rays that they st?pisyn-.
. thesizing DNA and dividing.When this happens the root may con-
tiqhe to grow by forming a new meristem which arises ingthe |
qui?scent centre. The cells of the quiescent centr% thu% form
a rksergoir of cells which are 1less vulherablevbecéUSe éf their
'qulescence' but are able to restart DNA synthes1sxand Q1V1sion
when the normally mer1stematlc cells stop. Autoradﬁographs ‘in

{

fact demonstrate that there is a reversal of dlstribute% label
§

between the normally dividing merlstem and the qulescenﬁ centre.
Cloyes (1970) actually observed that if the cells %f thﬁ
quiescent centre are given 1800 rads of X-rays respond at odnce
z ' | o -
by coming into mitosis although most are at G1 before irradlation.
}: — . . ‘ ) ! 4
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. TABLE 2

Q

[

¥

determined by pulse 1abelling in different regions of .

root meristems,

S 1is the period spent in

Gl and G2

are the periods

M 1is the period spent in mitosis.

From: Clowes,

4

synthesizing DNA, -

T

t

of interphase before and after S,

!

"Anatomical Aspects of Structure and beveloﬁment." 1968
' ' ! :
i
Gl 4S G > M
f
Zea mays Quiescent centre 151 9 ;li' { 3
Cap initials -1 .8 ; 5 f
Peripheral cap meristem 7 8 |/ 4
Stele just above quiescent .
centre 2 11 7 2
Stele 2oorm above - |
quiescent centre b 9 "6 It
Stele hoqrm above 5 }
‘ quiescent‘cgqtrg'_._i'_~ 12 5 . : 3 | 3
. : %
Allium Quiescent centre 142 17 i 8 i
sativum Cap initials 3 13 6 |
: Stele just above quiescent i E
t centre ' 4 12 ; L g 6
Stele 200um above | , P
( quiescent centre 4 12 4 ”; 6
. H
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L : . o
Heéalso found that there is a stimulation of DNA'synthe§is in
thé quiescent centre,but not eisewhere immediatelyiéftey irra-
diation, - oo | I o
Because of this behaviour of the normal raot meris?ems,plowes
(1959) maintained that it is not legitimate to argue about the
behaviour of normal root meristems from chimeras ihduced by
irradiation. There has been a great deal of thoughm concerriing
the reason why the quiesceﬁt cells are less 'vulnerabiejbecaﬁse
of their quiescence'. o _I oy
Davidson(l959) has suggested that the quiescent cells may-bé
less vulnerable because of their slow raté of division.f
Differences in water content may account for differences in sen-
sitivity betweenjdry and wet tissue since the ionization prd—
ducts of water may be toxic.This is,however,an unlikely source
of explanation in éhe root apex,though there must be chémica1<
differences bgtweén the quiescent and the agtive cells, One
mechanism that could explain the differences in sensitivity is
based'on the view that the qgiescent centre 1is ano?id.}
Hall,Lajtha and Clowes (1962) have,however,shown ip theécase of

Vicia faba that the cells from which root recovery;takebnplace

are further protécted by anoxic conditions in normhl robﬁs i, e.
cellsvwbich are already anoxic could not be furthe% pfomeéte&
| by;making the root anoxic. Théy al;o found tﬁat thF proéeny of
‘thqse cells have the same radiosensitivity as ordi%ary cells.
Calculafioﬁs were aiso presented to show that the bumber éf

3 ! . .
cells in the meristem surviving irradiation is enopugh to promote
reéover§ without attributing any special degree oféprotéction

s

to.any of the cells; but if recovery can also;takeiplacp'from
a §ma11 region of the root,the possibility cannot be eXFluded'
fhgt cells in this region have reduced radiosensitivity,

| : o | o

‘ A N
v . 1



5 ! v 78 f
The difference of rad1osen51t1v1ty of the cells in the peri-

stem was further conf1rmed by a dlfferent way of 1mradﬁat1ng

P

the meristem,this time by using the soft beta - rays fﬂom the
disintegration of tritium-atoms to irradiate the d?vidi@g
cells,but not the quiescent centre cells (Clowes‘196l;b).

The fact thaf'a dose of X-rays to all cells throughout ;hé

apex had the same effect as the beta - particles cpnfinpd to

§

the meristem outside the quiescent centre led to the investi-
) t

\

gation of relative radie—sensitivity in the different regions
of the meristem, Clowes found that the qpieScent centre{was_
‘less sensitive and tﬁe cap-initials more sensitive}theh!the
meristematic cells of the stele. (Clowes 1963;_a,b,c;19ﬁh, a;.

Clowes and Hall,1966). o
This,combined with the determination of the time parameters'

of the mitotic cycle,leads to a general explanatlon of the ~

\

emp1r1cal fact that cells that divide rapidly suffFr more ra-
dletion damage than cells that divide slowly. Clowes feels that
these differences are likely to be due to the balapée in length

begweedgGl and the rest of the mitotic cycle sineeithis!balance

ontrols the average size of the target presehted fo ths radia-
z A

tlon. It could be that for this reason that the cap initlals
(whlch are mostly at S or G2 ) in Zea are hypersen%1tive and

thit the quiescent centre in all roots 1is relative}y resistant
enebllng it to prov1de the mostlprobable 51§e of rsgeneration
wh%n the merlstem is 1nJured:by radiation. ; :
A %omewhat simiiar point has beee made by Van't Ho? and'Sparrow
(1265) %omparing the overall radiosensitivity of aérmén% and

acﬁiVe roots of Tradescantia. Here the average nuciear volume
S | | 5 |
ih dormant roots is h91J3 compared with 733Jf in active.roots,
’ P L
- They found that the X-ray dose required to reduce root growth
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¢ ' ’ P -
to' 37 per cent of the former rates was 305 rads in dormancy

and 184 rads in activity. Bearing in mind the difgerenée in
"average nuclear size,they calculated that the enefgy absorbed

per nucleus is very similar for the two doses that reduce
growth by similar percentages. ¢
The possession by the root apex of a population of cells in

Gl and a population in G2 resembles the situation posﬁhlated

by Gelfant (1962,1963) for mammalian systems.,

. . i Rt
The original observation here was that in mouse ear epidermis

the cells appear.fo stay in G1 until some event Eestafts the
mitotic cycle and yet some cells reach mitosis vefy quickly
after a stimulus SUggesting thaf they had rested at 62‘ and
could proceed immediately to mitosis, | |

‘Gelfant considered that there are two genetically discrete

populations one with G2 of less than six hours and thé other

with G2 longer than two days. }

[
i
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CHAPTER - IV’ - '

THE PROBLEM STATED. ' : i

The problems studied in the present series of investigations
in cell pobulation kineticé can be,classified according to.
whether the radiation is applied continuously overja period
éf time or given in fractions of acute doses.

Hall, Lajtha and 0liver (1962) nave considered the grbwth
pattern of the bean root in terms of the proportion of éellsb'
maintaining reproductive integrity and fwo theorefical kine- -
tic models allowing recovery have been formulated. These

two models (terméd Model A and Model B) were adapted by
Oliver and Shepstone (1965) to explain the behaviour .ofithe
root meristem under conditions’ of protracted irradiatio; as'
obserQed by Hall (1963). |

Computer programs will be written to calculate these theoref_
tical growth curves for conditions of protragted irradiafion.
Chronic irradiation of Zea roots at 2500 will be-carfied

out in order to provide experimental curves for comparison
with fhe computer calculated results. Of»importance in ?he
analysis of these results is the fact that the intérmit;ticn
cycle time of the meristematic cells increases und%r coé;
difions:of chronic irradiation (Clowes and Hall, 1962,1965).
The influence of this effect oﬂ the theoretical ré%ponsé |
bf‘the models‘will-be_considered.'Another important fac?or
is whef@er sterilized cells are removed immediately after
irradiaﬁioh, or whether fhey~remain and contribute;to t?e

- differentiated population and thus account for 4 pbssible

.~ -
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stimulatory effect of the radiation on the cells. This i

{ : i
possibility will also be included in the theoretical cal-

?

. . ”,' . i
culations and the latter compared with the experimental:
t C

v

results.
From these coﬁparisons a valué of Dl’ which 1is the§37 pér

- cent survival.dose fof the.exponential curve corresponding
to the "single hit" process which is believed to aﬁply énder

these low dose rate conditions (Barendsen 1962, Hall 1963,

Hall and Bedford 1964, Oliver 1964), will be found. !

f

The characteristic shape of the survival curve-for'the~qellsv
: . }

in1thé root meristem of Zea mays exposed to X—rays:is sigmoid
(Shepstone,l96h; Fenner, 1970); this implies a thresholé

tyﬁe of response, in which damage must be accumulated b?fore
its effqét becomes apparent. Elkind and Sutton (1959) found
that sublethal damage in mammalian cells waé'reﬁaiqed within
a period of about 12 hours. Many workers (Hornsey and Vgtisfas;

1963; Hall and Lajtha 1963), inspired by this report,“héve
sought to repeat with organized systems what has been ,
' I
demonstrated so conclusively with cells in culture. Such an
f .
1 |3

éttempt wilI be described in the present experimengs with

a relatively simple organized system, the root mer%stemiof

the: maize plant, Zea mays. ' A i i

(Elkind and Sutton 1960, Berry and Oliver,1964) have demonstra-

S

ted}the presende of a "kink" in the graph of surviqal as a

¥ i
H

function of the  interval Séparating the divided doses in
: : j f
experiments on mammalian cells in culture., Hall anq Lajﬁha
1 o
(1963) have found a suggestion of this "kink" in the recovery’
! ] i E .
A search will be made for it in the present experiﬁenté}on 3

-

curyes ffor bean roots. :
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Zea, _ - ' ;
From the split dose experiments the value of the qdasi -

threshold dose ( D. ) will-be found and used to ca%bdlate

Q

a value of DO using the formula:

D, = Dy 1n (m) | (b.1)

where m is the extrapolation numbef and DO the 137 per cent
dose slope for the cell population under consideration

(in this case the meristematic ceilé in the .root tip éf;
Zea mays), found b& irradiating the cells to single acute

}

doses (Shepstone, 1964; Fenner, 1970).

0
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CHAPTER V

MATERTALS AND METHODS USED IN THE STUDY

OF THE ROOT MERISTEM OF ZEA MAYS, \ :

In the past, research workers have found great difficulfy

in obtaining a hardy variety of maize suitable for their
A . .

o

radiobiological experiments, On the advice of the'Agficul—

tural Department of the University of Stellenbosch the
: {

variety known as 'Kalahari Blitz' was tried and greéeat
. { .
success has been achieved in this respect. This was also

1

. : i .
‘the only variety that could be obtained in bulk, unconta-

minated by other vafieties, and the continued supply of

which could be guaranteed,.

Culture methods - ‘ - B L

y

The method of culture employed was that used‘by Hall,pajtha

and Oliver (1962) for Vicia faba.

For each individual experiment, approximately 500 seeds
were placed in a polythene bowl, to which water at h 25°C
wéé continuously added. After two or thfee days the séedliﬁgs
which had germinated were planted in moist‘horticuitural

. {
Vermiculite 6ontained in- a large brass tank. This Yermiéulite
had previously been autoclaved at t 126°C. This growing;tank
“wag maintained at a relatively constant temperature in Fhe
ne%ghbourhood of 25°C. |
Th% seeds were pressed ;nto the Vermiculite with t?e bréad
upper part of the cotyledon facing the surface of ?he |
Vg#miculite, to a depth of approximately 1 cm. Ih ghis way
abgut 200 seeds cﬁuld be accomquated. When the su%éequént;f

i
!

) P
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rodt growth caused the cotyledon to 1lift, more Vermiculjte

.

was added and the covered seedling pressed down gently..

The seedlings were grown in this way for four days;witm

¥

frequent moistening of the surface, After this per}od; the
majority of the seedlings had developed a primary root between

4 and 8 cm. long and in many cases adventitious roots had

i

also developed. (See Fig. 5.1)

The seedlings were then removedvfrom the Vermidulite, wgshed
in water and the plumule and adventitious roots nipped poff
close to the scutellum, taking care not to damage the latter.
This was done to ensure that growth was confined to the
primary root gnly. All damagedpand malformed rootsawere
discarded and; from those remaining, enough were cﬁoseﬁ,
with roots of 4 cm length and over, to be pléged in the

Perspex 1id of the tank, with their roots passing downwards

-y

through the holes into the water (Fig. 5.2). <
The Perspex culture tank was rectangular in shape,3 ft.x 1 ft.
and 1 ft. deep, with a steady flow of tap water passingi

v [

‘thnough at the rate of about 1 litre per minute. The = j

'temperature of the water in the culture tank was mqintained

‘at 25°C X 0.2°C by a Braun thermostatically controlled!

1 5

vheﬁter,;which alsb incorporated‘a vigorous stirrergand %hus
also efﬁectively aerated water. Gray and Scholeé (i951);
reﬁorteq thaf a chaﬂge of ioc id the temperatqre'oé the‘watef
res@ltei ih a 20 per cent changé in the growtﬁ‘of éhe‘réots,
so }t was felt.that meticulous control of témperaéure was

necessary.,. .
; ‘ ;

r 1 R

The selected seedlings were allowed to grow for 24 'hours in
§ ( . q

i

N+

the(culture tank. The cotyledons were covered at'a%l tiﬁes

t b
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FIGURE 5.1

THIS SHOWS A SEEDLING OF ZEA MAYS WITH SOME
ADVENTITIOUS ROOTS GROWING FROM ABOVE THE
JOIN OF THE PRIMARY ROOT AND HYPOCOTYL.
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RADIATION JIG SHOWING THE PLATE WHICH
REPLACES THAT WITH A FUNNEL -~ SHAPED
CAVITY FOR DOSIMETRY PURPOSES.
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Scdring radiation damage.

4

t

In all experimects ic which the roots were exposed to
fractionated doseés of radiation, the length of the primary
roct was measured immediately following the secohd radi;tion
dose. The roots of the control group were aleo.measufedfat
this time. The measurement was carried out by placing the
hypocotyl firmly against the end of the,Boxw00dlrule clamped
to?the long side of the‘culture tank, and gently smoofhiﬁg
tﬁ% root along tﬁe scale., A stfoking acfion was used tc:
av%id undue pressure on the humps which could fracture_%he
root, and to prevent stretchiné) The length on Day O weé
recorded against a number whicho was allocated to the root.
Allvroots were measured at apprximately the same time

(iél hour)'cn every eecond day following the,irradiaticn
foﬁ 10 days and then finally on the eleventh daf!
The;lifting of the seedlings for measurement of the foot,
andéremoval of shoot and adventitious roots, was'dcne with
caré to avoid damag1ng them, Gray and Scholes (1951) repor;

ted that in the case of Vicia this handling did not affect

i
!

theggrowth of "the root, and the‘same seems to be the case
i . ;

with Zea,

After each set of ﬁeasurements the average growth 1ncrement
forgtwo gays was evaluated for each total dose andsexpr%seed
as é frabtioc of control growth for the same pegioi. Ee%h
icc;ement was regarded as that pertainicg to a'fimé helfway"
bet;een the times at which the two measurements we;e'maae.

i s

It was fbund that the growth rate of the controls uas not

r
. -

conetant, but decreased stead1ly dur1ng the course of th

i
!
i

;
i
l
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.

!

experiment, It was for this reason that growth inéremeﬁts
! .

were expressed in terms of control growth increments o%er_

i
]

the same period i.e. with respect to controls of the séme
“ H |
1 i

agé. ' \ ‘

A possible explanation for this is the inhibiting action

of applied auxin (a root hormone considered to be identicai
with indole-B—acétic acid) over a wide range of céncentrations.
Pilet (1961) found that the destruction of auxin is grgatef
in;old root fissues thanlin yohng tissues, hence we would )
.ex?ect the rate of growth to fall off at an increasing%rate
wi%h age.

' Co?responding to each different time interval between the

tw? doses a curve was drawn, showing tﬁe variafioﬁ of gro%th

réte as a fraction of controls of the same age with time,

The minimum value of this curve, referred to as Gmin’ was

t .
i

one of the parameters used to assess radiation.damage
_(G?ay and Scholes,l951). The other parametér, Glé’ or
;growth in ten days'! (Read,l952) was evaluated as follows.
'Th? average difference between root length dn Day 10 a@d-

onéDay O for each dose was expressed as a fraction of-éon;
trols over ﬁhe(same(period. L N
! ' . s ]

For the:.study of the behaviour of the roots of Zeaémavs

j P

ex@osed,to fractionated doses of radiation,'the followiﬁg

d { . . b

experiments were carried out.
i ; ’ :
i f

Fo# the first experiment- the irradiation of Zea mavs to

i . ;
two _doses of 1000 rads each, separated by a time interval

! ' . !
wvhich was varied from O to 24 hours in steps of one hour-

i

thé tank was set up with its surface at 50cm from the tube

[N -

fodus with the long axis of the tank along the beam axi%

t

(aé shown in Fig. 5.3).
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A gquare field of 20 x 20cm was used to cover adequutel

B e

the volume occupied’by the root tips.

. y
The dose rate was measured with the chamber of the Baldwin
. t .

Farmer Substandard instrument in position in the specia;

-

jig. The time taken to deliver 50 R was measured three
times and the mean noted,The dose rate in rads per’minutev
was computed using corrections for temperature, pressure

and quality and using the appropriate Roentgen to ;ad‘

conversion factor. The quality factor for this instrument
wae obtained from the Council for Scientific and'Iédust%ial
Research standardsllaboratory by comparison with their E.

Free Air Chamﬁer in 1967. The Roentgen to rad conversio?
factor was that recommended by the International Commisséion
for Radiological'uﬁits (1962). |

From the jig and field dimensions the variations in dose
across the root tips was estimaped to be withinf5 ?er.cent

of the measured dose. This measurement was checked iat
regular intervals and never differed by more than two per
. ) .
cent from the initial value corresponding to a dose rate

_ - g
of 165.5 rads per minute. The times to deliver the dose!of
~lOOO rads to the groups involved in this experlment were
n i

computed, the chamber removed and the Jlg exchanged for the
t

\
!

one?designed to hold the Zea mays seedlings for irﬁadiagion.
,{ ' < L = “ .
Both jig]and tank were filled with fresh tap Waterf and the
) ‘

outlet from an air cylinder attached to the jig. Tﬂe group
of seedl;nos to be irradiated were arranged in the Ulg with

‘ : | _

their roots sloping towards the middle of the funnel, the
. ’ . . ¢ ‘

lon?er roots being placed towards the outside. A steady @
E .

stream of air was bubbled through the jig. Each group wa's

: [
! - :
: i . . ]
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left for 15 minutes to equilibriate before irradiation.,
. _ l

Read (1959) maintains that this is a sufficient time for

equilibrium to be feaéhed between the oxygen tension of:
the water and the tissues of the root. Before éommenciné~
irradiation the water ievel in the jig was checkedfand
topped up if necessary as the bubbling of the air through
the small volume splashed water out leaving part of‘the:

roots uncovered by water,
i i

During the irradiation of any group the correct tube voi4

¢
L

tage and tube current were maintained using the manual

i

controls.

Fo%lowing the first irradiation dose, the roots were trans-
ferred back to the culture tank and were then again irra-
diated after a set time using the same procedurevas above.
Fof the second irradiation the roots were transferrea to

the irradiation jig about 20 minutes before the required
. he - S i

tiﬂe of irradiation to allow them to equilibriate as

f .
described. ’

FoLlowing the second irradiation, the roots in each group

wene measured as described and placed in holes in the .

Perjspex ‘cover of the culture tank and their positions’noted.
i ‘ STt

Thel initial measurements were recorded as those appropriate

o v

to Day O. Thereafter measurements were made on altérnaté

k ‘ ‘ _ ¥ |
dayis at approximately the same time of day ( ta ddy) as
| : » F .

described earlier. ' ' §
: ' , |

A pilot experiment in which two doses of 2000 rads‘were

ﬁsed separated by the same time intervals as above, showed
t ' . ' '
thai_a total dose of 4000 rads was too Iarge'as'ali_the;roots
i . v ¥
] ]

died after receiving the radiation.
}
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‘A second series of experiments was performed in which-
. . . i
the time between the two doses was kept constant at 7 hours,

but the first and second doses of irradiation were varﬂedb

over a large range.. For a fixed first dose, the second

dose of irradiation was varied from a dose equaliing’thév
first dose and then increasing in 'steps of_ZCO rads ungil
a total dose of about BOOO-rads was reached. The first:
dose of irradiation was varied in_steps of 200 réds fr;m
O rads to 1800 rads.. ‘
: L i
For each experiment the seedlings were cultivated in exactly -
fhe same‘manner as described. The experimental proéedufe
for the irradiation was also the same as for the previousv
experiment except that the roots were left for 48 hours
in;the éul%pre tank before.irradiatidg them. GlO Was.f9und‘
for each set of doses as described before. |
It:was found necessary.td autoclave the Vermiculite used
'fo% the germination at regular intervals, This was done

once a month.,

i

Method of irradiation for chronic exposures.

0

Thé method followed is that of Hall (1963).
- A ﬁerspex'jig was constructed to hold .the seedlings of'kea

durding irradiation (Fig. 5.5). The latter consisted of ;
i , :

five compartments (30cm x 20cm x O.4cm) 1O0cm apartiand &t
. ¥ ¥

diﬁfereﬂt distances from two Ra-226 sources of equél i
‘act1v1ty.Each compartment could hold about 20 seedllncs
at any one time. A prOJectlng tube at the bottom ahd top

of ‘each compartment was used to circulate fresh tap watgr

; v
through the latter. !

'
i .



96

FIGURE 5.5

i

PERSPEX JIG FOR CONTINUOUS IRRADIATION STUDIES.
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FIGURE 5.6

CROSS-SECTION THROUGH THE PERSPEX ROD HOLDING THE
RADIUM NEEDLE.

RADIUM NEEDLE -~=ceee-=d LEAD SHIELD.
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} : 4

In the first experiment the roots of Zea were exposed to

'the radiation from lme of Ra-226 continuously for 15 days.

The method of culturing the seedlings was similar to. the
one described previously. The cotyledons were, however,
not covered with moist surgical gauze. This prevented tPe

<

fungus infection which tends to occur if the 'scutella a;é

kept moist for long periods,.

The 20 control roots and theA15 roots in each of the five
compartments‘ﬁere measured Jjust before fhe radium sources
wefe put into position. These initial measurementston Day O
were recorded against a number which was allocated.acéording
toéthe position of the root in the tank and which wasvmain—
ta%ned throughout the experiment.

The Radium sources df 0.5mg Ra~226 each were then poSifionéd
atia distance of 10cm from the first cdmpérﬁment, one sourcef

at each side. The height of the sources was adjusted to a

1
v

level corresponding to half of the depth of the'tank; No
lead shielding was used in this experiment.

The dose to the roots was measured using Thermoluminescent

¥

Do§imetry as described in Appendix B,as the dose rate was
toé small to be detected suitably by a Baldwin Farmer dose-
meﬁer.v The polythene bags containing the aliquots, of the |
.thérmoluminescent powder, were attached to the out§iée of
ea?h compar%ment on the same level with the sources.

The roots were measured g&ery second or third day K: 1 hr),

the sources being removed from the jig during the measurement.

i
¢

: i
In.a second,similar experiment the dose rate to the roots

¢
¥ .
Nl -

was increased, using two Radium sources of lmg eacp.

i
1
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¥ J

A third experiment was performed in which the dose rate to

the roots was decreased to a very low level. This was abhieyed
by'using two Radium needles of 1lmg each (the lowest activity
available) and reducing. the amdunt of radiation to the robts
further by placing the Radium sources behind a leadvscreen'
as shown in Fig. 5.7. The thickness of tﬁe lead used was

equal to one Half Value Layer for Radium gamma rays.

In these experiments the control roots were ﬁept in.the
culture tank used‘for the fractionation experiments. Since
thé nature of this experiment.fequires fhe control roots to’
befképt in a Separate tank, it was élso thought ad;isabié
tofcompare the gfowth of rqthAgrown in the continuéus
irradiation jig without any radiation with their growth in

the other culture tank.

)
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CHAPTER VI

RESULTS.

1. Results of the continuous irradiation experiments.

The pattern of growth rate observed foflroots expoéed to:
protracted irradiation for several low dose-rate values
are illustrated in Figures 6,1, 6.2 and 6.3.

In ﬁhese curves the growth rate (G), as a fraction of
controls of equai age, is plotted against the time after

onsFt of the radiation. The dose rates are included in

the' figures. Error bars were not included on the curves
i N

in Figure 6.2 in order to preserve clarity of presentation.
For, the same reaéon error bars have been omitted on some
of the other graphs mentioned in this chaptéf, but are

always of the same order as those depicfed.

f . .
The;comparison of the growth of unirradiated roots grown
in the continuous irradiation jig with their srowth in
tﬁeﬂmain culture tank, as deséribed in the previous chapter,
s ?hown in Figure 6.4,
2.  Results of the fractionation experiment using equal'

1
b

_divided doses.
Figure 6.5 depicts the daily growth of control root? as
' ¥

a function of time. This curve gradually falls off,%and
' |

for thisireason the growth rates of all irradiated Troots

wete expressed as a fraction of the growth rate of control

4
L

roots of the same age (Gray and Scholes,1951: Read,1952).

1

i
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Growth curves for Zea roots irradiated with two doses

(the 'conditioning dose' and 'test dose! respectiv?ly)
of 1000 rads each, separated by various time intervals,
af; given in Figures 6.6vand 6;7a;b, where the growth-
rate as a fraction of controls (G) is plotted’agaiﬁst
time, "
Thg 'growth in ten'days'(GlO) and the miniﬁum grqvth
raté (Gmin) for the different time intervals-betweeﬁ the
congitioning and test doses ranging,from.O to 24 hours
in ;teps of one hour are listed in Table 6.1.
The method for obtaining tﬁe valueS'of GlO and G%in has
already been discussed (ChapterV). The values of GlO
and Gmi thus obtained were plofted against the intefval
bet#een the doses as shown in Figure 6.8 and 6.9 réspéc%
tiv?ly. | |

\

3. Results of the fractionation experiments using

g

i

funequal divided doses.

4

Foria conditioning dose of 200 rads, with test doses varying

from 200 rads to a total dose of 2200 rads in steps of

ZQOirads, the value of the 'growth in ten days'! was

plotted against the total dose as shown in Figure , 6.10,
Growth curves were also drawn from the measureménts;of the

length of the roots taken on every alternate day and these
curyes are shown in Figures 6.11 and 6.12. L

Similar graphs of G vs. Total Dose were drawn for variousv

10
othér conditioning doses viz. 0,400, 600, 800, 1000, 1200,
1400, 1600, and 1800 rads, These graphs are depicted in

Figures 6.13 to 6.18. Some of these results are also
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tabulated in Table 6.2, For the higher first doses the

second doses were increased in steps of 400 rads.

In Figures 6.19 to 6.23; growth curves are presented for
various values of the total dose. |

From the graphs of GlO vs. Total Dose the totél dose
necessary to reauce the ’groﬁth in ten days' to 0.25 was
obtained and plotted against tﬁe corresponding value of
the first dose (Figure 6.2&).;'These values are also
tabulated in Table 6.3 together with the corresponding values
'fof the first dose. |

The error bars for these experimental results were calculated

as described in Appendix C.

!

X,
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‘FIGURE 6.1 -

PATTERN OF DAILY GROWTH RATE OF ROOTS OF ZEA MAYS

R EXPOSED TO PROTRACTED IRRADIATION AT A DOSE RATE
-~ OF 2.2 MRADS/HOUR.
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FIGURE 6.2

PATTERNS OF DAILY GROWTH RATE OF ROOTS OF ZEA MAYS
EXPOSED TO PROTRACTED IRRADIATION AT DOSE RATES
IN THE RANGE 0.4 TO 42,8 MRADS/HOUR,
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FIGURE 6.3

PATTERNS OF DAILY GROWTH RATE OF ROOTS OF ZEA MAYS EXPOSED TO

peetest e melseoso - -PROTRACTED IRRADIATION AT DOSE RATES OF 85.6 AND 171.2 MRADS/HOUR.
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FIGURE 6.4

COMPARISON OF ROOT GROWTH iN THE CONTINUOUS IRRADIATION

JIG WITH THEIR GROWTH IN THE MAIN CULTURE TANK.
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 FIGURE 6.5

NORMAL GROWTH CURVE. FOR THE PRIMARY ROOT OF ZEA MAYS,
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FIGURE 6.6

THE VARIATION IN GROWTH RATE OF THE ROOTS OF ZEA AS A

FRACTION OF CONTROLS OF EQUAL AGE (G) FOLLOWING TWO

10 X-RAY DOSES OF 1000 RADS EACH, SEPARATED BY A TIME
INTERVAL OF SEVEN HOURS, a

o 1 1 ) . 1 v L . 1
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FIGURE _6.7a

 PATTERNS OF THE GROWTH RATE OF THE ROOTS OF ZEA AS A
FRACTION OF CONTROLS (G) FOLLOWING TWO X-RAY DOSES
OF 1000 RADS EACH, SEPARATED BY TIME INTERVALS IN

THE RANGE O TO 6 HOURS,
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FIGURE _6.7b

PATTERNS OF THE GROWTH RATE OF THE ROOTS OF ZEA AS A

FRACTION OF CONTROLS (G) FOLLOWING TWO X-RAY DOSES

OF 1000 RADS EACH, SEPARATED BY TIME INTERVALS IN
THE RANGE 9 TO 24 HOURS..

'TlME IN DAYS.
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THE VARIATION OF THE MINIMUM GROWTH RATE
(Gmin) FOR ROOTS EXPOSED TO TWO DOSES OF

FIGURE 6.8

X-RAYS SEPARATED BY VARIOUS TIME INTERVALS.
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FIGURE 6.9

THE VARTATION OF THE "GROWTH IN TEN DAYS® (G, )
FOR ROOTS EXPOSED TO TWO DOSES OF X-RAYS '
SEPARATED BY TIME INTERVALS IN THE RANGE.

| = 0 TO.24 HOURS.
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FIGURE 6.10

THE VARIATION OF THE "GROWTH IN TEN DAYS" (Glo) FOR THE
ROOTS OF ZEA EXPOSED TO TWO UNEQUAL DOSES OF X-RAYS'
 SEPARATED BY A TIME INTERVAL OF SEVEN HOURS,
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FIGURE 6,11

PATTERN OF THE GROWTH RATE OF THE ROOTS OF ZEA AS A

FRACTION OF CONTROLS (G) FOLLOWING TWO DOSES OF 200

AND 1400 RADS OF X-RAYS SEPARATED BY A TIME INTERVAL
OF SEVEN HOURS,

p
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FIGURE 6.12

PATTERNS OF THE GROWTH RATE OF THE ROOTS OF: ZEA AS A

FRACTION OF CONTROLS (G) FOLLOWING A CONDITIONING DOSE

OF 200 RADS AND TEST DOSES IN THE RANGE 200 TO 2060 RADS,
- THE TWO DOSES ARE SEP‘ARATED BY SEVEN HOURS. |
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FIGURE 6.13

AS FOR FIGURE 6.10_, BUT WITH A FIRST DOSE OF O VIR‘ADS. _
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FIGURE 6,14

AS FOR FIGURE 6.10, BUT WITH A FIRST DOSE OF L00 RAbs._
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FIGURE 6.15

AS FOR FIGURE 6.10, BUT WITH A FIRST DOSE OF 600 RADS.
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A0

' FTGURE 6.16

1

AS FOR FIGURE 6.10, BUT WITH A FIRST DOSE OF 800 RADS.
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0-25|
 FIRST DOSE =800 rads.
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FIGURE 6.17

S
AS FOR FIGURE 6.10, BUT WITH FIRST DOSES OF 1000,
1200 AND 1400 RADS.

3300
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FIGURE 6.18

 AS FOR FIGURE 6.10, BUT WITH FIRST DOSES OF 1800,

AND 1600 RADS,.

o050l o |
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x FIRST DOSE=1600 RADS.
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o250 -
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FIGURE 6.19

AS FOR FIGURE 6.12, BUT WITH A FIRST DOSE OF O RADS
AND VARIOUS SECOND DOSES RANGING FROM 350 TO 3000 RADS.
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AS FOR FIGURE 6.12, BUT WITH FIRST DOSES OF 400 AND 600
RADS AND WITH SECOND DOSES OF 200, 1000, AND 1800, AND

" FIGURE 6.20

400 AND 1600 RADS RESPECTIVELY.

400+ 200 rads

600+400rads-
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FIGURE 6.21

AS FOR FIGURE 6.12, BUT WITH FIRST DOSES OF 800 AND 1000
RADS AND WITH SECOND DOSES RANGING FROM 400 TO 1400

RADS, AND 200 TO 1800 RADS RESPECTIVELY.
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1000+1800rads.
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FIGURE 6,22

AS FOR FIGURE 6.12, BUT WITH FIRST DOSES OF 1200 AND 1400
. .. RADS AND WITH SECOND DOSES OF 40O AND 800 RADS, AND 800
AND 1200 RADS RESPECTIVELY.
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FIGURE 6.23

AS FOR FIGURE 6,12, BUT WITH FIRST DOSES OF 1600 AND 1800
. ......RADS AND .WITH SECOND DOSES OF 200 AND 1000 RADS, AND 1000
RADS RESPECTIVELY. '
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FIGURE 6.24 )
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TABLE 6.1,

. ; |
Two equal doses of 1000 rads, 25°C.

Interval ‘ 'Growth in - "Minimum growth
between 10 days! ' rate’
?gisf) B (615) (6i0)
o 0.12k % o0.0l0 0.024 I o.ook
1 0.184 % o0.021 0.066 * o0.012
2 0.187 * o0.027 | 0.092 I o0.025
3 0.207 % 0.035 0.110 X o0.018
L4 0.236 % o0.020 0.135 X  0.015
5 0.285 I 0.031 0.150 % 0.014
6 0.238 I o0.024 0.125 % 0.013
v 0.212 % o0.030 0.118 % 0.018 : o :
8 0.232 % o0.028 0.125 * 0.018 S E
9 0.238 * 0.034 | 0.132 X o0.014 o Mf: | ;
10 0.243 I 0.025 0.147 * o.027 |
11 0.254 * 0.025 0.160 * 0.017 SRR
12 '0.206 Y 0.019 0.152 * 0.028 »
13 0.213 % 0.016 0.146 L o0.032 [ - -
14 0.197 % 0.021 0.120° % o0.031 | |
15 0.202 I 0.025 0.110 I 0.027 ;
16 0.176 * 0.018 | 0.105 I o0.021 |
17 0.186 *- 0.028 | 0.067 I o.oi8 |
18" 0.151 % 0,012 o.o45 * o0.022 |
19 0.146 I o0.01k 0.055 < 0.0.7 :
20 0.151 % o0.014 | 0.056 * 0.015
21 0.161 I 0.027 0.060 % 0.016
22 0.137 I 0.019 0.053 % o0.021
23 0.138 £ 0.018 | 0.060 f 0.013
24 0.135 * 0.015° 0.054 ¥ o0.010
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TABLE 6.2,

JInterval of 7 hours between doses, 250C.

First dose Second dose | Mean growth "Growth in
(rads) . (rads) increment in ten days."
' ten days (cm)
Controls - | 33.67 * .3.76 | 1.000
400 200 27.99 % 2.31| o0.813 I .0.114
400 24.99 * 2.77 | o0.713 I o0.114
600 15.96 + 2.33| o.u74 I -0.087
. 800 17.02 % 1.94 | 0.506 % -0.081
1000 1h.25 £ 1.37] o.423 %t 0.062
1200 10.91 f 0.9 | o0.326 % o0.035
1400 9.82 f 1.0o4 | 0.292 I o.ok45 -
1600 .20 * 0.76| o.214 % 0.033
1800 6.22 * o0.60| 0.185 %t 0.027
Controls - | 31.62 * 2.62| 1.000
800 200 25.20 L 2.12 | 0.797 I 0.094
400 17.890 £ 1.67| o0.566 t .0.071
600 16.83 % -1.82 | 0.532 I 0.073
800 12.51 % 1.14 | 0.396 * 0.049
1000 10.90 * 0.73| 0.345 % *0.037
1200 9.70 * 0.96 | 0.307 L o0.0%0
1400 " 9.95 * 1.06| 0.315 % o0.ok42
1800 7.69 * 1.42 | o0.210. % o.0bo.
2200 7.85 * 1.24 | o.214 * 0.035
Controls - 35.40 * 0.97 | 1.000 .
1200 200 12.93 * 0.98 ] 0.365 I 0.029
400 1 12.77 % o0.79 | 0.361 I 0.024
600 13.24 ¥ 1,06 | o0.354 I 0.032
800 11.60 * 0.83 | 0.328. % 0.025
1000 | 10.59 % o0.82| 0.299  0.025
1400 7.75 % 0.92 | o0.211; I 0.027 |
1800 - | 6.63 % o0.69 ] o0.181 I 0.020




132

TABLE 6.3.

The total dose in rads required to reduce the "growth

in ten days" to 0;25 when X-rays are given in two

doses separated by seven hours.

<

First dose Total dose range Total dose in rads
(rads) (rads) to reduce the
"growth in ten days"
to 0,.25..
0 200 - 3000 1800
200 4oo - 2200 2016
400 600 - 2200 1872
600 800 - 2200 2112
» 800 1000 - 3000 - 2432
1000 1200 -~ 2800 2384
1200 1400 - 3000 2L 00
1400 1800 - 2600 2256
1600 1800 - 2600 1840
1800 2000 - 2800 1958




133

: . CHAPTER VII.

_DISCUSSION.

Control roots.

The growth raté'(;m/day) of the.éonfrol group. 6f roots is
not coﬁstant but decreases steadily throughout the course

of an experiment as shown in Figure 6.5. ‘This may be due

to a failure in nutrition, but may also have to do with the
inhibition. of growth due to the change 1in the.concentration
of 'the root hormones present.

Aé‘was pointed out earlier in this thesis (Chapter V), roots
are inhibited in their growth by appliea auxin over a wide |
range of concentratibﬁs; and Pilet (1961) has shown that

the déstruction of auxin is greater‘in old root ti§sués than
in young tissues., This seems fo contradict gfher evidence
whiéh shows that the auxin content increases with ihcreasing
age, It is therefore supposed that the two processes operate
.simultaneously i.e., the tissues greatly increase their ébili-
ty }o destroy mature auxins in proportion to the age of the
roots, at the_séme timé as the accumulation of auxin is
incmeasiég. Even if the destruction 1is greafer, the final
aux}n content riséé because auxins are produced faster than
they are destroyed (Figure 7.1). |

In any event it is difficult to decide whether the length or
age, of the root is ?esponsible for the déclige in thé growth
ratg, since in a control.root the two factors are interdepen-
dent. Gray and Scholes (1951) breferred to expresé the déily
gfo%th rate of irradiated Vicia roots as a fraction ofvcontrblé

% !
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of ,the game length. However Hail, Lajtha and Olivef (1962)
haﬁe shown that relating growth rate to controls of equal
ggg is more satisfactory espeéially where an open culture
sysitem is used. This latter procedure has been followed in
the! present studies, and Figure_6.5lshows'that the growth

of the controls is maintained fairly satisfactorily ovér
thevperiod of ‘the expérimenf.

The comparison of the growfh of the roots in the continuoué'

irradiation jig with their growth in the main culture tank

revealed a slightly larger growth rate for the %oots in the
i,

latter (Figure 6.4).

' Gray and Scholes (1951) circulated water through their
"growing tank in é closed system, aerating and controlling
. the temperature of.the water, but not changing it-during
an experiment. This -is a bésic difference in teéhniqué'to

‘the one used for culturing the roots in the main culture

i

tank in the present experiments,
This differeﬁce<iﬁ éechnique is reflected in @he'growfhvrate
of the roéfs (Hall, Lajtha and Oliver,1962). - Theyrobsérved
tﬁai the roots grown in the closed system sh&wed afmuch‘more
rapid fall-off.of the growth rate as the length of ithe root
increased. This has been attributed to the possible shortage
of trace elements which are gradually exhausted in;the closed
Sysfem; when growing seedlings of Vicia in'distilged watef,
Dav;dson (l960,a ) found it necessary to add Hoaglandg

sol?tion daily to supply the essential minerals. \
x‘ . . ,

!

When roots are grown in the compartments of the conxiddous

irradiation jig which contain a volume of water much less
i N . '

than that of the main culture tank, the possibility: of a.
4 .
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T i

depietioé of trace elements arises here as well, Thé flow
ratg of &ater through the compartmentsican not be fncrcased
to ény level as a large volume of water passing thﬁough wili
maké a prober temperature confrol impossible. !
A ccrrection factor to allow for this discrepancy wés idfro-"
duced when the curves were plotted for coﬁparison'with the
theoretical growth ccrves. Such~compariSOns also necessitate
a’ change in the time base for the experimental curves from
“days" to "cell cycles'", since the theoreticai curves show
the;variation of . growth rate as a fraction of controls of
eqdal age with the pumber of cell cycles after the onset of
the radiation; Here it 1is assuﬁed that a constént cycle
time of 19 hours (which will be derived later in tﬁe chabter)v
applies for Zea culfured at 250C. |

Continuous irradiation experiments.

Expérimental growth rate curves.

Figures 6.1, 6.2 and 6.3 indicate the pattern of grprh }ate

fbr%root§ of EEE exposed continuously to gamma radiationzfor
é p%riodiof 15 to 20 days. At dose rates of betwecn%O.h and
hZ.% mra%s/hour, the grcwch rate increases initiallyvand;
the% aft%r a day or two falls steadily until the magority of

4
li

thelroot? cease to,grow, and the plants die.

., . « B /
There is 1ittle indication of the growth rate attaining a
k : H
! Yo
steady but reduced value, as was observed for Vicia:faba by

} ‘ é
Hall (1963).
A qu?litative formula can be put forward to indicatc the;

! :

processes of recovery and loss of cells in an irradiated e

meristem,
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t
A

Th@s: ;

Grdwth rate = f (recovery of cells from_sublethal’yadiation
damage + recovery of cells_dué to Fhe
homeostatic system -~ loss of cells due to
radiation sterilizat;on - loss of célis due
to "natural" causes),

where.f stagds for "function of".

Thus the reduction in gfowth rate which results directly 6r

indarectiy from the killing of some of the dividing cel%s

in the meristem (Lea, 1946), is due to radiation steriliza-~

".tion‘ofAheristematic cells as well as death as a result of the

natural ageing of the root. There is unfortunately no way

of disfinguishing the'latfer frdm cell death due to radiation

sterilization. |

. The decrease in the growth raté of unirradiated roots of Zea

with time (Figure 6.5) is very much more rapid than in the

case of Vicia (Shepstone, 1964). This rapid death of the

rbops of Zea can account for the growth rate of the irradié—

lted;root§ not reéching a marked steady value, the recovery

of the system not being able to compenéate adequately for a-

"natural" death in addition to a radiation death. |

Wheb corrections are made to the curves in Figures 6.1, 6.2
‘and 6.3 to account for the lengthening of the cell cycle
i . K

timé for:the cells in the irradiated meristem as,weil as for
' : - D N
the idifference in growth rate observed for the control and
i ! . ' Co -

irrédiated groups of roots, as will be described later in
1 ' . . . .
thié chapter, curves are obtained (Fig. 7.9 to 7.19), some
. § ¢ Lo

of which show plateau regions. This means that for the. con-

tin?ously irradiated roots of Zea a steady state‘can_be

1
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3
. |

reached (if a correction is made for the accelerat§d natural
death‘of the roots groﬁn in tﬁe continuous irradiation_jig)

at which the number of cells differentiating remai?s constanf.
and thus a better correspondence is obtained (as will b?
described later) between expefimental and theoretigal gyowth
curves, the latter being utilized to suggest possible mopdes
of‘actioh of raaiation on cells in the meristem,

Hall (1963) also exposed the roots of Vicia to gammé—ra@iation
at dose rates low enough to prodUCe'only é slight decrease'A
in growth rate. Tﬂis dose rate (0.32 rads/hour) is‘highér
than the largest dose rate ( 0.17 rads/hour),ﬁsed‘én Zea in
the present experiﬁents. To reduce the growth rateﬂof'the
foqts of 7Zea in a similar way, a Very lo% dose rate would be
negded which was found to be not feaéible, considering thé
lowest activity per»Radium needle available'and-fhé iimited
sensitivity of the thermbluminescent powder used f¢rAthé
measurement of the radiation dpse.

For the higher dose rates, viz;.85.6 and 171.2 mrads/hour,
no:initial rise in growth rate was observed. At thé dqsé
rates of the order of 171.2 mrads/hour the decreasérin
grqyth fate is much more.rapid than in the case Qf%the loyer
dose rates, since the probortion of cells steriliz%d pef
cell cycle will be much larger in the case of the ﬁigh éosq
raﬂes. A higher dose rate als§ implies that the lqutheéing:
of %he cycle time:wili be even further enhancédv(C%owesgand
Hali, 1262, 1966); which in turn means a larger dO%e‘per
ceil cycle and a cdrresbondingly larger prdportioﬁ;of dying

1

cells,

-3
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Theoretilcal growth rate curves:
: ,

Figures 7.2, 7.3 and 7.4 shqw theoretical grdwth r@te curves
coﬁputed for various values 6f P (the proportion of cells
sterilized in one tenth of a cell cycle) and the results
using ﬁypofheses'of Mﬁdel A and Model B are compared.

Here it is assumed. that cell death occurs at the secénd
mitosis after radiation damage and that the celi cycle time
‘(T);is constant.

The; theoretiecal curves on the basis of these assumptions
have been considered first since cell déath at-loﬁ dose
rates is believed to occur only after two or more post -
irradiation mitoseés (Puck and'Mércus, 1956). These aufﬁdrs
studied the effect of X—rayé on Hela cglls in tissue cul-
ture. They dbserved that the célls were able to divide two
or more times gfter receiving single doses of X-rays of tﬁe,
order of 50 rads.

The .lengthening of the cell cycle for the low dose rates
used in the present experiments is not believed t6 be appre-
ciable when compared with the cﬁange in cycle time for the 
 Very much higher dose rates dealt with by Clowes and Hall
(1962,1966). The effect of éh increase in the cell cycle

I

timg¢ on the theoretical growth curves will, however, be icon-
sidered later in this chapter. é
The jabovementioned figures représent the theoreticai curves
of Qailyygrowth rate as a fraction of controlsvwithﬁ
~(a)n the dying ceils not contributing tb‘root growt@

: (G vs. Cell Cycles in Figure 7.2) | Sb o

(b) , the dying cells differentiating and.thus contributing .

]
to root growth (G vs. Cell Cycles in Figure 7.3) and
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_(cj the dying cells dividing’and each thus contributing two

1

cells to root growth (G vs. Cell Cycles in Figure 7.4).

i

From tﬁé above comparisons it follows that Model Aﬁtendé tov
produce initial peaké which afe lower than those p%odubed by
Model B, but the plateau regions for the éurves using Model B
are only at a slightly higher level than those fqr‘Modgl A, |
Moéel B however, seems to be more plausibie since in this
model aﬁ attempt is made to provide the right type‘.of
vfeedback control for the repopulation of the meristem after
radiation sterilizatiqn of some of its cells, on the basis

of a possible biological response to the population change. "

For the calculation of the growth curves as shown in Figures

7.2, 7.3 and 7.4 for Model A and Model B, it is assumed that

N

all sterilized cells "die" at the second mitosis after
reqeiving radiation démagé. Therefore the growth rate remains

constant for the first cell cycle after the start of exposure,

'
H

after which the value falls more or less rapidly according

toithe damage level assumed, '

{ : .
In Figures 7.5 and 7.6 these theoretical curves for Model B

are compared with growth-curves computed assuming that the

sterile cells "die" at their first division subsquent to

radiation damage.
‘ .
This possibility was considered since the experimental growth

i

curyés (Figure 6.1 and 6.2) showed an increase in growth rate

 aboye that of the control group as soon as the fir;t day affer
ons?t of the radiation. For the higher‘dose rates‘the-décrease
in growth rate (Figure 6.3) was observed from the éirétiday.“ 
onwgrds,‘indicating‘an immediate response of the r;Qt>té the

radiation. : ; »
v i - i
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The growth rate for the theoretical growth rate curves
E .

assting'cell deafh at the first mitosis after radiatioﬁ
dam;ge, is seen to increase (Figﬁre.7.5) or decreage :
(Figure 7.6) from the beginning of the exposure to the
radiation, as would be expected since the differentiapiﬁg
cglls are contributing towards root growth at an earlier
stage and the dying cells are removed sooner tﬁan-would

be ;he cése iff cell "death" occﬁrred at the secondrmitbsis.
The general form-oflthe computed curves isuidentical in
both cases,

It has been pointed out (Clowes and Hall, 1962;1966) that
there is experimental evidence of an increase of the cell

cycle time (T)‘under conditions of continuous irradiation

at any but the lowest dose rates (Table 2.1, Chapter II).

i

In Figures 7.7 and 7.8, therefore, curves are shown'which
havie been computed for two values of P, assuming a-gradual

increase in cell-cycle time during irradiation of the order

j ‘ “ ¥
account the corréesponding increase in radiation damage per

of that hiscussed‘below. These calculations take into

tenith of a cell-cycle and the change in time scale 'relative

to @he earlier calculations (which assumed a constant cell
; , } .

cycle time), which latter curves are repeated in Figures

L
1]

7.7 and 7.8 for comparison. - ; ,
These curves were calculated for an irradiation period df
12 cell cycles, as the data on the increases in:ceil cvcle

time for Zea is only available for an irradiation ﬁeriod of
t —_— Lhd

seven days. : : -
A .

.+ As would be expected, the correction for an increase'in)cycle
t . ] Y -

£
S

. . . . . ; I
time leads to continuously falling growth-rate curves, since
- ‘ ‘ i
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i

th@ lengtheding'df the cell cycle time implies a 1§rger;
dose per cellﬂcycle, which in turn means an increa%e in,
damage per cell cycle. The difference between the éurves
for constant T and for variablé T, decreases_as p %ncreases;
For P = 0.09 no differehce between the fﬁo curves is ob-
‘served. At the higher dose rates the number of cell$ dying
.is much larger tﬁan for.the loﬁer dose rates aﬁa therefore
the'effects of aﬁ increése in cycle‘time will belmaskedfin
the case of the high dose rates.

For the unirradiated meristem the cycle time of these cells
in the case of Zea cultivated at 25°C'can be taken as
"approximately 19 hours. This value 1is derived from a consi-
deration of the wﬁrk of Evans and Savage (1959) onithe 1
cycle time of Vicia roots at different temperatures and of
Clowes (19655 who(d;duced the cycle time in.different
regions,of the meristem (Table 2.1, Chapter II).
Here it is assumed that the cycle time of ggé sﬁows the;same
percentage decrease as in the case of Vicia for a given;'
inqreasg in temperature (19OC to 2500)._This assum?fion:is
cbqsidered reasonable since the internal struCtureiof'the-
roq% tip of Zgg closely resembles that for‘Vicia a% is de-
scribed in Chapter‘III, and thus their behaviour.aﬁ different
temperatures can be expected to be similar. : i A}
Also aé a general approximation it is assumed thatgthé ¢ycle
tiﬁe derived for cells of the stele just above thefmeri§tem
is:reprgsentative of the meristem as a whole, becaﬁSe tgey
.constitute the major proportion of the meristem. i

Assuming that the above reasoning also applies forlcellé

! i ’ 3
under continuous irradiation, we can derive a cycle tinme of
i . ’ '
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42 hours for those cells subjected to 2.44 rads/hour for

7 &ays at 259?. -

Thé maximum aose.rate in the present experiments oh Zea
was found to be abbut 0.17 rads/hour ahd assuming ﬁhat

" the percentage change in cycle time is similar to the case
of Vicia it was decided that for Zea the cycle‘timg should

~
o

change by 1.6 hours in 7 days at 25°C.

Comparison of experimental and theoretical growth curves:

In Figures 7.9 to 7.15, the cﬁrves‘computed on the(basié'of
. both models (with cell death occurdng at the firét;and %econd 
mitosis respectiveiy, and a constant cell cycle tiTe) are
compared with some of the expérimental results;

Although the- fit to ‘the experimental curves is by no means
4 . . . L/ E—. N

absbluté, the computed curves (on the basis'of the'asSuﬁption
thaf cell death occurs at the second mitosis) have nea?ly

the correct shape with respecf to the observed results;-

Thus it would seem that under these conditions of irradiation

F

theimajority of cells in the meristem are able to updergo

}
'

at least one successful division after sterilization.

Any remadining discrepancy could be ascribed to the 'fact that
some of the cells could also die in the first mitos?s
fol;owing the lethal radiation event, to wvariation ﬁn cell

. ‘ . t .

cycle and to the possibility of cell cycle delay.
{
At ﬁhe higher dose rates, namely 85.6 and 171.2 mrads/hour,'

it $eems;that sterilized cells do not contribute'to the

groyth rate, but are removed from the population. ;

i
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t
At intermediate and low dose rates, however, the mathe-

maticai models demonstrate that the initial "hump" observed

i
!

in the experimental results can possibly be explaihed if -
the damaged cells remain and contribute to the grthh rate.
Tﬁe case of damaged cells also being able to dividé yields:-
initial peaks on the basis of the models which fit the
observations in sbme cases. Thus both hypofhesese, that
‘deéd'cells‘themseives may differentiéteyor divide.and

{

differentiate and thus contribute to r&ot-growth, provide

theoretical growth-curves of the correct general form.

It is possible that a large number of reports on the stimu-
latory effect of chronic irradiation outlined in Chapter IiI
may well be due to the continued presence of damaged cells
which héve been impaired withfrespect‘to their capacity for
diYision. However, the effect of radiation on plant hormonés
muét also be considered in this respect. As Skoog (1951)

and Kiefer (1965) ha?e pointed out, relatively smail doses

i

of X~rays reduce or inactivate auxin production, and a

1

deyelopment of lateral buds are promoted by irradiating
roét tips. However, as a reduction in auxin concentration
will stimulate shoot meristematic growth, it is believed to

haye the opposite effect in roots (Meyer and Andefﬁon,19h9),

and therefore it seems as if this possibility may be
eliminated.
 Th$ effect is-also known in mammalian systems. Lorenz and
y :

hi$ colleagues (l9h7) have studied the effect of 1long -

! : :
continued gamma irradiation on mice, guinea pigs and rabbits,

an@ found an increase in weight of all irradiated animals

at ! the lower exposure levels (1.1 and 2.2 r per day),

\
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' am&unting in male mice exposed to 1.1 T per day to 50 per.
_ 4 B
cent of that of control animals. It is possible that the

t
! . (
same factors are operative here as in the case of plants,

S

!
' An;ther possible expianation of the stimulatory effect of
radiation could be put forwafd on the'ﬁasis of the presénce
of "giant" cells which have been observed in ifradiate&.. |
mammalian tissues. In these cells the chromosomes have
diviided bu3i no pﬁyéical divigion into two daughter cells

has taken place and a singie large cell which has 1ést its
regroductive integrity is produced., Puck and Marcus (1956)
haée, however, found that only 6.7% of a colony of cells
'ir;adiated to 50 r had transformed into giant cells.

No production of giant cells has been observed for the
meristematic cells of Vicia for a few days after the onset
of}continuously‘applied radiation (Shepstons, l96h).. ;
Squashes prepared from the meristematic cells of Zea
irﬁadiated to the dose rates at which a stimulatoryAeffect
haé been observed, have not revéaled the p?esence of any
gigntvcélls, (Figufe 7.16), - % -
Whe% cells are irradiated, the cell membrane will {nevitably
be %ffected. Changés ip the amount of cﬁarge on fhé-céll-
mém%ranes have béen obéervedronly for doses of'radﬁation of
mor% than 600 rads, thus indicafing a change 1in th% chemicai
com%osifion of the membrane (Repacholi,l970). For-éhe,
mem?ran%s to be damaged to such an extent as to alﬂbw the
imbibiti?n of water and thus resulting in an increése.dg'
the~sizegof the.cell, much highér doses will most érobably

be reQuired.'At the low doses of radiation appliedvto the

)

LU

.rooxs at which stimulation of growth was observed the
| .

i .

!

t
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{

po%sibility of an increase in the size of the cell% due:to
the imbibition of water can‘tﬁus be excluded. f .

The possibiligy of a change in the response of thelcell; to
the radiation with time after the onset of the radiatiog was
considered in matching theoretical and experimental growth

- curves as shown in Figure 7.17, where the experimentél ‘
‘growth curve (full‘line) for'an applied dose rate of 0.4
'mrads~per hour is compared with the theoreticai reéultsbof
Mo@el A with the assumption of a constaﬁt cell‘cyc}e time T
and cell death occﬁrring at the first mitosis.aftey radiation
sterilization, : l

of }mportance here is the fact thaflif the radiafiéh changes
tﬁe;responsé of the cells to the radiation after a couple

of Fell cycles it would imply that accumulated damage in =

- flicted during one mitotic cycle can be con;idered‘as being
pas§ed 6n to the next. This would be in contradiction tb

Van;t Hof and Sparrow'!s view that there is no effect to pass
i . o

on yo the next cycle.

If ?adiaﬁion damage can be "tranéferred” from one qycle'to‘
'the?next the reproductive ‘integrity of the cell would be
"reguced". Thus. it was found reasonable for the comparison

in Figure 7.17 ?o 'constrﬁct' the theoretical curvé as féllows.
Theyinitial growth.rate larger than unity was takenlfrom the
cur?é ca;culated on the assumption that the ”dyingﬁ cel%s_'
divéde and differentiate (dotted part of the theoreticéf

curve in Figure 7.17). The dashed part of the curve%in

Figgre 7.17 was obtained from the theoretical curve?calcu-
i

lated on the basis that the '"dying" cells would differéntiate

L

only. 3 : , j »
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Forga given dose rate the value of P has to remain the
sémf for both.partg of the curve (the damage per céli
cycﬁe will remain the same for a constant dose raté'énd_
a constant cell éyclé time - Hall, Oliver, Shepstone and
Bedford 1966). | |

This method of compéring experimental and theoretiqélv

growth curves did not result in a better agreement between

these curves.

<

In FiguresA7;182 7.19 and 7.20, the curves compbfed on fhe
basis of both models, corrected for an increase in T, épe
compared with some of the expérimental-results. For a
reason mentionéd earlier in this chapter, this comparison
can be made considering the first 12 cell cycles éfter the
onset of the radiation only.
The, effect of this modificatioﬁ is to change the gradients
of ;he theoretical curves, but there is no appreciable
_chaﬁge.in the particﬁlar P-value of the theoretical cufve
whi?h most closely approximates to a giVen‘experimental
curye, and at the high dose rates (where the biggest varia-
tiop in T occurs) the change 1is non—existént. It may there-
for% be deduced that the reduced gfbwth rate is essentially
thegresult of a reduction in the number of cells diffefenm
tia?ing and the contribution. from %n increase in cell cycle
’ time is not significant by comparison. This conclusion is
] .

in Feepipg with the findings of Van't Hof and Sparfow (L963),
who;foun; reduced growth rates 1in chronicaliy irrad&atedl
roo; meriste;s of Pisum without any evidence of chahge in
thesminimum cycle fime of fhe meristematic cells.
It ?s.of some interest (Oliver and Shepstone,1965) to

i

conéider_the corresponding values of dose rate and the



147

]

1 : 4
paramet?r P for matching experimental and theoretical
R : , .
growth rate curves shown in Figures 7.9 to 7.15, in
: ’ . 5

relation to the survival curves bredicted by the célculb;
tions.,

At such low dose rates it is to be ekpected that the
relevant dose-response curve will be of the ”Singléahitk
fype, the rapid recovery of sublethal damage makiné any

multi-hit damage process unlikely (Barendsen 1962,Hall 1963,

B

Hail and Bedford 1964, Oliver 1964). The surviving fraction S

following a dose D rads will therefore be given by;

5=6xn'<“‘::§r> S (1)

where D, is the 37 per cent survival dose for the exponen-

1

tial curve corresponding to the "singlé—hit”'procesSf
ap@lying under these conditions.

In,the calculations for the theoretical'growth curves, P 1is

the fraction of cells sterilized in one tenth of a cell

| : » o
cycle. For a dose rate d rads/hour and a cell cycle time o

i
T hoursithe relationship therefore becomes:

H
|

CL P imexp D) [(7.2)
| | |

i : .
From the comparison of experimental and theoretical growth

cunves Qiscussed earlier, a value of P was found f&r each
Vague o% the dose rate. These values of P toéethérfwith!
th% corresponding dése rates and the values of Dl éalculated
frém Equation 7.2 are fabulated in Table 7.1. The éYcle
tiﬂe (T) was taken as 19 hours, : |

1 .
less than those derived for Vicia,viz. 165 rads (Hall,1963),

t

Th% values of D, found for Zea (Table 7.1) are ver§ much

i
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190 rads (Oliver,1964) and 225 rads (Oliver and Shepstohe,l965);'
This means that the value of l/Dl’ i.e. the dose to reduce

the irradiated population of cells to 37% of their original
number for the "sihgle—hit" inactivation which is assumed

"to apply at the low dose rates used in the présent experimenfs,
ié very much larger in the case of ggg.as comﬁared»to Vicia.

The fact that Zea will survive much higher doses of radiation

than Vicia will be discussed later in this chapter.

Thus ﬁe have, in the circumstances,.a reasonable agreemgnt
between experimental results and the application of a | |
siﬁple model system.

‘The hypothesis is put forward above that célls unable to

divide as a result of radiation damage may, in fact, differen-
tigte or evén divide and differentiate and so contribute ‘
to root elongationf Theoretical éurves’of growth rate whiéh. \
tage this into account afe in better agreement with the
exﬁerimental results and show the initial increase in growth’

rate relative to controls which is observed at low dose

rates.
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Fractionation Experiments. ;

The growth curves,.

Some of the growth curves for the root of Zea exposed to

two equal doses of X-rays (lOOO rads each) separated by

L]

time intervals in the range O to 24 hours are depicted in

Figures 6.6, 6.7a, and 6.70.

The‘graphs show the variation of the érowth rate ag a fraca;
tion of controls of equal age (G) with time. The growth’
rate ié seen to fall progressivély untii a minimum . is
reached some 3 to 5.days later, to be followed by a gradual
recovery,

In order to expiain the shape of the growth-rate curve qvéf
the first few days, it is necessary to fake into accounﬁ thé
fact that damaged cells do not die immediately after doses‘
of the order of é few hundred rads (Puck and‘Marcus,l956) R
and;after even higher doses in some plant systems (Oliver
and{Shepgtone,l965). Some succeed in completing two or even

more divisions and it is assumed that all are capable of

'differenpiating if called upon to do so. ' ' i

These cells, therefore, make a significant, although con-
’ . i

tindvously decreasing, contribution to the growth rate ofi the -
{ | ‘ '

roo? in the first few days following irradiation (dhshed

line in Figure 7.21). At the same time, the mérisfematic

cel%s make an increasing contribution to the growth-rate

(dotted line in Figure 7.21). It is because of these two;

!

processes that the growth-rate curve has a minimum value,

corresponding to the point where the two contributipns are
approximately equal, and are about to interchange their
. i f

order of importance.
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In :general, two parameters have been used by various

workers to score radiatihn damage, viz. the "minimhm

grdwth rate" (Gmin) and the "growth in ten déys" (gio),

as described in.Chapter V. The exact relationship petween
these parameters and the pfoportion.of meristematig cells
which retain their reproductiye integrity is not hnown
(Hall,1962); all that can be said is that the reduced g?thh
of irradiated roots results directly or.indirectly from.

thg killing of some of the dividing cells in the meristem
(Lea,l9h6) and thus the above parameters can be used as. a.
measure:of radiation~damage.

From the gfowth curves in Figures 6.6, 6.7a and 6.7b it
fhlgows that thé minimum growth rate (Gmin) varies with the
time interval between the doses, although thg totél dpse
given in each instance is the same.

Since Gm' is a measure of radiation damége, it followé;thét
two, doses of 1000 rads éach separated by a time interval of
0] houré (which corresponds to a single dose of 2000 rads),
produce more damage than when the irradiatioh iS'gfven inh
two; fractions of 1000 rads each‘separated by a time ihtérval

couple of hours. This is aftributed to the recovery of.

~gp-

of
sublethal radiation damage as has been demonstrated for
mammaliap cells in culture (Elkind and Sutton,l959)hand

also in the meristem of Vicia faba (Hall and Lajtha,1963;

Shepstone,1964).
The  variation of Gmin(fbr the roots of Zea exposed to two
doses of:X-rays of 1000 rads each)with the time intlerval

betyeen the doses, is shown in Figure 6.8. This curVe shows

~

an initial rapid rise corresponding to an increase in -

H

i

i . _ .
2 . - H
, .
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recbvery with an increase in the time between the 405e51
This is 1in keeping with the results of Elkind and §utto?
"(1959), Dewey and Humphrey (1965),.Sinclair and Morton
(1964,1965) and Whitmore et al (1965), who have demonstra-
ted that the repair of sublefhal damage is prompt (i.e.
within é few hours), |
The recovery curves for equal split doses of radiation on
mammalian cells (Elkind and Sutton 1959; Hornsey,ahdb~
Vatistas 1963) as well as those for Vicia(Shepstone:l964{
Hall and Lajtha 1963) also show an initial rapid rise
.(Fiéure 2.2, Chaptér ITI) as was observed in the case Qf;géa
men{tioned above (Figure 6.8), ihdicating partial récovery
for;small separations 1in time between the doses. |
Theécurve in Figure 2.2 does, however, level off when the
doses are séparated by an inter?al of about112 hours, indi-
cating that the recovery of sublethal damage is at a maximum.
The curve for gsg_(Figure 6,8),-instead of levelling off.at
a. time of ébout i2 hoﬁrs between the doses, decreases from
this time onwards until a plateau region is reached when the
time interval between the doses is about twenty hours. This
plateau region is, however, at a level ébove fhe valué for
Gmi% correspénding to a single dose of 2000 rads (2 doéqs_
of %OOO fads each, separated by,O hoprs). Thus a c%rtain
amoﬁnt of recovery (on the plateau region of the récoveny
cUr?e th&s'willlﬁe due to the‘pfoliferation of theileéét
sen%itiv?_cells in the meristem since the recovery;of‘séb—
1et%al démage is" complete at this stage - Johns and Cundingham
196?) does still take place ?f the doses are separ%ted Qy

a t?me of 20 hours and above. . i i
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P
‘Thils discrepancy could possibly be explained on thé basis
v . ) '

of kthe rapid ageing of the roots of Zea as compared to °
Vicia (Shepstone 1964) and the mammalian cells useq by
Blkind and Sutton (1959). One 1is temptedvto speculate hdw
any reguiation mechanism is operated iﬁ the root. It may be
'possible that auxins, e.g. indole-acetic acid, are involved
- 1in these proceéses, because their biosyﬁthesis is greatly

impaired by the same doses which reduce root growth

:

(Gordon, 1955), or because the pattern of restoration after
single doses of X-rays may be altered by giving auxins in
physiological concentrations (Kiefer,1965). o

The'!curve of G vs. time between doses discussed above 1is

min
not:smooth, but céntains a secon@ary maximum and minimum,
This effect has also been demonstrated by Elkind and Suttpn
(1959,1960) uéing Cﬁinese hamster céllé and by Shepstone
(196L4) and Hall and Lajtha (1963) for the meristematic cells
of Vicia. Partial synchrony is produced by thé conditioning

dbsg and since surviving cells may progress through the cell
' . {
cycle or repair damage or both at different rates, 1t_is

+

possible that fluctuations in the survival parameters (m’andA.)

will be observed in time after a conditioning dose (Elkind

et al, 1961). This explains the "kink" in the curve;dépicted
in Rigure 6.8. | 2 :
The;variqtion of the 'growth in ten days' (Glo) fargfhe.foots
of Zgg_egposed to'tﬁo doses of X-rays separated by time ?nter*
valé in ﬁhe range O to 24 hours (Figure 6.9) shows é curve
sim%lar to the one.of vé. time between doses éé dep;cted
H : S : ‘
in ﬁigure 6.8. This correspondence between the two %ur#gé is

min

L

to be expected since both G _. and G are a measure of
: min 10 ¥ o

rad%ation damage. . o o

4
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The above results also verify that the sum of two doses,

!

sep?rated.in time, wust be greater than the single dose

. Y

reqPired to produce a postulated end-point. From theoreT
tical considerations (Hornsey énd Vatistas,1963) it would
be expected that when the first dose is small, so that éhe
surviving fraction of a population of cells falls on the
shoulder of the suréival curve, only a swall increase iﬁ
theitotal dose Q_would be necessary to reach a postulated
end-point. As the first dose is increased,.the total dose
nee&ed would incréése until the first dose Would be large
enough to fall on the exponential part of thé.survival |
curve. The value of the total dose (Q) should then remain
féirly coﬁstant until the first dose is‘éufficiently near

to Q for a single dose of irradiation, that only part of

the "shoulder" of the curve of the second irradiation'

1

would be needed. Shepstone's (1964) results on Vicia faba

fit'this theoretical péttern which has .been introduced in

Chapter II. In order to investigate the validity of this
) :
theory for Zea,the roots of the latter were exposed to a

b

large range of conditioning and test doses.
Som? of the growth curves for the roots of Zea exposed to

twoéuneq&al doses of. X-rays, separated by a time in&erval
of ? hou#s, are shown in Figures 6.11, 6.12 and 6.l§ té
6.2é. He%e again there is an initial decrease in th; |
' iThe é

cur%es tﬁen ﬁass'fhrough a minimum and in the case Lf the
'lowér total doées return nearly to pre—irradiationvievelé.

grovth réte as a fraction of controls of equal age.

i . .
At the lower total doses there are also marked oscillations

i - : v
in the curves, which are very reminiscent of the response
¢ . .

H
@

0
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of;a second-order system with a low damping ratio ?o a .
step~-function input signél;vand gives.a hint "that Fime ;
dependant phenomena play a very important part %n the
radiétion response.
Hornsey and Vatistas (1963) havé shown recovery curves
for different valués of the coﬁditioning and test doses,
All of these revealed a minimum in recovery at a time inter-
val of 6 hours between the doses. In sbme cases, howevep,
the plateau vaiue was not yet reached at a time interval
of 24 hours. Tﬁus in the present experiments, Hornseyts'
example was followed énd the time between the split>dos¢s
was chosen to be 7 hours, corresponding to tﬂe minimum 1in
recovery on the curves in Figures 6.8 and 6.9. |
In Eiguﬁes 6.10 and 6.13 to 6.18, the variation with the
tot?l doge of the "growth in ten days" (Glo) for the rbots ’
of Zea exposed tpjtwo unequal doses of X-rays separated byv
a tgme interval of 7 hours, is shown for various values bf
the;conditioning doée ranging from O to 1800 rads in steps
of ?OO rads., From ﬁhese graphs the total dose Q reéuired.
to reduce the "growth in ten days" to 0.25, was re%d of £,

These values are tabulated iq Table 6.3. . The paftﬁcular'

“ b

chojice of the end-point does not effect the final results
! _ . S

as long as it is on the exponential part of the dose - .
A i ) % .

response curve,
Fig?re 6f2h shows the variation with the first dose‘of the
_tot?l dose of radiation‘necessary to reduce the "groﬁthlih
fen;days“ to 0.25, when the radiation is given in t;o doses
. ; , * ;

separated by an interval of seven hours. This graphfind#-
; : i !
i

cates that the behaviour of the meristematic cells of 7ea

)
i

«
H <
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fit the abovementioned theoretical pattern as the totai
dose required to reduce GlO ﬁovb.25 rises to a ma#imum‘
and remains constant until it falls after a first Hose;
of about 1200 rads.

The difference'between the ﬁaiimum value of Q for ﬁhe
‘split doses and thé valﬁe of Q for the single dose of
2000 rads should be equivalent to Dq+ the quasi-threshold

dose. From Figure 6.24 the value of D, was found to be

about 620 rads for the meristematic cells of Zea. '
Using values of 2 and 3.5 for the extrapolation number (m),
as determined experimentally by Fenner (1970) and Shepé'

‘

stone (1964) on irradiating the roots of Zea to single |,

acute doses of X-rays, values for the 37 per cent dose slope

(Db) equalling 895 and 495 rads respectively, were fbuhd

using the formula DQ = D0 ln(m) as introduced in Chapter II, °

These Qalues coméare reasonably well with the values of
410 and 430 rads for D_ respectively, found by the above
aufhors; | ' “ |
Ho@ever; it should'be pointed out that at seven hours the
in§reasé in Gmid islat a minimum and therefore the‘estiﬁafe
for Zea is a minimum value. If DQ were measu&éd ak

Q 7 !

5 pours’or 10 hours, a higher value would be ogiaihed,f

probably by 100 to, 200 rads. o ; |
: ,

The values of Do for Zea are appreciably higher than thbse
i I . .

obtained by Hall and others (e.g.Hall,Lajtha and Oliver,1962)

for Vicia, which ranged between 35 and 90 rads on‘yarious
estimates. : Vo ]
7 . _ :

It is thus clear that Zea will survive much higher doses
| ‘ KERAZ) . . ,

of radiation than Vicia,a conclusion in keeping with that

€
.
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of Sparrow and Miksche (1961) who have found that the daily

1

exposure'required to produce severe growth inhibition in the ..

case of Zea is 500 r, and in the case of Vicia is 270 r.
According to Sparrow (1964) the mean DNA content per cell
in Zea is about 1.8 x 10'5)Lg, witﬁ a‘calculated‘nuclgar
volume of 230}L3. The equivalent values forIVicia are
4 x lOastg DNA per cell and 500/*3 respectiveiy.
The difference in sensitivity bétween Zea and Vicia may
the}efore to a cerféin extent be'explained on the basis of
differences in nuclear volume and DNA content, the{values
o
in Zea being down by a factor of about two on those of
Vicia. Sparrow has proved conclusively thatvplant species
with big nuclei are very sensiti?e; species with small
nuclei are relatively resistant.
The. length of the mitotic cycle for the diviqing cells in:
the(unirradiated meristem has been estimated to be ap- |
' pro%imately 19 hours at 25OC,vthe temperature at which the
. experiments were carried out. The above equafion relating
DQ and DO is,basgd on the assumption that a repopul;tiom
of the meristem has not occurred before the second dosé of
radiatidp was'given'(Alper et al,1962). After irradﬁétion,
thefécti&ely dividing cells in the meristem suffer a mito-
ticidelay (Hornsey,1956) and it is unlikely that repopula-
tioé will have occurred due to the division of thesk_cells.
{
At higher doses the quiescent centre, which is féssiradLof
senéitive than the dividihg cells in the merisfem (bioweé,
196§ a,b,c; 1964 a) is assuméd to play a more domin%nt
‘rolé (Clowes,l963:a,b) and may account for a certain

amount of repopulation of the meristem as Clowes {1970)

{
¢

~
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has recently found that the célls of the.quiesceqt centre
of:Zgé respond ét,once by coming into mitosis when irradi-
ated to a'dose‘of 1800 rads. | |
Aécording to Elkind and Whitmore (1967) the value of £he
extrapolation number found byiirradiéting a populatipﬁ of
cells to singie acute doses may in any case be a pobr in-
dication of the individual m-values in a heterogeneous
population, as found in the root tip of Zgé. Theselauthofs
maintain that the extrapolatibn number can sometimes be
approximated by the product 6f the fraction of the.least
sensitive group of cells in the population and‘fhe_cor—:
responding m-value for this group of ceils; In the case of.
Zgg'this will correépond tq the m—vélue fprbthe cells in
the quiescent centfe which has nét been determined because

of ‘the experimental complexity thatAwould be involved in

such an attémpt.




158

TABLE 7.1

Fraction of cells

Dose rate

37% survival dose

sterilized in (mrads/hour) (rads)
one tenth '
of a cell c?éle. ,
P d .Dl_
0.02 0.3 ._0.028.
0.01 0.4 0.076
0.015 2.2 0.165
0.015 9.7 0.728
0.02 L2.8 h.025
0.02 85.6 8.05§,
0.03 171.2 10.68:

e e ww s -
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’ FIGURE 7.1

Roots, unlike stems and hjpocotyls, are inhibited
%n their growth by applied auxin (the root growth
hormone considered to be identical with inéoleaj—
acetic acid) over-a wide range of concentrations.
The results of Pilet (1961) indicate that the de—
Struction of auxin is greater in o0ld root tissues
fhan %n young tissues, This seems to contradict

6ther evidence which shows that the auxin content
increéses‘with‘ihcréasing age. It is therefore
éupposed that the two processes operate simulta—P

deousiy i.e. the.tissues greatly increase theirl

abiliﬁy to destroy native auxins in proportion to

éhe age of the roots at the same time as the accu-
mulation of auxins is increasing. Even if fhe de-
%truction is gréater, the final auxin content ri%es
ﬁecausé auxins are produced faster than they are

B

destroyed. This is shown diagramatically abov®e.
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FIGURE 7.2

COMPARISON OF THEORETICAL MODELS. .
THEORETICAL CURVES OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) VS, CELL CYCLES,

e i - MODEL - A . e e e e . e e ’ ’ . s

MODEL B

ASSUMPTIONS: CELL DEATH AT SECOND MITOSIS AFTER RADIATTION DAMAGE, CONSTANT CELL
CYCLE TIME, DYING CELLS NOT CONTRIBUTING TO ROOT GROWTH,

P=0-001

O9f

CELL CYCLES.
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FIGURE 7.3
COMPARISON OF THEORETICAL MODELS.

) i t
THEORETICAL CURVES OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G ) VS. CELL CYCLES,
—— == MODEL AT~
MODEL B

P e em

ASSUMPTIONS: CELL DEATH AT SECOND MITOSIS AFTER RADIATION DAMAGE ,CONSTANT CELL

CYCLE TIME, DYING CELLS DIFFERENTIATING AND THUS CONTRIBUTING TO
ROOT GROWTH,

P=0-001

T9T

S P=009

| S ol CoWE:e=5 |

5 20 T

CELL CYCLES.
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FIGURE 7.4

‘COMPARISON OF THEORETICAL MODELS.

THEORETICAL CURVES OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G") VS.CELL CYCLES.
m——————— . MODEL--A .
MODEL B

ASSUMPTIONS: CELL DEATH AT SECOND MITOSIS AFTER RADIATION DAMAGE, CONSTANT CELL

CYCLE TIME, DYING CELLS DIVIDING AND BOTH DAUGHTER CELLS CONTRIBU-
TING TO ROOT GROWTH.

29T

10 1 .. ' L | & 1.5 L : 1 I .| 3 i A L )3
CELL CYCLES..
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- FIGURE 7.5

COMPARISON OF THEORETICAL MODELS.

- . ' i ' L N
= THEORETICAL CURVES OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G ) VS.CELL CYCLES.

________ CELL DEATH AT SECOND MITOSIS AFTER RADTATTON DAMAGE.
CELL DEATH AT FIRST MITOSIS AFTER RADIATION DAMAGE.

 ASSUMPTTIONS :

KINETIC SYSTEM OF MODEL B,

-~
i

CONSTANT CELL CYCLE TIME, DYING CELLS
DIFFERENTIATING AND THUS CONTRIBUTING TO ROOT GROWTH.

€oT

P=0-02

CELL CYCLES.



15

. FIGURE 7.6

COMPARISQV OF _THEORETICAL MODELS

THEORETICAL CURVES OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) Vs, CELL CYCLES.

———Z-——— CELL DEATH AT SLECOND MITOSIS AFTER RADIATION DAMAGE.
CELL DEATH AT FIRST MITOSIS AFTER RADIATION DAMAGE

ASSUMPTIONS: KINETIC SYSTEM OF MODEL B, CONSTANT CELL CYCLE TIME, DYING CELLS NOT
CONTRIBUTING TO ROOT GROWTH.

P=002
P-005.
moﬁ W1 _ l$ . x“" 2 ’«, j: i 1 3 2 A : 1 A ‘ 1 ‘ l. | - i L
0 5 - | 10 | 15 | ' 20

CELL CYCLES.

191
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FIGURE 7.7

EFFECT OF INCREASE OF CELL CYCLE TI\IE UNDER IRRADIL\TIO\I

. THEQRETICAL CUR.Y«ES\_OI‘ .THE. GROWTH RATE AS A FRACTION OF CONTROLS (G ) VS.CELL .CYCLES ,-

________ . CONSTANT CELL CYCLE TIME
INCREASTNG "CELL CYCLE TIME

Po = PROPORTION OF CELLS STERILIZED PER TENTH OF A CELL CYCLE AT THE ONSET OF THE

RADIATION. |
ASSUMPTIONS: KINETIC SYSTEM OF MODEL A, CELL DEATH AT SECOND MITOSIS AFTER
RADIATION DAMAGE, DYING CELLS CONTRIBUTING TO ROOT GROWTH.

CELL CYCLES.

691
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FIGURE 7.8

EFFECT OF INCREASE OF CELL CYCLE TIME UNDER TRRADTIATION,

THEORETICAL CURVES OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) VS. CELL CYCLES.

mm———eee . CONSTANT- CELL GYCLE TIME
INCREASING CELL CYCLE TIME

P0 = PROPORTION OF CELLS STERILIZED PER TENTH OF A CELL CYCLE AT THE ONSET OF THE
RADIATION,
ASSUMPTIONS: KINETIC SYSTEM OF MODEL A, CELL DEATH AT SECOND MITOSIS AFTER

RADIATION DAMAGE, DYING CELLS NOT CONTRIBUTING TO ROOT GROWTII,

CELL CYCLES

991




GRowTH RATE AS A FRACTION OF CONTROLS.
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FIGURE 7.9

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES,

EXPERIMENTAL RESULTS

----------- CALCULATED, CELL DEATH AT SECOND MITOSIS AFTER RADTATION DAMAGE S
ees+e... GCALCULATED, CELL DEATH AT FIRST MITOSIS AFTER RADIATION DAMAGE

"ASSUMPTIONS: KINETIC SYSTEM OF MODEL A, CONSTANT CELL CYCLE TIME,
' DYING CELLS NOT CONTRIBUTING TO. ROOT GROWTH.

L9T

1 L 1 4,

5 . 10 | 15 - 20

CELL CYCLES



'GROWTH RATE AS A FRACTION OF CONTROLS.
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FIGURE 7.10

COMPARISON OF EXPERIMENTAL AND'THEORETICAL CURVES.

EXPERIMENTAL RESULTS

 CALCULATED, CELL DEATH AT SECOND MITOSIS AFTER RADIATION DAMAGE

evesesss CALCULATED, CELL DEATH AT FIRST MITOSIS AFTER RADIATION DAMAGE

ASSUMPTIONS:;

KINETIC SYSTEM OF' MODEL:B, CONSTANT CELL CYCLE TIME,
DYING CELLS NOT CONTRIBUTING TO ROOT GROWTLI.

CELL CYCLES,

)

89T



GROWTH RATE AS A FRACTION OF CONTROLS.
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FIGURE 7.11

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES.

EXPERIMENTAL RESULTS

... ======—-— CALCULATED, CELL DEATH AT SECOND MITOSIS AFTER RADIATION DAMAGE
+eveev.. CALCULATED, CELL DEATH AT FIRST MITOSIS AFTER RADIATION DAMAGE

ASSUMPTIONS: KINETIC SYSTEM OF MODEL B, CONSTANT CELL CYCLE TIME, DYING

T \ CELLS DIFFERENTIATING AND THUS CONTRIBUTING TO ROOT GROWTII.

A

e e P=-0.02 :
42-8mrads/hour

615
3
o

f(\).)

CELL CYCLES,

691




A FRACTION OF CONTROLS!.

-

GROWTH RATE AS

O-5]

10f.

FIGURE 7.12

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES,

e e EXPERIMENT/\L RESULTS

———————— CALCULATED, CELL DEATH AT SECOND MITOSIS AFFTER RADIATION DAMAGE
eeesesse ~CALCULATED, CELL~-DEATH AT FIRST MITOSIS AFTER RADIATION DAMAGE

N ) ASSUMPTIONS:  KINETIC SYSTEM OF MODEL B, CONSTANT CELL CYCLE TIME, DYING

CELLS DIVIDE AND BOTH DAUGITER CELLS CONTRIBUTE TO ROOT
GROWTH -

e P=00T

T e T _P:002
- : 97 mrads/hour.

CELL CYCLES.

O_AI
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FRACTION OF CONTROLS.
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FIGURE 7.13

COMPARISON OF EXPERTMENTAL AND THEORETICAL CURVES,

— " EXPERIMENTAL RESULTS

e CALCULATED, MODEL A, CELL DEATH AT SECOND MITOSIS AFTER RADIATION DAMAGE

eeesees.. CALCULATED, MODEL B, CELL DEATH- AT FIRST MITOSTS AFTER RADIATION DAMAGRE
ASSUMPTIONS: DYING CELLS DIVIDE-AND BOTH DAUGHTER CELLS CONTRIBUTE TO ROOT

GROWTH, CONSTANT CELL CYCLE TIME,

2:2 mrads/hour

-

5 | TOR — 5 TSRS
CELL CYCLES.

TLT




GROWTH RATE AS A' FRACTION OF CONTROLS.
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FIGURE 7.1k

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES
-+ ~EXPERIMENTAL RESULTS

-—----—-- CALCULATED, CELL DEATH AT SECOND MITOSTS AFTER RADIATION DAMAGE

eerseess CALCULATED, CELL DEATH AT  FIRST MITOSIS AFTER RADIATION DAMAGE

ASSUMPTIONS:  KINETIC SYSTEM OF MODEL A, DYING CELLS DIVIDE AND BOTI
DAUGHTER CELLS CONTRIBUTE TO ROOT GROWTH, CONSTANT
CELL CYCLE TIME.

e e Y ~._._._._.~.~._._._._._._._._._.;._._.N._.._._.P:o.o‘1

L. -

5 o s 20

CELL CYCLES.
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GROWTH RATE AS A FRACTION OF CONTROLS.
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FIGURE 7.15

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES.

" EXPERIMENTAL RESULTS : S

———————— CALCULATED, CELL DEATH AT SECOND MITOSIS AFTER RADIATION DAMAGE

eseevee. CALCULATED, CELL DEATH AT FIRST MITOSIS AFTER RADTIATION DAMAGE

ASSUMPTIONS: KINETIC SYSTEM OF MODEL A, DYING CELLS DIFFERENTIATE AND
THUS CONTRIBUTE TO ROOT GROWTH, CONSTANT CELL CYCLE TIME.

.. ~-
Peeaal -

e T T i e e i e T

e P=0.02

0-3 mrads/hour.

CELL CYCLES

CLT
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FIGURE _7.17

 COMPARTSON OF EXPERIMENTAL AND THEORETICAL CURVES.
CURVES OF THE GROWTH RATE AS A FRACTION OF CONTROLS (G) VS. CELL CYCLES.

~ EXPERIMENTAL RESULTS

———————— CALCULATED, DYING CELLS DIFFERENTIATING AND TIIUS CONTRIBUTING TO ROOT GROWTH
ces e s o CALCULATED, DYING CELLS DIVIDE AND BOTH DAUGHTERS CONTRIBUTE TO ROOT GROWTII

ASSUMPTIONS: KINETIC SYSTEM OF MODEL A, CONSTANT CELL CYCLE TIME, CELL DEATH AT FIRST
’ MITOSIS AFTER RADIATION DAMAGE. ' '

a

O-4 mrads/hour S

"CELL CYCLES

GLT
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GROWTH RATE AS A FRACTION OF CONTROLS|
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FIGURE 7.18

-

- ‘ . : COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES.

EXPERIMENTAL RESULTS

———————— - CALCULATED, CONSTANT CELL CYCLE TIME

eesev... CALCULATED, INCREASING CELL CYCLE TIME

P = PROPORTION OF CELLS STERILIZED PER TENTH OF A CELL CYCLE AT THE
ONSET OF THE RADIATION.

ASSUMPTIONS: KINETIC SYSTEM OF MODEL A, CELL DEATH AT FIRST MITOSIS
AFTER RADIATION DAMAGE, DYING CELLS DIFFERENTIATINGA
AND THUS CONTRIBUTING TO ROOT GROWTH,

Q

CELL CYCLES. .

9LT
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FIGURE _7.19

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES,

e — ® N e

EXPERIMENTAL RESULTS R S
~~—-=--— CALCULATED, CONSTANT CELL CYCLE TTIME
s++<-e.. CALCULATED, INCREASING CELL CYCLE TIME

Po = PROPORTION O CELLS STERILIZED PLER TENTH OF A CELL CYCLE AT THE
ONSET OF THE RADIATION. )

\ ‘ ASSUMPTIONS: KINETIC SYSTEM OF MODELL B, CELL DEATH AT FIRST MITOSIS

ATTER RADTATION DAMAGE, DYING CELLS DIFFERENTIATING
AND THUS CONTRIBUTING TO ROOT GROWTH. '

T~
e -~
WO e -

42-8 mrads/hour

-
-
S

CELL CYCLES

LLT
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FIGURE _7.20

COMPARISON OF EXPERIMENTAL AND THEORETICAL CURVES,

EXPERIMENTAI, RESULTS

. =m=—==—=  CALCULATED, CONSTANT CELL CYCLE TIME

e+veees. CAECULATED, INCREASING CELL CYCLE TIME

Po. = PROPORTION OF CELLS STERILIZED PER TENTH OF A CELL CYCLE AT TIIE
ONSET OF THE RADIATION, o

ASSUMPTIONS: -KINETIC SYSTEM OF MODEL A, CELL DEATIH AT FIRST MITO@TS

AFTER RADIATTOV ‘DAMAGE, DYIVG CELLS NOT CONTRIBUTING
TO ROOT GROWTH

T7P2¢nrdds/houh

CCELL CYCLES

QLI



GROWTH RATE AS A FRACTION OF CONTROLS.
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FIGURE 7.21

THE CURVE FOR THE GROWTH RATE { OF ROOTS EXPOSED

TO TWO DOSES OF X-RAYS OF 1000 RADS EACH SEPARATED

BY A TIME INTERVAL OF SEVEN HOURS) AS A FRACTION
OF THAT OT CONTROLS (FULL LINE) IS BUILT UP OF TWO
COMPONENTS . THE DASHED LINE REPRESENTS THE DECREA-
SING CONTRIBUTION FROM.CEL‘LS WHICII HAVE LOST THEIR
REPRODUCTIVE..INTEGRITY; THE DOTT-'E'D' LINE REPRESENTS
THE INCREASING CONTRIBUTION FROM INTEGER CELLS.

6L



180 o : o

CHAPTER VIIT.

SUMMARY ,

Continuous irradiation experiments.

Chronic irradiation of thgiroots.of Zea to dosé rates 1in
the range 0.3 to 171.2 mrads/hour, has revealed a stimu-
lation of the growth rate of the irradiated roots for ¥
dose rates up to 42.8 mrads/hour. For the higher dose rates
of 85.6 and l7i.2'mrads/hour, no stimulatory éffect has-
been observed. |

Using mpdels for the cell kinetics in the irradiated root
meristem of the brbad bean as proposed by Oliver and Shép-
stone (1965), theoretical curves of growth-rate have béén
computed for conditions of continuous radiation exposure

at the low dose rates mentioned above., These theoretical

growth curves have been compared with the experimental .

res@lts for the roots of Zea. - : R

" As well as having nearly the correct shape, the curves

generated on the assumption that sterilized cells differ-

bentiate or even divide and both daughter cells differen- -

tiate and thus contribute to root growth (with cell "dedth" .

.occurring at the first or sécond mitosis after radiation

damage), showed a similar increase in growth rate tio that
observed for the roots of Zea during the first few days ,

after the onset of the radiation. ( ]
1 . B

For the higher dose rates (i.e. 85.6 and 171.2 wrads/hour)

the theoretical curves based on the assumption that steril-

[ ~

looad colls are romoved from the population of wmeristewatic
) b i
-1

cells, provided growth curves of the correct general form,

i
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i

No‘' better agreement between theoretical and experimental
curves was obtained when some allowance was -made for a -

.gradual increase in cell cycle time duridg irradia&ioh:f

{

The match between theoretical and experimental curves
. {

has suggested a value of D, in the range 0,028 to 10.68 .

rads for the "single—hit" type of inactivation assumed

1

to apply at these dose rates.

Dose fractionation experiments.

The recovery curve obtained for the roots of Zea exposed'
to two equal doses of X-rays separated by yariqus time
intervals (Figure 6.8) has indicated that the recoyery

of;sublethal damage for the meristematic cells. of Zea is

3

prdmpt (i.e. within a few hours),

i ¥

Thq above curve has also revealed the presence of a "kink" -

§

(see Chapter VII for further comments).
Frqm the split dose.experiments using tmo unéqual divided
doses a value for the quasi-threshold dose (DQ) was found
ané using the values of 2land 3.5, corrésponding fq the

minimum and maximum values for the extrapolation ngmber (m)
found by variousyauthors, values for the 37 per'ceqt dose
slope (DO) equalling 895 and 495 rads respectivelyéwereg

detprmined.

| \ | ‘

i




t ’ 182

APPENDIX A

MATHEMATICAL DERIVATION OF MODEL A,

"Suppose Is is the number of cells in the model meristem

under steady'growth rate conditions. If these are .assumed

to be all in unifdrm cell cycle,the number of cells dividing

per unit time is fLIS where

1ln 2 : f
= (A.1)

/A intermitotic period o

In order to maintain equilibrium an equal number of cells

must differentiate per unit time,
Suppose thét after a dose of radiation,the number of integer

cells in the meristem is reduced to I, and that fatally -

~

damaged'cellé are removed immediately.
The number of integer cells dividing per unit time 1is then ﬁ’I'

Further;suppose that the number of cells which differedtiate per
! ! . . .

unit time is no longer equal to the number which divides,but

is reduced in the ratio . I ’ i.e. the number is given by _I_
I, ' : ! I, ,

d

b

/J.I OI"/,. I
IS

As‘a_result, i will increase as the integer cells divide.
The characterigtic of.the meriétem which governs the rate
éf"differentiation is thus postulated to be its ffﬁctiqnal
si%e,thé ratio of the actual meristem population tb'the
eqﬁilibrium value, The rate of change with time o? the
total number of cells, I, 1in the meristematic de%artﬁent;
is then tﬁe difference between the increase in the humﬁ;r

of cells resultiné from division, and the loss dué;to ;
differentiafion.

i.e, %%-#1— %%:;, L . - (§32

N
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It is evident ffom this model that the rate of differentiation
is?smail‘whgn I 1is small andbincreases with TI.

When I equals I, fhe.fate of change of the n#mber of cells -
onfthe meristem becomes zero, i.e. steady growth fate conditions

prevail. The expression in equation (A.2) can be integrated

by standard methods and. results in the following expression:

To b ,
L -)e | | (8.3)

where I, is the value of I just after irradiation.
The rate of differentiation at any time is given by: -
_ i
d.D (1*> ' S (A.4)
at F I ‘ ' Co : '
i o ‘

Substithting the expression for I deduced in equation (A.j)

i

we: haves: -
1]

D . o Te e o .(A.5)

&t [+ T

The area under this curve over a time interval of Qne.day
Are?resents the total number of cells differentiating during
th%t period. The corresponding quantity for a cﬁntrol: |
root is the area under the curve:'—

f i

j o dD : ’ '
Fr .IS . : (A.6)

It'is therefore possible to evaluate the total amount of
differentiation and,therefore;the growth of irradiatedﬂ
. roots,as a fraction of controéls for each successivé day

after the initial depopulation.

)
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i
The growth rate is small during the early days after

irradiation or depopulation, while the meristem is being
repopulated, but then increases to a steady value as
. | ,

equilibrium is . restored.

Mathematical Derivation of Model B.

It is assumgd that all meristematic cells are breparihg for

division, but tﬁét the proportion of cells maintaining their

reproducﬁive'integ}ity is proportional to the concentration

of a specific substance - in other words, the fractionrof the -

population dividiﬁg per unit time is proportional to this.
. :

coﬁcentration. It is also assumed that the maintenance of

reproductive integrity implies a ‘'consumption' of this

substance - so‘fhat the fall in concentration of this
substance in a givén region or layer Qf cells isrprOpor—
tional to the number of Eells pPresent which‘retainithéir rep;;—
ductive integrify. Cells having lost their_reprodubtive
-integrity differentiate; for thelpurposes of simplification

of 'the hathematical'calculations it is‘assumed here that
suéh.cells are unable to divide even once..

1.

Leé N Dbe the number of cells expected to divide pervuhit

§ < -

tiée'in a population with 100 per cent reproddctive integrity
(né cells differentiating) corresponding to the coﬁcéﬁtrafion,
C ; of the postulated specifib substance. As the #ﬁbétahce.
di@fuses throdgh such a region, its cbncentration'ﬁouldifall
frqm Cov to CN‘ : » ‘ .

From the above assumptions:
. {

=C,e _ ‘(where K is a constant) (A.6)-

T
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i .
, T@é proportion of cells with reproductive integrity-at(a
’ B

bqncentration level of CN is C , and from
equation (A.6) . 6:
‘ C:N _ e_&w - o
C, P (4.7)

In any infinitesimal part of the region containing dN cells,

(fhe number expected to divide per unit time if 100 per cent
' -KN

reproductive integrity is maintained),‘e dN cells will in

' fact divide. 1In the whole region,therefore, instead of the

po§sible N cells, the total number of cells dividing per

unit time will be

KN )

\J; e_KN o{.N =|Y (]_ e | (A..B‘) |

N ~KN
This corresponds to a proportion T%r-(l-e )
For steady state to be achieved this proportion must bé
0.5 : whence KN = 1,595, f
Copsidering now the total population reduced to proporﬁion F
(fbllowing, for example, radiation damage) one is ‘concerned

with FN instead of N in the above formulae, Therefore

th? proportion of the possible FN cells'to divide per unit

time will ble , .
bl . | l '

X =g (1m€ ) | )

1
H

and the proportion differentiating (1-X). ' ' i
, Al

" The number differentiating, D , will be FN (1-X), e
i ' S

thét is: -
|

Vo ~KEN : :
TR e / F y __1
D - (k N+ e ) | S . (a.10)
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This is a measure of growth rate (the corresponding value
for steady state equilibrium being 0:;5N).
Consequently, G , the growth rate as a fraction of that

for a steady state population is given by:-

G=keN + ey
05N
G_ JS‘?SF‘ éx-san | (A-ll)
L. = 4 =
01915

An approximate solution, taking the first three terms

only of the exponential term will be

G=tsas "

" (A.12)
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APPENDIX B

MEASUREMENT OF RADIATION DOSE FOR THE CONTINUOUS TRRADIATION

EXPERIMENTS USING THERMOLUMINESCENT DOSIMETRY (T.L.D.).

i
Thermoluminescent dosimetry is based upon fhe fact that light,
which 1s emitted when a.phosphor is heated,is a function of
the number of trapped electrons which in turn is determined
by the dose of‘radiation to which the dosimeter (i.e. the
aliquot‘of the'phosphOr used for tﬁe measurement of a radia-
tion dose) has been exposed. -
The ISOTOPES/CON—RAD " TLD readout instrument was used for the
pfesent measurements, Fig, Bl depicts the apparatus as wéll as
the annealing oven. |
In this readout instrument the dosimeter is“heated and the
amount of light emitted within a set periédvof time is inté—-

. v . i
grated and the integral is presented digitglly.
Manganese-activated lithiUm tetrabofafe'thermoluminesceni
powder was.chosen to be a suitable dosimeter for fhe,féiidwing

reasons:
(a) If exibits a linear dose response at thé doseqléVels

used in the present experiment.

(b) The integrated thermoluminescence per unit dose is
'independeht of photon energy.

(c) The 'tissue equivalence' is good, i.e. the ratio between
the, mass energy absorption coefficients of the pbwder aﬁd the
medium in which the dose is méasured varies littlé.with.photon
energy. v i

(dx_ The glow curve characteristiés do not change on}thérmal

treatment. -
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Before use,the powder was annealed for three hours at 3OOOC

in the annealing oven in order to remove any possible'residual

thermoluminescence. Aliquots of this powder,weighing bétween
20 and 60 mg,werevindividually sealed in small polytheﬁe bags
to protect the powder from contamination whenlmeaéuring doses
in a liquid medium. |

TLD measurements are relative measurements,based upon Ehe
comparison of the response to an unknownvdose to the values
obtained with known doses. Thus a set of dosimeters,mountedA
between 2 slabs'of wax (0.5 cm thick) to provide ﬁhe.necessary
elé¢tron build-up;were exposed to Co-60 gamma rays for a set
’time (Piékef Cobalt Unit; 50 SSD; field size = lelO'cmZ).

The out@ut of the Cobalt Uﬁit was détermined accurately using
a Baldwin Farmer Substandard dose meter as described in
Chapter V. To gonvert the dose rate.measured on thié instrgment-
from Réentgen/min to rads/min a factor of 6.9505 was used as

defined by Johns & Cunningham (1969).Thus the dose received
i .

by the dosimeters is given by:
{
Dose to dosimeters = time exposed to radiation x 1.036 x
" (in rads)
1 _ 0.9505 x output.
_ . (in Roentgen/min).

i

whére 1&036 is the 'Back Scatter Factor' for the parficular

' fi%ld size and Quality of the radiation‘used (Johhs & éunnihg~
ha%,1969). | "

Thgse dosimeters were exposéd to the gamma-rays ét the,time of
re%oval'of the other dosimeters from the continuous irfadiatidn
jié (described in Chapter V),to allow for simultaaeoﬁsifading
ofithermoluminéscence after tﬂé irradiation. The doSimé£ers
Qere frpad out; on the TLD apparatus 20 davs aften the ‘date

ofjirradiation or in the case of the dosimeters on.the ‘continuous’

i

/
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b .
-irradiation jig, 20 days after the last day of the: irradiation

period.By this time virtually ‘no more fading of thé thermo-~
luminescence occurs. The weight of each sample of powder was .

determined accurately and normalized to a standardiweight

(taken as 30 mg). For the weight correction, dosimeters of

l

knhown weight were exposed to the same dose and a graph was

plotted of Thermoluminescent Output vs. Weight of powder as

depicted in Fig. BR2.

For all measurements the phosphor sample was surrounded by

a nitrogeh atmosphere (by passing 7 litres/min. of nitrogen
through the heating chamber), to reduce the spurioﬁs_thermo-

luminesc¢ence due to chemothermoluminescence on heating of the

sample,

The average background reading, measured on unirradiated powder

samples, was found to be 54.3 + 3.1 counts. :

From these measurements the sensitivity of the:powder_(in

4

ra@s/éount) was determihed and phis, multiplied by theVBUmber
of counts for the dosiméter exposed to continuous irradiation,
gives the actual dose received by the latter. Some of the
actual measurements are listed in Fig. B3. ‘ |

'Fof all :the above measurements a 'heater current' @f 0;53 Amps

was used.The E.H.T. was adjusted using a standard light!source

¥

anq the approximate sensitivity as supplied by fheimanufacturers

for the:particulaf batch of powder used. . . ;
4 . H /l'

Th% accuracy of the measurements mentioned in this;Appeﬁdix

is%expressed by the standard deviation (v) evaluated asg
. :

deécribed in Appendix C,
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FIGURE B2

THERMOLUMINESCENT OUTPUT FOR DIFFERENTVWEIG[-ITS

-7 777 T OF POWDER IRRADIATED TO AN EQUAL DOSE.
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Dosimeters 30 cm from the sources totalling Amg Ra-226,

Duration of irradiation: 15 days.

FIGURE B 3.

Type of dosimeter: Lithium tetraborate (ménganese activated).

Heater current:

"Nitrogen flow:

0.53 A,

7 litres/min,

Light source B: 1386 counts at 1236 volts.

Background:

5.3 + 3.1 digits.
Sensitivity: 0.00175 rads/digit.

Dosimeter No.

Weight of powder

Thermoluminescence

Counts for 30mg

Mean counté

Dose (rads)

991

(mg) (counts) ~-Background
1 58.31 1036 889
2 ho.lho 1253 1011
3 h2,90 1074 860 -
‘ - ; 898 1.572
A 43.55 1563 12ko 18L £0,322
5. Cb9.32 763 :

261
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j APPENDIX C

‘RELEVANT STATISTICS AND COMPUTER PROGRAMS

FOR THE CALCULATIONS INVOLVED,

For the measurements 6n the maize roots as well as the
measurements f&r,the fherﬁoluminescent dosimetry.tﬁe
standard deviation¢ was found using the formula :
= _1_(______.{‘._
Av-\{ o X
where X is the arithmetic mean of the group of n values.

The results in the’previous chapters are alwéys given

(unless stated otherwise) as follows:

- o
X =

O\t
where & 1s the standard error of the .mean.
The growth of the roots X is always expressed as a fraction
of the growth of the cohtrol group, Y. For this ratio

(i.e. X = G),.the standard error of the mean AG was found
4

from the following relationship: : R

N EEAX =5f_':z_(a_x>* f.AA)"

G a6 ey T Wy (Y

i

- whére AX and AY are the standard errors of the mean for the
irﬁadiated and control groups respectively, which have been

: fo@nd using the above formula for the standard deviation 07 ,

i
t

To find the standard error of the mean for a large number

I :
i

of groups of roots, a program was written to perform the

| : , :
calculation on the WANG 370 Desk Calculator. The flow

diagrams for the'caldulation are shown in Figure C1 and C2
for the evaluation of (A X,AY) and A G respectively.

The programs themselves are outlined in Fig. C3 and Fig.Ch,

together with the appropriate instructions for the kevboard.



194

i FIGURE C1

FLOW DIAGRAM FOR THE CALCULATICN,OF THE STANDARD DEYIATION g
. o~ 4

'AND THE STANDARD ERROR OF THE MEAN T

START

VALUES OF X
ENTERED
ON
KEYBOARD.

ON ENTERING THE VALUES o .
OF X, ‘ | o
CALCULATE: o

Y X

Y x°

~ SUB-ROUTINE TO CALCULATE:

X
ot Sk-%)
T
o = 2R l 1
lY'L !
AT

AT THE SAME TIME
. THESE VALUES ARE
"STORED"

TO BE
"RECALLED"

WHEN REQUIRED.

WV

j STOP | | T




195

FIGURE C2

FLOW DIAGRAM FOR THE CALCULATION OF THE STANDARD DEVIATION A G.

et

START
S

ENTER THE VALUES OF

AX, A Y , X and Y

L

'STORE' THESE VALUES AS -

THEY ARE ENTERED.

CALCULATE

oo [ETET

I STOP




196 - '

FIGURE C3

PROGRAM FOR THE WANG 370 DESK CALCULATOR TO EVALUATE THE

STANDARD DEVIATION 0° AND THE STANDARD ERROR OQF THE MEAN & .

Keyboard instructions for the entering of the datavahd to

initiate the calcu;atlon: PRIME

CONTINUE
ENTER X,

CONTINUE

ENTER X,

CONTINUE '
ENTER X, .

CONTINUE

SEARCH 3.

CARD: V.P. 3174 .

NUMBER COMMAND , CODE
00 o . Mk 07
o1 1 , ' ' 61
02 SF : 13
03 S 0 : 60
o4 SF 13
05 . 1 - 61
06 ~ SF : . 13
07 : 2 62
08 SF . 13
09 3 ' - 63
10 - Mk : 07
11 ‘ 2 62
12 , STOP - 01
13 ' SF 13
14 : .9 71
15 } AF 12
16 0] 60
17 RF 17
18 l : 9, - 71
19 : ‘X Ly
20 AF 12
21 : 1 61
22 r 61

23 ' AF 12 -
24 ‘ 2 62°
25 Sch , 02
26 2 62
27 , Mk oﬂ
28 ' 3 63
29 - RF- ‘ 17
30 o) o 60"
31 ' ENT 41
32 RF ' 17
33 . 2 62
34 ' - 47

35 e - SF 13 L
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FIGURE C3 Continued

}

CODE

NUMBER COMMAND e
36 /42 : ) Gl
37 | o X : ' "5
38 : ENT . : b1
39 - RF . 17
Lo : .2 62
L2 ' CLAl 54
QB - A\_ ) 57
Ly RF 17
Ls 1 ) 61
Le . ' s AL ‘ 56
Ly . ENT ' Ly
L8 , RF ‘ 17
50 CL iy 50
51 + Ag 2352
52 1 61
53 - A ’ .23
54 | + ~ 47
55 : . ST 13
56 5 65
57 - X | “h
58 ‘ SFEF : 13
59 62 66
60 o X Ls
61 ENT 41
62 .. ‘ RF ‘ - 17
64 _ ' + 47
65 | X - Coud
66 SF 13
67 7 67
68 . RF 17
69 4 ‘ G4
70 ‘ 'STOP ‘ 01

When thé calculation has been completed, the valué of X is
shown in the display. o ,

The keyboard instructions for the display ofo},o’Pand o
Ceoo A
are as follows: :

"RECALL FULL 5"  will display
 "RECALL FULL 6" will display

Py
a.
0 .
"RECALL FULL 7" will display & .
: mn
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FPIGURE C4

PROGRAM FOR THE WANG 1370 DESK CGALCULATOR TO EVALUATE A G.

Keyboard instructions for the entering of data and to

initiate the calculation:

CARD: V.P. 1461
NUMBER

00
01
02
03
o4
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
' 22
23
2L -
25
26
27
28
29
30
31
32
33
34
35

PRIME
SEARCH 1
ENTER A X
CONTINUE
ENTER A Y
CONTINUE
ENTER X
CONTINUE
ENTER Y
CONTINUE

COMMAND -

Mk
1
STOP
SF
0

‘STOP
SF
1
STOP
SF
2
STOP
_SF

+ AL
X
ENT
RT
2
X=
ENT



. NUMBER

e
37
38
39

When the calculation has been .completed, the value of A G

199

FIGURE CL4 Continued

COMMAND _ : CODE
RF : 17
3 63
e Ly
STOP 01 -

is shown in the display.
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APPENDIX D

- e o T
FTLOW DIAGRAM AND COMPUTER PROGRAMS FOR THE ANALYSTS

<

The computér proérams writtén for Model A an@lNodel B
(with'thé_assumption that the cell cycle time (T)' ié
constant and that cell'death.occurs after rédiation S
sterilization at the second mitosis) are given in'Fig.(Dl;2)
and Fig.(Dk,5,6) respectively. The values of G, G'add G
(defined in Chapter II) for the various times after the
'onset of radiation are printed by the combuter as»shown

in Fig.D3 and Fig.D7 for Model A and Model B fesbectivély.-
For the initial period i.e. for the time equaliing 3 times
the cycle time after the onset of radiation the values of
G? G' and G" are printed out for each incrémént Of'time
equalling one tenth of the cycle time in order to determine
the exact shape of the peak representing the stimulatofy
effect of protracted irradiation on the roots of Zea. ! |
Thereafter the values of G, G' and G" are given.ohly at
intervals 6fltime equailing the cycle time. On the f
computer print-out G(ClO"DIE) = G, G(Cl0 DIF.) =

G' and G(C10 DIVIDE +DIF.) = G . | |

The flow diagram for the compﬁtation-is given in Eig. D8.
This diagram is applicable to both models under cqnsidgrétion.
For avset value of P,.the number of cells in eachacompgrt-
ment of category A;B and C are calculated at the{?ime ?:O,
using the initial conditions for the particular model ; |
under considerétipn. The number of cells in each éompagt—u

ment at the end of each successive time interval equalling
A
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one tenth of the cycle time is evaluated using the
i .
appropriate formulae as given in Chapter II. The cor-

1 ;
responding values of G, G and G are printed as described
above, This process is repeated until a time equalling .

20T is reached.

The computer progfam for Model A and B witﬁ the assumption
that cell death occurs at the first mitosis after recéiving
radiation damage is similar to the one discussed aone
éxcept that this time there are no cells in category C.

Thus - ji@)- 0 for all values of t and

Ft' _ ZQQ,&‘X—F é:CB”bt - %‘or Model A

: 139-38 | o
Ft 3;(9"‘3 - %:@'Qt for Model B
[oo .

The formulae for@gﬂtwill'now fall away in the case of both

’

‘models,

In order to account for the lengthening of thé cell cycle
time all programs were modified to allow for the correspon-.
ding change of P. The formulae used for the_compufatiQn

aré discussed in Chapter II and the appropriate values for

§ : - ’ . .
the cycle time at equilibrium and at the end of an irradiation
period of 7 days are derived in Chapter VIT. i

i
t

0y
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COMPUTER PROGRAM FOR MODEL A

FIGURE D 1

// JOB

// FOR -
x»IT0CS (2501 READER, 1403 PRINTER,DISK)

*ONE WORD INTEGERS
#LIST SOURCE PROGRAM _ . o
DIMENSTON A(100),B(100),c(100),F(100),GNCD(100),GW1CH(100),G6W2CD(1
100) g - . o .
- Q=0.933
DO 1 K=1,100,10
Ir (K- 1)32 31, 32
31 P=X
P_P/lOO0.0
GO TO 33
32 K13=K-1
P=K13 ,
P=P/1000,0
33 WRITE(S, 100)
100 TORMAT(lHl 2X, 'FRACTIONAL GROWTH RATE=G (ROOTS UNDER CONTINUOUS IR
lRADIATION)—UODEL At)
WRITE(5,101)P .

101 FORMAT(1H ,2X,'P=!,1X,F5.3,//)

WRITE(5,106) , - :

106 FORMAT(1H ,20X,'G-VALUES AT TIME INTERVALS=INTERMITOTIC CYCLE TIME
i',////,"TIME(IN CELL CYCLES)',4X,'G(C10 DIE)',4X,'G(C10 DIF.)',4X,
2'G(€10 DIVIDE+DIF,)!) : :

A(1)=20.040.933
B 1%:0.0_
C({(1l)=0,0

DO 2 K1=2,10,1

L=K1-1

A(K1)=A(L

B K1§=B L

2 c(K1)=C(L
F({(1)=1.0
DO 8 K8=1,20,1
M=11 , ‘ ) o
N=20 . N . : .
DO 3 K2=1,10,1
IF(M-11)50,51,50

51 DO 4 K3=M,N,1

0,933
*0,0
0,0

L2=K3-11
L1=K3~-1 ‘ *
X=1.0-((1.0- Q)*F(KZ))'

_Lx(l 0-P)

Ir(K3-M)10,11,10

11 A(K3)=2, O*A(Ll)*Y
B K3§=X*P*2.0¥A(Ll)
C(K3)=X%2,0+B(L1)

SUMA=A(X3)
SUMB=B K3§
SUMC=C (K3
GO TO 4

110 A(K3)=YxA(L2)
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; . FIGURE D 2

B(K3)=(X#B(L2))+(X«Pxa(L2))
c(K3)=xxC(L2)
SUMA=SUMA +A (K3) (
 SUMB=SUMB+B(K3).
SUMC=SUMC+C (K3
4 CONTINUE
K3=N
K5=K3
M= V—lO
N=N-10
GO TO 53
50 DO 5 K3=M,N,1
L2=K3+9
L1=K3+19
X=1,0~((1,0-Q)xF(K2))
Y=Xx%(1.0-P)
. IF(K3-M)5k4,55,54
55 A(K3)=2.04A(L1)«Y
BéKj%:Y*P*Z.O*A(Ll)
C(K3)=X#2.0+B(L1)
SUMA:A_K3§
SUMB=B(K3
SUMC=C(K3)
GO TO 5
s A(K3)=YxA(L2)
B hjg (x%B(L2))+(XxPxA(L2))
C(K3)=XxC(L2) ' ,
SUMA=SUMA +A K3§
SUMB=SUMB+B (K3
SUMC=SUMC+C
5 CONTINUE
K3=N
M=M+10
=N+10
K5 K3
53 F(K2)= (SUVA+SUMB+SUWC)/139 38
GNCD(K2)=F(K2)*F(K2)
GNlCDEh2§_GNCD§h2) g §K5§/lo'o)
GW2CD(X2)=GNCD(X2)+(C(X5)/5.0)
Ir(KX8-3)70,70,71 ,
70 K20=K8-1.
E=K2
E=E/10.0
H=K20
E=E+H
WRITE(5,111)E
111 FORMAT(1H ,8X,TF3.1) S
WRITE(S, llO)GVCD(k2) Gwich(K2), GWZCD(R2)
110 TOtBAT(lH+ 25X, F5 3,10X,F5.3,13X,F5.3)
71 K10=K2+1
3 ¥({K10)=F(K2) . - _ '
K2=10 ' R -
IF(K8-3)80,80,81
81 WRITE(5,103)K8
103 FOPMAT(lH 8X,I3)
hRITl(g,lO“)GJLD(kZ) GWlCD(h2) Gwch(r )
102 FORMAT§1H+ ,25X,F5,3,10X,F5.3,13X,F5.3) -
80 F(1)=r(K10)
8 CONTINUE
1 CONTINUE
CALL EXIT
END
// XEQ (

K3)
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FIGURE D 3

FRACTTONAL GROWTH RATE=G (ROOTS UNDER CONTINUOUS TRRADIATION)-MODEL A

P= 0.050 .
, | , - - |
G-VALUES AT TIME INTERVALS=INTERMITOTIC CY¥CLE TIME
- !
TIME(IN CELL CYCLES) G(C10 DIE) G(c10 DIF.) Gg(c1o DIVIDE+DIF. )
0.1 0.998 0.998 - . 0.998°
0.2 0.998 0.998 ' 0.998
0.3 0.998 0.998 0,998
0.4 0.998 0.998 - 0.998
0.5 0.998 0.998 0.998
0.6 0.998 0.998 0.998
0.7 . 0.998 0.998 0.998
0.8 ' 0.998 0.998 0.998
0.9 0.998 £ 0.998 0.998
1.0 0.998 0.998 0.998
1.1 0.998 1.048 1.098
1.2 0.985 ©1.083 1.180
1.3 0.961 1.104 1.246
1.4 0.929 1.115 1,301
1.5 0.891 1.118 1.345
1.6 0.848 1,116 1.383
1.7 0.803 - 1.109 1.415
1.8 - 0.756 1.100 S 1,443
1.9 0.708 1,089 1,470
2.0 0.659 1.078 1.496
2.1 0.611 1.014 1,417
2,2 0.569 0.957 1.346
2.3 0.532 0.907 1.283
2.4 0.498 0.862 1.226
2.5 0.469 0.822 1.175.
2.6 0.443 0.785 1.128
2.7 0.419 0.752 1.086
2.8 0.397 0.722 1.047
2.9 . "'0.378 0.695 1.011
3.0 0.360 0.669 0.978
L 0.244 0.499 0.754
5 0.186 0.408 - 0.631
6 0.152 0.354 1 0.555
7 0.131 0.1317 0.504
8 0.116 0.292 0.468
9 0.106 0.274 o.hﬂz
10 0.098 0.260 0.422
11 0.093 0.250 - 0.4a7
12 0.088 0.242 0.395
13 0.085 + 0.235 o.3qa
14 0.082 0.230 0,378
15 0.080 0.226 0.3%2
16 0.078 0.223 0.367
17 0.077 0.220 0.363
18 0.076 0.218 0.360
19 0.075 0.216 0.358
20 0.074 0.215 0.355
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- FIGURE D 4

COMPUTER PROGRAM FOR MODEL B

// JOB

- // FOR o : :
"%I0CS (2501 READER, 1403 PRINTER,DISK) L o
*ONE WORD INTEGERS , '
*LIST SOURCE PROGRAM . '
~ DIMENSION A(100),B(100),c(100), F(lOO) GNCD(lOO) GthD(lOO) Gwa2cD(1
.100) . :
DO 1 K=1,100,10
IF(K-1)32,31,32
31 P=K ,
' P=P/1000.0
GO TO 33
32 K13=K-
P=K13
P=P/1000.0
33 WRITE(5,100)
100 TORVAT(1N1,2\ 'FRACTIONAL GROWTH RATE=G (ROOTS U\DER CONTINUOUS IR
1RADIATION)-MODEL B')
WRITE(5,101)P
101 FORMAT(lH ,2X,'P="',1X,F5.3, //)
WRITE(5,106) '
106 FORMAT(1H ,20X,'G- VALUES AT TIME INTERVALS=INTERMITOTIC CYCLE TIME
1,////, ‘TIME(IV CELL CYCLES)',4X,'G(C10 DIE)',LX, 'G(ClO DIF.)", ux
: 2'C(ClO DIVIDE+DIF, ) ) , .
DO 2 K1=1,10,1

ghl) =10.0 - : S
B Kl):0.0 . } )
2 CEKl):0.0 ‘
F(1)=1.0
DO 8 K8=1,20,1 ,
M=11 . ' : o

N=20 -
DO 3 K2=1,10,1 . - ' ,
IF(M-11)50,51,50

51 DO 4 K3=M,N, ]
L2=K3-11
L1=K3-1 :
(=1,0-(EXP(-1.595+F(K2)))
X=X/1.595
X=X/F(K2) - o ;
Y=1,0-P . : '
I7(K3-M)10,11,10

11 A§K3;=2.0*X%Y*A§Ll;

B{K3)=X%P%2,0%A(L1
K3)=X+2,0%B(L1)
SUMA=A§K3)

xR A ceeme Ly e e e

SUMB=B(K3)
SUMC=C(K3)
GO TO 4
10 ngg =YxA(L2)
B(K3 (A(L2)&P)+B(L2)
c{x3)=c(12) |
SUMA=SUMA +A (K3) : o
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5¢M0=SUMC+C X3
CONTINUE
K3=N
K5=K3
M=M~10

_ T__lo
GO TO 53
DO 5 K3=M,N,1
L2=K3+9
L1=K3+19
X=1.0-(EXP(-1.595%F(K2)))
X=X/1.595
X=X/F(K2)
Y=1.0-P
IF(K3-M)54,55,54
A%KB):Z.O*X*Y*AéLl)

SUMB:SUMB+B§K3;

K3)=X*P%2.,0+A(L1)
K3)=X%2.0+#B(L1)
SUMA=A (K3)
Smmlﬁh%
SUMC=C (K3
GO TO 5
A(K3)=Y=»A(L2)
B K3)= (A(L2)*P)+B(L2)
C(k3)=Cc(L2)
SUMA=SUMA+A (K3)
SUMB:SUMB+B2K3§

SUMC=SUMC+C (K3
CONTINUE

K3=N

M=M+10

N=N+10

K5=K3
F(KZ)=§SUMA+SUMB+SUMC)/lO0.0
X=1.0-(EXP(-1.595%F(K2)))
X=X/1.595 .

X=X/F(K2)
GNCD(K2)=((A(K5)+B(KX5)+C(K5
GW1CD(K2)=GNCD(K2)+ ((x*c K5
GW2CD (K2 )=GNCD(K2)+(2. ok((x
Ir(XK8-3)70,70,71

K20=K8-1

E=K2

E=E/10.0

H=K20

E=E+H

WRITE(5,111)E

FORMAT(lH 8X,F3.1)

§§?§ 53’
c(X5))/5

))/(5.0)
0))

WRITE(S5, llO)GNCD(hZ) GW1CD(K2), GWZCD(hZ)
FORVAT(1H+ 25X,F5.3,10x,F5.3,13X,F5.3)

K10=K2+1
F(K10)=F(K2)
K2=10
Ir{K8-3)80,80,81
WRITE(5,103)K8
rFORMAT (111 ,8X,I3)

WRITE(5,102)GNCD(KR2),GW1CcD(K2),GW2CD(K2)
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" FIGURE D 6

FO%MAT(1H+,25X,F5.3,1ox,F5.3,13X,F5.3)
F(1)=F(K10) - -
CONTINUE '
CONTINUE

CALL EXIT

END
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PRACTTONAL GROWTH RATE=G (ROOTS UNDER CONTINUOUS IRRADIATION)-MODEL B

P= 0.050 i
: G-VALUES AT TIME INTERVALS=INTERMITOTIC CY&LE TIME
TIME(IN CELL CYCLES) G(C10 DIE) g(cio DIF.) . G(C10 DIVIDE+DIF.)
0,1 1,000 1.000 - 1.000
0.2 1.000 1.000 ' 1.000
0.3 1.000 1.000 . 1.000
0.4 1.000 1.000 : ©1.000
0.5 1,000 1.000 1.000
0.6 1.000 1.000 1.000
0.7 1.000 1.000 1.000
0.8 1.000 , 1.000 1.000
0.9 1.000 1.000 1.000
1.0 0.999 . 0.999 0.999
1.1 0.999 1.0L49 1.099
1.2 . 0.996 1.094 1.192
1.3 0.991 1.134 1.278
1.4 . 0.982 1.171 1.359
1.5 0.972 : 1.204 1.437
1.6 0.959 -1.235 1.510
1.7 - 0.944 1.262 1.580
1.8 0.927 ' 1.288 1.649
1.9 0.908 - 1.311 1.715
2.0 0.886 1.332 1.778
2.1 0.819 1.252 1.685
2.2 0.760 1,181 1.602
2.3 0,708 1.118 . 1.527.
2.4 0,662 1.061 1.459
2.5 0.621 1,009 1.397
2.6 0.584 - 0.963 1.342
2.7 10.551 0.921 1.291
2.8 0.521 0.882 : , 1,244
2.9 0O.luok - 0.847 1.201
3.0 0.469 ~ 0.815 © o r1.161
0 0.309 | 0.599 | 0.889
5 0.229 0.485. 0.740
6 0.184 ;. 0.416 0.648
7 0.155 . 0.371 0.586
8 0.136 0.339 0.542
9 .. 0.123 0.316 _ 0.510
10 0.113 0.299 - 0.486
- 11 0.105 0.286 ' 0.467
12 0.100 0.276 0.453
13 0.095 0.268 / 0.u4bx
14 , 0.092 . 0.262 ' ~0.432
15 _ 0.089 0.257 0.42k
16 0.087 " 0.252 0.418
17 0.085 0.249 0.4%13
8 0,083 : 0.246 - 0.409
19 0.082 0.244 , 0.406

20 | - 0.081 0.242 0.403

}
!
i
{
o
3
i
i
:
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