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INTRODUCTION

Historieal survey

Whereas sualitative radiation studies on various miero-
organisms have been reported as early as 1871 by Hartinand, no
such reports were made concerning yﬁasta before 1884, when Kny
studied the effects of gas-flame light on the reproductive rates
of Saccharomyces cerevisiae. Lohmann (1896) reported that whereas
eleetric light had little or no effect on yeast reproduction,
diffuse day-light and strong sun-light were inhibitory. Although
of historical interest these studies are of no fundamental import-
ance,

The year 1895 was a turning point in radiation studies,
This was the year when Wilhelm Konrad von Roentgen discovered
X-rays, Within a year after Roentgen's discovery, Henri Becquerel
in France showed that uranium ore also gave off similar penetrating
radiations. Beth observations were of an immediate importance to
Physics and Chemistry and also to Medicine., The following years
saw a great upswing in studiez on the effects of radiation on living
material, employing ultraviclet light, various speectral colours,
radium and uraniun‘c-anationn, and, of course, X-rays, While the

primary interests were of & clinical nature, fundamental studies



were not neglected,

Among the early workers who studied the effects of radiae
tion on yeast, mention should be made of Buehta (1914), who repeat-
ed the studies of Kny and Lohmann, and extended them by including
ultraviolet light, He showed that yeast cells were killed by long
exposurss to ultraviolet light but that short exposures only
inhibited the budding process., The first raearded‘study of the
action of emanations from radiocactive substances on ysast was by
Jacquemin and Giurel (1yl,i) who showed that these stimulated alco-
holiec fermentation and made the transformation of sugar more
complete, A study on the action of radium emanation on the vita-
mins of yeast was undertaken by Sugiurs and Benedict (1919), who
demonstrated that growth-promoting factors in yeast may be partially
inactivated by means of exposure to radium emanations,

An independent series of qualitative studies by the academ-
ician Nadson (after whom the yeast genus Nadsonia was nemed) and
his eollaborators in the 1920's deseribed the effect of radium on
yeast. They observed, before the discoveries of mutations due to
ionizing radiaticns, morphological variations of a more or less perme-
anent character in colonies of irradiated yeast. They also indicated
that X-rays affeect cell division of yeast more than trhey do the metab-
olie processes. Nadson's iétcntions were of an applied nature in
baking and brewing industries, where the introduetion of new strains
was of prime importance to the quality of these produets. At approx-

imately the same time Wels and Osann (1925) positively demonstrated



that respiration of yeast cells, as measured by the O, consumption
and CO, production suffered little or no change as the result of
irradiation with X-rays, yet the reproductive rate was greatly in-
hivited. These latter workers concluded that the growth-inhibiting
effect of the rays did not inveolve the energy exchange of the eell
and thus definitely separated for the first time nugluar and cyto-
plasmie effects of radiation.

These encouraging results led Holweck and Lacassagne (1930)
to quantitative studies on the survival of irradiated yeast. They
determined the dose-effect relationship for suen survival, and showed
that 10,000 roentgens ( r ) of X-radiation deliverad to yeast did
not cause immcdiate death of the cells. Such irradiated cells divid-
ed for a time, but eventually ( i.e. 2t or following the next few
divisions ) died. A triple dose ( i.e. 30,000 r ) caused immediate
death of 50% ) of the cells in the population sc exposed, Thus
it was shown that inhibition of cell division manifested itself as
either "immediate death" when high radislion doses were applied, or
as "delayed death' when low radiation doses were administered,

These workers alsc observed that budding cells were more resistant

to X-radiation than were resting cells of yeast, The inactivation

(1) This is conventionally written as LDsg. This is the radiation
dose required to kill 50¢ of the treated organisms. The reason for
not using 100% for comparative purposes is that any biologieal eommun-
ity group of organisms of the same species shows variation in sens-
itivity. Therefore a more accurate estimate of the average sensiitiv-
ity of a population ds obtained by determining the LDsO dose,



eurves obtained wsre of 3 sigmoidal nature.

A year later Wyekoff and Luyet (1931) irradiated growing
yeast cells with X-rays, and noticed that a large fraction of the
% resulting population consisted of double cells (mother cell and one
i daughter ¢ell). Sueh double cells lived in an apparently healthy
condition for days fellowing irradiation, as indicated by eosin
staining which the authors used as eriterion of cell death. These
workers could not explain the tendeney to produce only one daughter
cell. No nuclear stain was used. Survival curves were again of a
sigmoidal nature,

The sigmoidal curves of both Holweek and Lacassagne (1930)

and Wyekoff and Luyet (1931) were not accounted for at the time. After

; Winge (1935) elucidated the complete life cyele of Saccharomyces

ﬁ cerevisiae, showing that haploid and diploid cells occurred, which
was confirmed by Lindegren (1945 ) the sigmoidal character of yeast
survival curves was correlated to diploidy by Frilley and latarjet
(1944). It remained, howsver, for Latarjet and Ephrussi (1949) to
show eonclusively, that dipleid cells of yeast werse much more resiste

ant to X-rays than were haploid cells (which gave exponential survive

? al curves). Thus for the first time sensitivity of microorganisms

to ionizing radiations was related to the ploidy of the cells, The

faet that haploid yeast gave expeonential survival eurves and that
dipleid yeast gave sigmoidal survival curves was used by Magni (1953)
for taxonomic purposes - i,e, by determining the X-ray survival curves

of unknown yeasts, he was able to know whether to place them in haploid



or diploid genera, This is also of importance for the appliecation
of traditional genetie analysis, because one must know whether the
organisms studied are haploid, diploid, or even polyploid.

The 1940's shiowed no inerease with regard to yeast radiation
studies as can ve ascertained by the relative number of reports on
this subject. It was indicated that the sensitivity of yeast cells
to X-irradiation was affected by varying the oxygen tension during
the irradiation perioed (Anderson and Turkewite, 1941); respiration
studies were taken up again (von Buler, 1942); compariscn of bio-
logical effects of Xe-rays, alpha-particles, gamma-rays and neutrons
were carried out (Gray et al, 1943; Gray, 1949), and effects of
ionizing radiations on enzyme asctivities of yeast cells were report-
ed (Sherman and Chase, 1949).

By 1950 it was established that the primary action of ioniz-
ing radiations on cells was genetic in nature. The work in the sube
sequent decade tended to emphasize the study of variation of radiat-
ion sensitivity under different physico-chemical conditions, and |
bio-chemical changes associated with the action of ionizing radiate-
ions on cells,

Thus Ting et al (1952) compared the effsct of 0,2 Mev X-rays
and 23,5 Mev X-rays on four different yeast strains. Although the
kinetics of insectivation for the different strains varied, they were
similar for each partieular strain. In the same year Birge and
Tobias (1952) showed that the growth of yeast cells under aerobie

and anaercbic conditions after irradiation wade no significant
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difference to the outecome of the survival curve, but found that there

was a definite dose-reducticn factor of approximately 2 for cells
“irradiated in the complete absence of oxygen as compared with cells
irradiated in air. BExtensive studies by Wood (1953, 1954) on the
influence of temperature on the survival of X-irradiated yeast showed
that whereas in the temperature range of 10 - 40° C the yeast sensit-
ivity changed insignificantly, an approximately twofold increase was
noted when the suspension medium changed from the frozen to the liquid
state. In the temperature range of 45 - 55° C, the X-ray sensitivity

of yeast inereased rapidly, indicating synergism between heat and

X=ray inaativatian. Investigation of the X-ray sensitivity of yeast

as a funetion of hydrostatic pressure was ably condueted by Burns (1954),
who observed nc changes in the radiocsemsitivity of yeast cells for press-
ures of up to 10,000 p.s.i. during irradiation. These results were
considered as evidence against the association of large molecular volume
with the production of the primary lesiocn,

Elkind and Beam (1954) demonstrated that in yeast the relative
effectiveness of X-rays and alpha-particles varied with changes in the
physiologieal state and stage of cell division, thus emphasizing the
necessity of biological as well as physico-chemical interpretations of
the relative effectiveness of various radiations.

Reports on the sensitivity of wmetabolic systems in vivo comp-
rise a range of extremes. Whereas Baron et al (1953) showed that
respiration was unimpaired even after a dose of 380,000 r , one year

later 8. S. G, Barron (1954) also demonstrated that doses as small as
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500 r can irreversibly insetivate some fermentative enzymes.

Sueh a great deal of variation in the response of metabolie
mechanisms could only be attributed to differences in experimental
conditions during the irradiation period an%r post-irradiation
treatments, Bair and Stasnard (1955) and later Barver et al (1957)
showed that much of this variation depended on the time allowed to
elapse between the irradiation and the testing periods.

Burns (1956) took up again the problem of inhibition of cell
division in yeast. He showed that for interdivisional cells (none
budding) doses of up to 10,000 r caused little delay in the appearance
of buds (2nd generation), On the other hand, a sixfold inereszse in
delay was observed in the time of appearance of the 3rd generation,
This delay time inereased with an increase in dose, The 4ih generat-
ion division time is little affected. A Russian worker (Meissel, 1956)
observed similar delayed separation of buds, incomplete fission and
nuelear division, He atiributed this to the enlargement of irradiated
nuclel during division and their inability to divide., Another Russian
study (Korcgudin, 1957) determined the survival of yeast by macro-
colony counts, By making these counts after different time intervala
he was able to show that radlation afteresetion consisted in a reduetion
of the average speed of growth, He proposed a mathematical equation
which he considered to account for his observations, At the same time,
Welch (1957) studied the effects of chroniec exposure to X-rays on a

steady-state population of Saeccharomyces cerevisise, He showed that
continuously-grown cultures of ysast had the power to adapt to low



levels of radiation, His conclusions were based on results whieh
he obtained w ith yeast which could live in a steady state of proe
liferation while being continuously exposed to X-radiation of 6150 r
per generation (approximately 2,000 r/hr) . This was a dose
per gene-ration equal to about 1/4 of Lnso doses for acute exe
posure,

Two important reports by Bruce and Staman& (1958, 1959)
have partially elarified the role played by cellular potassium after
Xeirradiation of yeast cells, These stud ies showed, that the pere
meability of yeast cell membranes was inereased by relatively small
doses of X-radiation, The losses of cellular potassium were greatly
magnified when potassium-ion-free buffers were used, Bruce (1958)
also studied this phenomenon under aerobic and anaerobic conditions,
He reported that survival after X-radiation under aerobic conditions
was reduced five times as much as was the potassium retentivity of
the cells, On the other hand, survival of yeast cells irradiated
with X-rays under anserobic conditions was about twice as high as
under aerobic conditions, The response of potassium retentivity
to X-irradiation at 25° C under ana erobic conditions was slight
below 160,000 r , at which dose the retentivity abruptly decreased
to that observed under aerobic conditions, Lowering the temperature
to 0° C moved the point of deeline to about 300,000 r , Bruce
concluded that such differential effects were indicative of inter-
action of radiation with the yeast cell at sites that independently

controlled survival ind the retention of potassium,
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Rothstein (1959) has emphasized that the role of the cell
membrane, particularly its permeability properties, is important
in determining the eell's response to radiation, His ecell membrane
studies showed that the distribution of sensitive sites and of pro-
tective substances was unhomogeneous, so that the radiation sensite
ivity of different parts of the cell varied. Alexaunder (1%61)
suggested that although reactions due to damage to proteins and nuecleie
acids occurred in irradiated cells, they were not the primary reactions
leading to the death of the cell. He suggested that phospholipids of
the intracellular membranes were the more probable sites of primary
damage.

Thus the current trend of radiobiological research concen-

trates on the permeability problems and properties of cell membranes.

Purpose and objectives of this study
The physical nature of radiation and the methods whereby

radiant energy is absorbed by molecules are now basically understood.

In eontrast to this physico-chemical knowledge of the action of ionize
ing radiations at the melecular level, stands the incomplete and

vague picture of how ioniging radiations affect living cells., The
bioclogist, studying the effects of radiation on living organisms, must
cope with the complex problem of radiation action on bioclogical mater-
fal, He can observe the end products of this aetion, manifested as
eytoplasmic changes, inhibition of cell division or of nuelear division,

mutation, or abnormal growth, and thereby obtain information bearing
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on the problem, The study of the action of radiatiom on various
potentialities of the cell should also contribute.

Saccharomyces cerevisiae offers advantages for research on
the effect of radiation on living cell, One of its most important
attributes is the possession of unicellular haploid, dipleid, and
sometimes polyploid cells. By working with unicellular rather than
with multicellular organisms one avoids numerous complications that
ean arise owing to interactions of tissues., Thus, in multieellular
organisms, the changes that féllow the primary event of energy trans-
fer and result in symptoms of radiation damage, are likely to be much more
involved than would be the case with one-celled forms. Among the uni-
cellular organisms, protozos have the disadvantages that their motility
makes observations awkward, and their growth is difficult to econtrol,
owing to their complex nutrient reguirements. The minute size of
bacteria makes these organisms difficult material for eytological
observations. In contrast, the yesst cell is larger than bacteria
and has simple nutrient requirements, Furthermore, it has a life eycle,
invelving alternation of diplold and haploid phases. A diplold yeast
cell has the two potentialities of either reproducing vegetively by bud-
ding, or sexually by sporulation. During the former the nucleus divides

by mitosis and during the latter by meilosis, (1) Both phases c¢an be

(1) The present state of knowledge of yeast cytology does not warrant
here the use of the terms "mitosis® and "meiosis", respectively, since
these expressions imply the presence of chromosomes. No absolute demon-
stration of these in yeast has been offerad as yet. When the terms
"mitosis" and "meiosis" are used in the following pages of this study,
the author wishes to point out that this is done only to avoid the
cunbersome expressions "equational division® and "reductional divisionw,
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obtained at will in the laboratory by changing the environment., Where-
a8 most bacteria do not exhibit a well-defined nucleus upon staining,
the yeast cell nucleus, whether hapleoid or diploid, ean be made visible
relatively easily.

The combination of all these factors, and especially the avail-
abllity of haploid and diploid phases of the same orgenism, make 3Saccha-
romyces cerevisise very useful for the study of the action of ionizing
radiations on living cells.

Many of the contributions on the action of radiation on yeast
have centred on the relative sensitivity of haploid and diploid cells,
The insetivation curve for hapleid cells is exponential within a certain
dose range, while diploid cells show a sigmoidal inaetivation eurve.
However, no cne has campared the effeet of radiation on the capacity of
the yeast cell to grow and sporulate. This is the prineipal objective
of the present investigation. An ineidental part of this study consists
of an investigation of the effects of icnising radiation on muelear divis-
ion. In other words, what relation does failure of nuclear division bear
to failure to grow and sporulate, or what is the likelihood of an irradi-
ated cell dividing without & corresponding nuclear division and vice versa.

In the present study the terms SPORULATION and GROWTH will always
refer to the processes of spore and bud formation, rather than the end-
products of these processes, unless it is specificslly indicated other-
wise.,

The problems of the effects of ionizing radiations on living

cells is not a secluded study. The possibilities for practieal applicatioms
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of the fundamental knowledge of the effects of radiation on living
cells are of direct concern to everyone. There is 1ittle doubt that
once the basie processes of radiation damage to cells are understood,
progress in radiation therapy and in protection against the damaging
action of ionizing radistions will accelerate. The study of simple
forms of life in this connection may aid in the understanding of simi-

lar processes in higher forms of life.



MATERIALS AND HETHODS

Yeast isclate

The yeast culture employed during the course of this study
was an isolate from packaged yeast (Fleischman), designated as FLY3

and used in previous studies on sporulation and growth in the Departe

ment of Biology, McMaster University., It is a strain of Saecharomyces

cerevisiae Hansen,

Yezast stock culture medium
This medium was used to maintaln the yeast stock cultures,

which were transferred once a week to fresh slants., The yeast stock
cultures were kept in & refrigerator between transfers.
Composition: 150 ml distilled water

3 gm Difeo Agar

1.5 gm glucose

1.0 gn Difeo Yeast Nitrogen Base (YNB), which is a
chemically-defined medium, containing &ll the essential nutrilites
and vitamins for ths cultivation of yeast, except a source of carbo-
hydrate., The medium was dispensed in 5 ml quantities to 16 mm test

tubes, autoclaved at 15 psi pressure for 15 minutes, and then slanted,

Buffer

In all cases, unless otherwise specified, M/20, pH 5 potassium

13



hydrogen phthalate (KHP) buffer was used. The pHi of the buffer
was always checked during preparation with a Beckman Zeromatic
P meter and standardized against commercially supplied pH 7
buffer (Beckman), Freshly prepared buffer was used for each
experiment,

Presporulstion medium

The presporulation medium was a chemically defined
medium, containing optimal concentrations of glucose and Yeast
Nitrogen Base in KHP buffer,

Composition: 36 ml M/20, pH 5 KHP buffer,

4 ml of buffer, containing 10¥ glucose and 1.33% YNB,
Sterilization was done by passing the solution through a Seitz
filter. The medium was dispensed in 4O ml volumes in 25 mm test
tubes, whieh had previously been plugged with cotton wool and
sterilized in the oven, The cotton plugs were replaced with
pieces of ultraviolet-sterilized Parafilm and the test tubes were
stored in cupboard until needed, When preparing a presperulation
culture, the medium in a 25 mm test tube was inoculated with yeast
¢ells and then poured into a sterile Kolle flask, which was incube
ated on its flat side to insure maximum aeration, The presporul-
ation cultures were grown for two deys at 2" ¢ s and the cells
thus obtained were used for growth experiments as well as for

sporulation experiments,

14
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Millipore Filter membranes

Tenecm square sheets of Millipore Filter (MF) membrane
of type TV, 20 /u thick, and with 2 pore size of 50 mm, were
eut into pieces 5 nm X 10 mm, removing one corner of each as
a marker, The pieces were sterilized by autoelaving in distilled
water in batches of 50 per flask, and the flasks were stored in the
refrigerator until needed, |

The individual membranes were placad on three Whatman filter
papers ( two No. 3, 9 om eircles, with one 7 em cirele on top) in
a petri dish and moistened with 5.5 ml of KHP buffer, The yeast
cells were seeded on the membranes using a 2 mm platinum loop for
sporulation cultures and a 3 mm loop for growth cultures, The
suspension liquid was drawn through the pores of the membrane by
capillary forces, leaving the yeast cells on the membrane surface,
The membranes were then transferred to either another petri dish
(ith the same number of filter papers) for staining, or to pore
celain blocks partly immersed in culture media, for growth or
sporulation,

Porcelain blocks

Blocks 10 mm wide, 710 mm thiek and 4O mm long, cut from
an unglazed porcelain drying plate, were used as support for the
Millipore Filter membrenes in the growth and in some of the sporul-
ation cultures, When the lower part of the blocks was immersed in
the respective medium, the licuid penetrated through the porcelain
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to the upper surface by capillary action., The seeded membranes
were placed on this upper surface of the block, thus exposing the
cells to the medium. Each block accomodated six to eight MF
membranes,

Since it was important that the blocks bs free from impurity,
the following procedure was adhered to: the blocks were washed for
2 hours in slowly-running tap water, after which they were allowed
to stand in distilled water for another 24 hours, The distilled water
was changed six times during this period., The blocks were then dried
and heated to redness for six hours in a erucible. When cool, they
were transferred to sterile petri dishes and kept in the refrigerator
until needed. A set of freshly purified porcelain blocks was used

in each sepsrate experiment,

Growth cultures

Growth experiments were done using 175-ml pharmaceutieal
bottles lying on their flat sides, Bach bottle contained sesded
membranes, resting on poreelain blocks in 4 ml growth medium of
the following composition,

30 ml M/20, pH 5 KHP buffer,
0.052 gm sodium acetate (anhydrous),
O.k ml 108 (NH, )30,
1,3 ml RCFV solution,
The NCFV solution was prepared by mixing two solutions, one containe

ing the necessary minerals and trace elements, designated NCF (Nitrogen
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and Carbon Free) ; and the second containing the necessary vitaw
mins ( V ) . Essentially, the NCFV medium was the same as the
Yeast Nitrogen Base, except for the omission of l-Histidine HCl,
dl-Methionine, dl-{ryptophane, Folic acid, peAminobenzoic acid,
and Riboflavin, and the nitrogen source,

The NCF solution was prepared by dissolving the following
salts and compounds supplying trace elements in 1000 ml of distilled

wa ter,
Hineral salts: KH PO, 25,00 gm
Mgs0,;, 12,50 gn
NaCl 2450 gm
CaCl, 2,50 gm
Compounds supplying trace elements:
CuSO) * SHO 0.0010 gm
83303 0.0125 gm
KI 0,0025 gm
Fecl3 ¢ 6H L0 0.0050 gm
mseh * 1850 0.0100 gm
NagMoOy,° 2Ho0 0.0050 gm
Zn30, * TH 0 04,0100 gm

The solution was sterilized by passage through a Seitz filter,
and dispensed in 100 ml quantities to sterilized 175eml pharma-
ceutical bottles.

A 4O ml volume of distilled water and the following come

ponents made up the vitamin solutien:

17
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Biotin 0.0002 gm
Calcium pantothenate 0.0L0 gm

Inositol 0.2000 gm
Niaein 0.0400 gm
Pyridoxine HC1 0.0400 gm
Thianine HCl 0.0400 gm

This selution was slso filter sterilized and then dispensed in
one ml aliouots to the 100 ml cuantities of the NCF medium,. The
resulting solution was labelled NCFV medium,

Sporulation cultures
The sporulation medium consisted of autoelaved M/20, pli §

KHP buffer to which acetate was added. This medium was dispensed
in two ml cuantities into 175 ml phammaceutical bottles, to which
the yeast suspensions were added to give a total volume of four ml
per bottle, The final acetate concentraztion was (.02 M, the same
as in the growth medium,

Huelear stain

Membranes bearing either yeast ¢ells and microcolonies

18

(resulting from growth on the membrenes on porcelain blocks standing

in growth medium) or cells from sporulation cultures were trans-
ferred to a petrl dish containing three filter papers moistened
with eight ml of 0.5 ¥ sodium azide soltuion in distilled water,
and left on it for 24 hours., This fixation procedure was followed
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by hydrolysis to remove most of the RNA from the cells., For this
purpose the membranes were transferred to a petri dish with filter
papers, moistened with eight ml of 10 ¥ perchloric acid and placed
in a refrigerator compartment where the temerature was l-4 °¢ for
a period of 96 hours, The membranes were then transferred to a
plate with filter papers wetted with eight ml of double-strength
Gurr's pH 6.8 buffer, and left there for 30 minutes for neutral-
ization of the acid., This step was followed by staining for 24 hours
on a plate with seven ml of double-strength pH 6,8 buffer mixed

with 1.5 ml of Gurr's R 66 (Giemsa) stain, The membranes were then
transferred to a petri dish containing filter papers, moistened with
eight ml of the same buffer, This treatment lasted for 30 minutes
and served to remove excess stain from the pores of the membranes,
The membranes were next pinned by insect pins to a wax plate and
air-dried for 15 minutes. When dry, the membranes were put on a thin
layer of Gurr's Neutral Mounting Medium on a slide, and the medium
was allowed to dry in an incubator (at 27° C ) in a plastic,
dust-proof box for 2 days, The membranes were then covered with a
No, 1 coverslip on which a thin layer of mounting medium was evenly
spread out, The coverslip was gently, but quickly, pressed down

and the mount was left to dry for at least L& hours before micro-
scopic observation. The stained nuclel appeared blue, while the
cytoplasm had a pinkish tinge, This nueclear staining technique is
described in more detail elsewhere (Miller, 1961). The modification
used by the writer differs in that cells were treated for 24 hours



with azide instead of two, and the mounting medium was placed on
the coverslips when the latter were added, instead of on the

membranes, Also only a very gentle pressure was applied,

Spore stain
Membrane Filter rectangles bearing the yeast cells or

mierocolonies were transferred te & petri dish with three filter
papers, moistened with eight ml of Ziehl's carbol~-fuchsin stain,
prepared acecording to the emended formula given by Conn ( 1957),
The following two solutions were mixed.

Solution A: Basic fuechsin (90 % dwe content) 0,3 gm

Ethyl aleohol (95 %) 10,0 ml
Solution B: Phenol 5.0 gm

After 30 minutes of treatment with this stain, the membranes were
transferred to a plate with filter papers wetted with eight ml of
0.1 ¢ ruthenium red in distilled water, and left on this plate for
another 30 minutes., The membranes were then taken off and arranged
on a glass slide on a thin layer of Gurrs Water Mounting Medium,
The slide was put in a plastic, dust-ptoof box and left in the
incubator at 27° C for two days to dry. When dry, a coverslip of
suitable size with a thin layer of the same mounting medium was
placed with a gentle, scueezing motion on top of the membranes,

The complete slide was then stored until required for microscopie

examination., The vegetative cells appeared pinkish, whereas the



spores retained the carbol-fuchsin stein and were dark brown to
dark purple, This staining method, abbreviated to CFRE (earbol-
fuchsin-ruthenium red) has been described in detail elsewhere
(Miller and Kingslsy, 1561) .

Dosimetry
A reliable method of measuring the amount of radiation to

which cells are exposed is essential for any study of their response
to radiation, At first a glass dosimeter was tried (Bausch & Lomb,
F=0621). Each dosimter consists of a small (15 mm by 6 mm) plece
of cobalt-activated borosilicate glass, the optical density of which
changes at & certain wave-length in proportion to the amount of
gamma radiation it receives, However, the reproducibility of radise
tion dose values was found to be modified by sueh factors as time
of storage after irradiation (fading was noticed after two hours),
temperature of storage, and presence of light during storage. The
recommednation a8 to reading time was one hour after exposure to
gamma radiation (Blair, personal communication) which was not possible.
Furthermore, this dosimeter was found to be inaccurate at the low
ranges (i.e., below 10 Kr) . For these reasons the cobalt glass
dosimeter was abandoned,

The Fricke dosimeter, on the other hand, was found to be
better suited for the present recuirements., This is a chemical
type of dosimeter, in which the amount of chemical reaction is proe

portional to the dose over & wide range; it is simple and convenient



to use; it is easily prepared from shelf-reagents; it is in-
sensitive to light or small temperature changes, and it is well
sulted for doses in the range of 4-50 Kr, For thess reasons it
was adopted for use throughout this study,

The Fricke dosimeter solution was prepared according to
Weiss ot al, (1956) and contained 2.0 gm FeS0) » 70 , 0.3 gm
NaCl, and 110 ml of concentrated (95-98%) 50, (analytieal reagent
grade) in sufficient distilled water to make 5,000 ml of solutien,
This solution was dispensed in 4.5 ml volumes in 16 mm Pyrex test
tubes, which were sealed off with & high temperature oxygen flame,
The dosimeter ampoules thus prepared were stored in a light-proof
box in & cupboard until needed. For individusl experiments the
ampoules were firmly set into & plasticine layer of the Nalgene
bottle containing the samples to be irrad iated.

After irradiation the optical density (D) of the irradi-
ated sample was compared with that of unirradiated control sclution
in a Perkin-Elmer recording spectrophotometer, model Spectracord,
For this examination the samples were placed in matched silica abe
sorption cells (Beckman, 10 mm light path) and the absorption read
at 305 mm . This is the wave-length at which maximum sbsorption
oceurs,

The mechanism of the chemical reaction due to irradiation of
the Fricke dosimeter solution involves the oxidation of the ferrous
ion in an aecidic solution, to the ferric ion,

The amount of radiation (K) is ealeculated from the

22
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following formula given by Weiss et al, (1956) ,

9 D e D
R(rllhr) s ‘_‘T"‘. 3.0 " __‘J_G__%aﬁt .z (hr) (blmk) Eao, (1)

where e = the molar extinction coefficient taken as 2474 at 23,7° c,
and Y g the ferric yield in units of mieromoles per litre per 1000 r,
and given as 16,4 £ 0.8 fuM per 1000 r . The yield may be taken as
independent of wave-length for gamma ray applications,

Since irradiation time was 20 minutes (0.33 hr) Ea, (1)

reduces to

R (r/or) = (2.8 «20%) o D(swph()?.ig . Ea. (2)

When total dose is required, the time factors on both sides of the

equation are eliminated,

Experimental procedure

All cultural work was done under sterile conditions, A flow
diagram of the experimental procedure is shown in FIG, 1a and 1 b,
Yeast cells were transferred from slant of stock culture into
a presporulation medium and incubated at 27° C for a period of 48 hours,
The cell population was then separated from the presporulation medium
by centrifugation, and washed three times by centrifugation with M/20,
pi 5 KHP buffer, After washing, the yeast cell suspension, usually
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FLOW DIAGRAM OF EXPERIMENTAL PROCEDURE y

STOCK CULTURE i

INOCULATION OF KOLLE FLASK ’
g 23 CONTAINING LIQUID PRESPORULATION
A% MEDIUM. CELLS GROWN FOR 48 HRS AT 27°C. ‘

SUCCESSIVE CENTRIFUGATION AND
WASHINGS IN KHP BUFFER.

WARING BLENDOR TREATMENT FOR
I/2MIN. IN FRESH KHP BUFFER,
FOLLOWED BY ADJUSTMENT OF POPUL-
ATION DENSITY TO 8 MILLION PER ML.

A
jujsljijals

SIX CAPPED VIALS WITH 2 ML ALI-
QUOTS OF 8 MILLION PER ML
SUSPENSION OF YEAST
- e #l| ! ~
NO IRRADIATION | IRRADIATION

(CONTROL GROUP) . L

S )

FIGURE 1 a , FLOW DIAGRAM (F EXPERIMENTAL PROCEDURE . This diagram
summarizes the procedure up to and 1 neiud[ng the irradiation. See
text for step by step description of the experimental procedure,
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*x
NO IRRADIATION & [IRRADIATION

SPORULATION

PART OF EACH 8 MILLION PER ML SUSPENSION

L b
REST OF SUSPENSION TRANSFERRED TO THREE
DILUTED TO GIVE O.5 MILLION PER ML AND DISPEN-
S

PHARMACEUTICAL BOTTLES FOR SPORULATION
FINAL CONC. 4 MILLION PER ML. INCUBATION FOR 48 HRS

C - W =B e

Iv | b

ONE MF MEMBRANE SEEDED FROM EACH BOTTLE.

a a (

THIS DILUTED |ISUSPENSION IS, USED TO SEED

3 %&BRANES& FROM%%TEST TUBE.

ZERO-TIME GROWTH  GROWTH flgues o
CONTROL SPORUL ATION sl
MEMBRANES TRANSFERRED TO
FIXATION **

PORCELAIN BLOCKS IN PHAR-
MACEUTICAL BOTTLES.

y
HYDROLYSIS™ ™
»
e e )
HYorOLYSIS™ " e

GROWTH OF CELLS ON MEMBRANES.
INCUBATION FOR 48 HRS AT 27°C.

y
STAINING
**  MEMBRANES }RANSFERRED TO i 4
b FIXATION " FRESH PORCELAIN BLOCKS FOR P
SPORULATION. INCUBATION:72 HRS.
~r
HYDROLYSIS
"
STAINING
FIXATION™*
MOUNTING Since there is no difference in subsequent treatment of controls and irradiated
P cells after the NO IRRADIATION or RADIATION steps, respectively, this
HYDROLYSIS diagram shows only the procedures for one group. It must be kept in ming,
however, that both sets are subject to the same procedure sequences.
STAINING
| 3 % > e
This step is neccssary in nuclear staining only.
MOUNTING
: PR n i Wﬂm
FIGURE 1 b . FLOW DIAGRAM OF ~ Ugh the
the procedure followed afte-

e The —==Ta 11lUstrates
above steps.irmdmted cells as well
as the non-irradiated cowtrovie -

\
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50 ml in volume, was placed in a Waring Blendor and agitated for
one=and-one-hall minutes to ssparate the daughter cells and large

buds from the parent c¢slls., Ths result s5f this treatment gave

97 t 3 € of single cells, The yeast cell population density was

then determined using a hemacytometer counting chmaber, and the
density adjusted so as to give a population of eight million per ml,
Two ml of this suspension vwas then dispensed in each cf six vials,
three of which were used for irradistion, while the cther three

vials served as conirols. For irradistion the three viclis were
tirmly set into a 250 ml Nalgene {plastic) centrifuge bottle which
had been weighted with a layer of lead shot covered with plasticine.
An ampoule containing 4,5 ml of Fricke dosimeter solution was included
in the Nalgene boltle, which was lowerad into the Nuclesr Reactor
pool for irradiation, The duration of the exposure to radiation was
always 20 minutes. The radiation dosage ecould be varied by placing
the container at different distances from the reactor core face,

After irradistion, C.1 ml of the contents of each of the three

vials wes added to same number of test tubes, each containing 1.5 ml
of /20, pii 5 KiP buffer, This reduced the density of ths yeast
population to 0.5 millicn per ml, Millipors Filter membranes for
zero~time controls 48 well as membranes for growth were seeded each with
a % mm platinum loop of this suspension, All seeded zero-time control
membranes were then immedistely trensferred to filter papers in petri
dizhes moistened with 0.5 ¥ sodium azide and left there for a period

of 24 hours, All growth membranes {designated as G) were transferred
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to porcelain blocks in pharmaceutical bottles, each containing 4 ml
liquid growth medium, An incubation period of 4E hours at 27 ¢
followed, after which one half of the number of the G membranes were
fixed immediately with azide, while the other half was put on moist
filter papers (wetted with buffer) in petri dishes for 30 minutes to
remove growth medium from the pores of the membranes, and then
transferred to fresh, sterile porcelain blocks in pharmaceutical
bottles containing 4 ml of sporulation medium, This was termed the
G - S part of the experiment and its purpose was to determine whether
the cells in the microcolonies that had developed on the membranes
during the growth period were capable of sporulation, The incubation
period on the sporulation medium was 72 hours at 27° C, after which
period the membranes were stained and mounted using the CFRR pro-
cedure,

The sporulation culture was prepared as follows: the rest
of the contents of each glass vial ( 1.9 ml in all ) was transferred
to a 175-ml1 pharmaceutical bottle, containing 2 ml KHP buffer with
sodium acetate giving a concentration of 0,02 M , This part of the
experiment was termed the S part., The final population density was
four million per ml, The pharmaceutical bottles were placed on their
flat sides and incubated for 48 hours at 27° C , Then a 2 mm platinum
loop of yeast cells from each bottle was seeded onto a Millipore Filter
membrane, and the latter was then put through both the nuclear staine
ing and spore staining procedures.

The slides prepared from a typical radiation experiment are

shown by a diagram in FIG, 2 , One slide accomodated the zero-time



NUMBER AND ARRANGEMENT OF SEEDED
MEMBRANES ON SLIDES FROM EACH
EXPERIMENT

CONTROL TREATMENT

membranes membranes

ZERC TIME Sty ) ) ] |

|
SROWTH: e I 1 £~ . Je | ’
SPORULATION:| ] 1 ] ¢ JC 1 1

Transferred from

GR(t)WTH
o
SPORULATION

medium

|
O TR | O | O |

NOTE: Each slide done in duplicate - one replicate stained
for spores, the other stained for nuclei.

FIGURE 2 . NUMBER AND ARRANGEMENT OF SEEDED MEMBRANES ON SLIDES.
This diagram shows the Milllpore Filter membranes with one corner
cut off as marker, and mounted on slides for miecreoscopic examination,




controls, the G membranes, and the S membranes for both control
and irradiated parts of the experiment, The second slide had the
G - 5 part of the experiment with the respective controls, Since
nuclear as well as spore stains were prepared, each experiment
had to have four slides: two with nuclear stain, two with spore
stain, Thus for each experiment L8 membranes were seeded with
cells, which were then stained and mounted,

In the sporulation part of each experiment, 200 cells were
examined on each of the six membranes (three controls and three
treatments) which had been put through the spore stain, and the
per cent of sporulation was thus determined for control and irradiated
cells, Similarly in the growth part of each experiment 100 cells or
mierocolonies arising from cells were examined on each of the three

control and three treatment membranes,



RESULTS

A series of experiments were done in whieh yeast ecells in
suspension in glass vials were exposed to intense gamms radiation
in the McMaster Research Nuelear Reactor, Following irradiation,
the ability of the cells to grow and sporulate was investipated and

compared,

Effect of gamma radiation on ability of yeast cells to grow

In TABIE 1 are summarized the results of 16 experiments,
in which the ability of irradilated yeast cells to grow was studied,
A total count of individual cells was impractical in colonies
containing more than 10 - 15 cells, and a means of evaluating the
colony size had to be devised, For this purpose a ruled Whipple
Micrometer Disc ( No, €02 ) was placed into the 10 X eye piece of
a ¥Wild microscope ( model M-20 ) and the colonies were always viewed
under the same magnification, employing the 10 X ocular and a 40 X
objective lenses, It was found that a small colony just fitting into
a single large scuare of the Whipple dise consisted on the average
of 15 % 5 cells, Two such squares eontained then about 30 cells,
three sguare areas had about 45 cells, ete., The term AREA OF CHE

refers to a microcolony of yeast oceupying a single large square of

30



TABIE I
SUMMARY OF UBSERVATIONS ON THE EFFECT OF RADIATION ON ABILITY OF YEAST CELLS TO GROW
(Percentages shown are averages of 6 membrane counts)

Radiation Expt. CELL COURT AREA COUNT

1]
dose (Kr) No, 1 2 S & S30 ., 12 2 3 A - & 6 7 8 9 1o 10
0 Control 0O 0 ¢ ¢ 0 s B0 G50 5.0 AL 20 T8 © IO © 0 )
5 - 19 0 1.0 43 40 5.3 . %0 32.0 6.7 4.3 2.7 1.7 1.3 1.0 0.7 0.9 0,1
0 Control 0O 0 § o O s OO0 22,0 6.0 4.0 A0 30 © 0 0 0 0
10 37 16 3.0 13 «3 10, ¥ . <7 5.3 A3 3.3 18 O 5.7 0.5 0.4
0 Control ¢ ¥ 4] [+} 0 ' o5 0 805 70 L0 iluO 3.0 Ge5 13.5 13.5 5.5
15 5 20 O 0.5 0.5 he5 4 11.0 21.0 14,5 16.0 4.5 0  § 60 & 3, b,
0 Control O 0 ¢ © O : 3. 98 B8 38 1.0 18 A8 AN 7%. —10 "‘.2é "'1'."‘s:L"
16 13 1.0 316 € ©0 20 , A0 2.6 N.0 150 6.0 2.0 1.0 3.0 FO 1.0 1.0
4] Control Q 4] G 0 “.0 ' 1{).3 13.0 I302 17.1 i1.31 10, 303 3. 70& S5 1.4
20 1-:,,1 100 J @ 10? 100
4] Control 0 1 5260 . ‘ 0 0 Q
27 _10 2,0 6,0 1.0 2,021,0 , 37.0 12,0 6.0 8.0 1.0 1.0 O 1,0 1.0 0,5 0.5
0 Control  C 0 6 0 B3 1 87 BO8T 0 0 3T0ATS ) 0 5 0
27 33 1.0 8.0 3.0 3.329.0 ., 270 38.3 5.0 9.7 1.4 0,3 O 0 0 0 0
0 Control O 0 O 0.0 3 30 k.0 19,0 35,0 .0 &0 J.0 160 6835 05 ©
30 14 8.0 10,0 5.0 5.039.0 , A.0 90 1.0 10 © 1.0 0 0 0
0 Control 0 3] © © 9.3 153 44 6.0 129 7.9 831 &% 49 13 &7 88
32 3 AO 9.0 1.7 2.8 4,7 ; 19.9 18.6 11,9 9.6 A4 3.3 1.8 1.8 1.8 0,7 40
0 Control  © 0 O © © " I;J.ez"""zo.'s‘ 5 4.5 1.7 5.7 1.6 20 5.3 30 3.9
3‘6 6 2-9 900 ‘4»-3 3.() 1000 § 26-(} 20-7 600 9.7 1o3 103 1-6 1-6 200 0-5 1.0 |
0 Control O 0 ¢ 0 © 1 3.5 6,0 8.5 19.0 ho0 15,0 3.0 9.5 13.5 13.5 5.5
35 A 2.0 .0 3.0 2011.3 , 16.7 16.7 8.3 11.0 4.3 6% 1.3 1.3 0.7 0,5 0,6
0 Centrol 0 0 g 0 - § v 8.3 15, .3"‘"'11"‘.'30 21.0 5.0 7e3 3.7 5.3 6.3 11.3 k.5
35 = 2.0 13,0 2,6 4.812.,7 , 31.6 2.6 oh 2.8 0 O 0e5 0 0 -
0 Control O 0 5 9 9 i JeB Aol 1.9 8.8 23 X KT BYU DO B0 1.7
35 g 1.0 30 9.5 20180 i 11.5 2.0 O N.5 25 S50 20 3.0 085 0.5 40
0 Control O ) 0 1 b5s5 2he0 3 90 - A0 Bel 23 U5 035 1.5 93
L1 16 17,0 15,0 3.3 7.3 21,0 , 25,4 5.7 2.0 23 0 0.7 0.3 8 8
0 Contrel O ) O € 7.0 . ; 3.3 19,7 11.0 13.% 60 4.7 3.3 6.9 4.3 9.0 5.3
45 2 ‘C‘S'O 800 20? 203 !4'00 k| 903 1007 00 6.3 207 103 0 i}c? 003 007 1.0 »
0 Control  © 0 T s 200 K10 17.0 11.0 2.0 © o 3.0 0 )
47 18 38.0 96 4.3 3.714.3 5 19,7 5.3 1.3 0.3 1.3 0.7 0.6 0.3 0.5 0.3 0.9
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the Whipple Micrometer Disc in the microscope viewing field., Accordingly,
the colony sizes on the membranes were recorded in terms of such

AREAS, However, it mustbe kept in mind, that not all colonies were
large anough to fill out such a scuare., When the number of cells in
such small colonies was less than 15, they were simply scored as CELLS,
In other words, if for example, a microcolony had 10 cells, instead

of recording it as 2/3 of CNE AREA, it was counted as 10 CELLS.

Thus the sizes of the microcolonies referred to in TABIE I are

expressed in terms of CHELLS of of AREAS,

The values shown in TABLE I represent the frequency of
microcolonies of different sizes, expressed as per cent of the population
present on the membranes after 48 hours growth at 27° C. Each average
results obtained in the treatment groups is shown together with its
respective average control value placed above it,

It was noted that whereas the growing cells in the controls
developed into fairly large colonies, some cells did not grow at all
after irradiation; others produced one (FIG., 3), two or even more
daughter cells (FIG, 4) . Some were able to produce colonies as
large as the control cells. The growing control yeast population
showed only one frequency maximum which was in the AREA part of the
count, On the other hand, except in the first four treatments,
all of the irradiated cells showed two frequency maxima, One such
maximum was found to be in the double cell group and this maximum
incressed up to a radiation dose of 41 Kr, At higher radiation doses a

sudden decrease in frecuenecy of this partieular group was noted, and
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FIGURE 3 . A DOUBLE CELL PRODUCED AFYER IRRADIATION, This
is a CFRR sta ‘ i um red step was omitted,
Note that the daughter cell is as large as the mother cell
yet no separation of the two has occurred, as can be seen by
the narrow neck joining the two cells, Radiation dose 47 Kr,

* |
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FICURE 4 . GROWTH OF YEAST CELLS AFTER IRRADIATION, Staine
ing is similar to FiG. 3 . 7The large size of the daughter
cells persists after several generations as can be seen from
this photomicrograph, The mother cell and the daughter cells
produced altogether six cells. This group would be classified
as 510 CELLS, Radiation dose A7 Kr,




instead the maximum occurred in the single cell group, The second
frequency maximum in the treatments was found in the AREA part of the
growing population., It will be noted that the AREA maxima in the
irradiated populations shifted to smaller values ( i.e, toward the

left of TABLE I ) when compared to their respective controls,

Effect of pamma radiation on ability of yeast cells to sporulate

When diploid cells of Saecharomyces cerevisiae sporulate

they usually produce 1 - 4 spores, ( thus FIG, 5 shows a four-spore
ascus and two vegetative cells that did not produce spores ), During
the 1, sporulation experiments done with the yeast strain used in this
investigation, the results tabulated in TABLE II in the non-irradiated
control population were obtained.

Fourteen experiments were done to investigate the effect of
gamma rediation on the ability of yeast cells to sporulate. FIGURE 6 atb
shows such irradiated cells, the majority of which did not produce
spores. In TABLE III the results obtained in this part of the invest-
igation are summarized. Sporulation is expra#sqd in terms af the
SPORULATION INDEX, which relates the proportion of irradiated cells
that sporulated to the sporulation of the non-irradiated controls;

e.g. if 60 € of the cells in the control population sporulated, and

30 € of the irradiated cells sporulated, then

Sporulation Index = —%‘g—-- © 100 = 50 Eo. (3)



process. It has four smm in m um. rhe other
two cells did not form spores, although indications
are that the protoplasm has concentrated in certain
areas., This stain is also CFRR,
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wnm cells did m z‘m qm-u Wn the niu
of the non-sporulated cells with cells shown in FIG, §.
Radiation dose 47 Kr.

: - m : v
spores ( at 1mr end of nmmuen) And tho mdilunct
and diffuse nuclei of non-sporulated cells. FRadiation
dose 47 Kr.
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TABLE 11
PER CENT SPORUIATICN COF NOB-IRRADIATED YEAST CELLS

Non-sporulated (ne-gspore Two-spore Three-spore Four-spore Total
cells asci asci asei asci asci

Liel 2.4 13.9 27,0 12,6 5549

NOTE: The standard deviation of the total sporulation was 13,5
with a probable error of 2,206

TABLE III
EFFECT OF GAMMA RADIATION ON SPORULATION ABILITY OF YRAST CELLS

Radiation Experiment Sporulation Standard
dose (Kr) Number Index deviation

CONTROL 100,0

5 19 83.6 Te2
15 5 Le.6 8.1
16 13 L5k 746
20 1 39.6 11.8
27 12 2.3 6e5
30 14 274 leb
32 3 16.3 g,2
34 6 15.7 3.2
35 4 13.7 2,8
35 7 10.3 Lol
35 9 2.0 6.1
36 15 16,7 7.9
L5 2 18,9 3.4

L7 18 18.7 1.2
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It was noted that the sporulation ability of the yeast cells
decreased markedly with an increase in radiation dose. A poszible explan=-
ation for the low sporulation at high doses is that such cells may still
be capable of forming spores, but resuire longer than uanlrracdiated cells
to complete the process. To test this possibility the following experi-
ment was done. A yeast populaticn was divided intoc three sgual parts,

(ne part of the population was exposed to 5 Kr radiation, the second part
was exposed to 47 Kr dose, and the third part was not irradiated at all,
serving as the coentrol., After irradiation 211 were transferrsd to the
sporulation medium and incubated at 27° ¢, Counts of sporulated cells
were made at 1 day intervals for a period of 10 days, to determine how
mueh of the population completed the spore~forming process, TAVIE IV
shows the sporulation valuss obtained. The data are expressed as the
percentage of the total population that formed spores.

The results indiecate that whereas sporulation of the control
population was still continuing after 10 deys, no increase occurred in
the 5 Kr group after 8 days, or after 2 days in the 47 Kr groupe. Further-
more, the 5 Ky group did not lncrease as much as the control from the second
to the eighth day. The results indicate that if a strongly irradiated cell
did not form spores within 48 hours after transfer to sporulation medium,
it is unlikely, that it would complete the sporulation process after that
time.

The effect of radistion on the number of spores produced per
ascus was also investigated, TABLE V summarizes the results obtained

in 14 experiments. The average of the controls gave a value of 2,80 spores
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TABLE IV

COMPARISON OF SPORULATION OF YEAST CELLS AFTER DIFFERENT LENGTHS OF
INCUBATION, AFTER O, 5, AND 47 Kr EXPOSURE TO GAMMA RAYS,
(Values are expressed as per cent of total population)

Radiation _ Days 4dnecubation (27°¢C)

dose (Kr) 2 3 A ) 7 8§ -—9 16
0 5643 691 75.0 86.1 91.2 92,3 909 95.6
5 L3.9 50,0 54,3 61.0 62,5 65.0 65,0 65.0

L7 11,6 11,0 10,3 9.9 12,4 11,0 11.7 11.6
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TABLE V

BFFECT OF GAMMA BADIATION ON KUMBER OF SPORES PER ASCUS

ooy < N, " G o - IR Y 10
o CONTROL 280 % 1.00
5 19 2,98 1.07
15 5 2,76 0.99
16 13 2,71 .97

2 1 1,135 & 0.2k X
27 12 2.7 0.96
30 7Y 2.7h 0.8
32 3 2.25 0,81
34 6 2,68 Ca96
35 b 2430 0.82
35 7 2,75 O.78
35 E 2.76 0.98
36 15 2.48 0.89
L5 2 2,38 0.85
L7 18 2,42 0,86

X The standard deviation for the controls only was 0,21 with
a probable error of the mean of O.4bh .

k :

" The cell concentration in this experiment was onl¥ 1 million

per ml, instead of the usual 4 million per ml, which may

account for the low value obtained,



L1

per ascus, which was then set at unity, and the sporulation of the
cells that had been irradiated expressed in proportion, The results
show a distinet reduction of spores per ascus with increased exposure
to gamma radiation, The reduction of spores per ascus, however,

was small in proportion to the reduction of sporulation, which was
shown in TABLE III, Thus the maximum reduction of number of spores
per ascus was down to 85 ¢ of the control ( i.,e. a reduction of 15 %)
in the radiation range employed, whereas the maximum reduction of
sporulation observed was to 10.3 ¥ of the control, These results
indicate that if an irradiated cell is able to sporulate it usually
does so to the full extent of a non-irradiated cell,

Five experiments were done to determine whether by exposure
of 2 cell to ganma radiation one can destroy the cellt's ability to
sporulate without affecting its ability to grow and vice versa, The
procedure followed, as described in Materials and Methods, was to
grow the yeast cells on membranes on porcelain blocks for two days
at 27° C, and then transfer the membranes with the microcolonies to
other porcelain blocks standing in a sporulation medium, After three
days in the incubator, the microcolonies were examined for evidence
of sporulation, The results obtained with the non-irradiated controls
and the irradiated cells are shown in TABLE VI on the following
page,

The mierococlonies that grew on membranes that had been seeded
with non-irradiated cells always produced & number of asei and the

number of asci was proportional to the size of each colony, Thus the



TABLE VI

L2

EFFECT OF RADIATION ON NUMBER OF ASCI IN COLONIES OF DIFFERENT SIZE

Rad iation BExpt, AVERAGE NUMBER OF ASCI PER COLONY 4 of
dose (Kr) number Colony size (AREA) colonies
1l 2 3 L 5 6 7 8 9 lacking
: asei

0 Control 5¢1 10.3 1hel 2042 25.7 2945 3544 39.5 Lhs5 O

5 19 LeO Ge7 13.2 17.0 23,0 26,5 33.9 36.5 4l.5 ©

16 13 3.0 5.8 10,7 lMhobh 17.8 22,1 27,3 31,0 38,0 &

27 12 2,5 he6 7.4 10.7 153 18,8 22,1 26,1 32,1 6

36 15 0 0 0.7 1.0 1-0 1.5 2¢5 3.2 9.0 ?3

L7 18 0 0 4} 0 0 C 0.5 1.7 23 %
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average number of asci produced in colonies of unit size (AREA CF ONE)
was found to be 5.1; in AREA OF TWO 10,3 (FIG. 7), ete, Since a
colony of "unit area" contained 15 % 5 cells, this meant that about
1/3 of the cells sporulated in the controls, and the sporulation
percentage was independent of colony size.

In the colonies that grew from irradiated cells, there were
fewer asci per unit area (FIG, &), especially at the higher radi-
ation doses, It will be also noted that some colonies that grew
from cells subjected to 16,000 r or more produced no asci at all,

One such colony is illustrated in FIG, 9. The per cent of such
colonies was especially high (59%) after L7 Kr exposure, This
included colonies that varied in size from an AREA OF ONE to an
AREA OF NINE .

It is evident, that if a cell is able to grow after being exposed
to gammz rediation, it is not necessarily able to sporulate, An
attempt was made to determine whether the reverse was true, i,e, can
a cell, that has lost its ability to grow, sporulate ?¥ i large number
of cne-, two-, three-, and four-cell colonies was examined, but none
of these colonies was found to contain spores., A very small percentage
of the 5-10-cell colonies was found to have sporulated cells, These
observations indicate that if & cell loses its ability to grow, it also
loses its ability to sporulate,

Effect of gamms radiation on nuelear division in growing yeast cells

To determine whether or not any relationship exists between
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0 \ m of such a large size, The
ngnit:lution ot this figure is 4 of Figure 7 ., Some of
the cells are out of focus due to the dome-shaped character
of the colony. Irradiation dose 27 Kr .



SPOR \ A 3 R ‘ Crocol-
ony iid not any spores, The microcolony grew
to a consider able shze (AREA OF FOUR) yet the cells did
not form any spores., Magnification same as Figure 7 . Note
the large size of the cells, Radiation dose 27 Kr.
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the occurrence of double cells and the failure or abnormality of
nuclear division, a sur vey wmas made of such cells, using the
nuclear stain, By means of this it was possible to determine
whether or not the nucleus had divided, and if it had, whether
one of the resulting nuclei had passed into the daughter cell,

The examination of the nuelei in the irradiated double cells
showed that & proportion of these nuclei had not divided at all
(FIG. 10), others appeared in the process of dividing (FIG. 11),
and & third group, in which the division had been completed (FIG, 12)
and each member of the pair contained & nucleus, The results of
these observations, which are tabulated in TABLE VII ( page 48),
indicate that at relatively low doses of radiation the number of
divided nuclei predominated, whereas at the highest dose used (45 Kr),
the percentage of the non-divided mother nuclel was larger. The
frequency of double cell in which nuclear division was incomplete

also increased at the higher radiation doses,

Effect of gamma radiation on nuclear division in sporulating cells

Observations were made on the condition of the nuclei in
irradiated cells placed in sporulation medium for three days, It
was found that eells in whieh reduction division wes not completed
constituted only 2% of the population, These findings indicate, that
as long as reduction division of the diploid nucleus did occur after
exposure to gamma radiation, then ascospores were also formed. In

other words, the reduction division of the nucleus must be more
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a large daughter «11 yet its nm}.om did mt dhw.
Radiation dose 27 Xr., Nuclear stain,

111mmm in ?i;un 10, Radiation dose 27 Kr, FNuclear stain,

divided auecoutully Radiation dose 16 Kr. Nuclear stain,
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TABLE VII

EFFECT OF RADIATION ON WUCLEAR DIVISION IN TWC-CELL GROUPS =

Radiation dose (Kr) : 5 10 16 20 27 30 35 L5

Per cent nuclear ok A%
divisions completed 98 96 100,00 91.0 85.0 59.3 139.0 20.0

Per cent nuclear dive

Per cent with no evidence
of nuclear division 0 L 0 9.0 9.9 20,0 21.0 38,4

x Since none of the controls had any two-cell groups the controls ars not included.

"“rm experimental error in theses two counts is large, since these values were
obtained from only 6 and & double cells, respectively. Such cells wers very
infrecuent at low radiation doses.
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sensitive to radiation than the stage of sporulation in which the

spore walls form around haploid nuclei,

Effect of gamma radiation on morphological and cytological changes in yeast

The most conspicuous change of yeast cells exposed to radi-
ation was an increase in size of these cslls., Thus irradiated cells
were 2-3 times larger (FIG. 13) than the non-irradiated controls (FIG.14),
and the protoplasm of the irradiated cells appeared granulated and
finely vacuoclated (FIG, 13 and FIG, 15) » At higher doses of radiation
some cells lost their characteristically oval shape and were distorbed,

as shown in FIG., 16 .
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with the non-irradiated nn- at ?lﬂu 1&. Mﬂmtien
of both figures is same. Radiation dose 16 kr. Nuclear stain,

FIGURE 14 .

xxcg_omx,cn{g “Nots the diff In the appet
protoplasm uhuh, in ammn tu irradisted cells, is
suite homogeneous in appearance, Also note smaller li.lo

of these control ecells. Huclear stain,




s & group
grew ; ch cell

hes one nuelsus and ean be said to have the ability to

multiply. Again,note the granulated appearance of the

protoplasm of the cells, The original mother and daughter

cell are much larger in size than the two subsecuent

generations, Radiation dose 16 Kr. Nuclear stain,

RR g
that occured in some of the colonies that grew from
cells after exposure to radiation., The originally irrad-
iated cells are much larger than the later generations
and also are changed morphologically, Radiation dose 16 Kr,



DISCUSSION

This study was undertaken primarily to determine and compare
the effect of gamma radiation on the growth and sporulation processes
in yeast, and alsoc to compare the effect of radiation on nuelear
divisions that occur during growth and sporulation, Before any
comparison between the two processes can be made, & basis for sueh
comparison must be established,

An irradiated cell that has produced more than 5-10 cells
could be counted as having the ability to grow. Or cells could be
counted that had produced four, three, two, or only one daughter cell,
Conversely, the criterion of cell inactivation could be taken as loss
of ability to produce a daughter cell, or more than one, two, three, or
even perhaps up to 10 daughter cells, Thus in FIG, 17 the data of
TABLE I are plotted using as eriteria of inactivation the inability
of cells to produce any, or one, two, etc., daughter cells, The
values plotted were obtained in the following manner: if, for
instance, the population on a membrane consisted of 3 ¢ single cells,
(and the one-cell criterion of growth was used), then the rest of
the population (97 £) was considered to have grown, Similarly, if
the four-cell eriterion was used, then all cells that produced more
t han three daughter cells were considered as having the ability to

grow after irradiation, As is expected, when the less demanding eriteria
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of growth are used (such as the ability to produce one or two daughter
cells), the survival curve falls off less steeply, than when more
demanding criteria are used., With none of the criteriaused in pre-
paring FIG. 17 does the survival curve approximate a straight line,
The shape of these curves is sigmoid and is similar to that of curves
obtained by other invsetigators ( Wyeckoff and Lyuet, 1931, Frilley
and latarjet, 1944, Latarjet and Ephrussi, 1949) in studies of the
survival of irradiated diploid yeast cells using other methods,

Ho similar difficulties are encountered in obtaining a
satisfactory eriterion of loss of sporulation ability en irradiation.
One need only express the sporulation of the irradiated cells as per
cent of the non-irradiated controls., The data already summarized in
TABLE 1II are plotted in FIG, 18 for comparison with the growth
results shown in FIG, 17. An unexpected finding is, that the points
in FIG. 18 appear to lie on a straight line when semi-logarithmic
paper is used, and an attempt must be made to account for the differe
ence observed in the shape of the curves,

Wyekoff and Luyet, (1931), Frilley and lLatarjet, (1944), and
Latarjet and Ephrussi (1949) demonstrated that the shape of the in-
activation curve for diploid yeast cells was sigmoid, This was
found also in the present investigation, lLatarjet and Ephrussi (1949),
on the other hand, found that the radiation inactivation of haploeid
yeast cells gave an exponential curve, which when plotted on semi-
logarithmic paper gave a straight line, This was subsequently con-
firmed by Zirkle and Tobias (1953) .
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SPORULATION AT DIFFERENT DOSES
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FIGURE 18 . SPCRULATION AT DIFFERENT DOSES OF RADIATION,
Compare the straight line sporulation curve of irradiated
cells with the sigmoid curves of growing cells exposed to
radiation illustrated in Figure 17 . Note that the ordinate
is expressed in terms of a logarithmic scale.
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The present investigation indicates that an exponential
inactivation curve is obtained with sporulating dipleid cells,
when inability to sporulate is taken as the criterion of inactivation,
This observation has never before been made,

The finding of a sigmoid type of inactivation curve in diploid
cells has been interpreted by Latarjet and Ephrussi (1944) and later
by Tobias (1952) to mean that at least two sensitive sites must be
affected by radiation, before any reduction of growth ¢sn be observed,
These workers considered these two units te be homologous genes, In
the haploid cell only one gsne of each kind will be present, and
therefore, & single ionisation causing mutation of one gene may
suffice to bring about the inasctivation of the cell, This would
be expected to give a straight-line redationship when plotted on
semi-logarithmic paper,

In contrast to growth, the ability of an irradiated cell to
sporulate is destroyed by much less radiation, It can be therefore
speculated, that for successful sporulation to oeccur, a large number
of genes is necessary, whereas a smaller number of genes is required
for growth, Thus, if for instance, 100C genes were necessary for
sporulation and only 200 genes sufficed for growth to proceed, then
the greater sensitivity of the sporulation process could be accounted
for. It must be kept in mind, however, that if the inactivation of
sporulation and growth is brought about by mutation of both members

of at least one pair of genes to recessive alleles, then the inactiv-

ation curves of both growth.and sporulation should be sigmoid., Since
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this is not the case, (Lhe sporulation curve being & straight line),
the hypothesis that more genes are required for sporulation than for
growth seems improbable, An alternative explanation is that, where-
as growth ability is insctivated by the radiation action on at least
two homologous genes, the loss of sporulating ability may result from
mutation of only one member of certain gene pairs,

Other possible explanations of the action of radiation on
growing and sporulating yeast cells could include the following:

a) DBreakage of chromosomes: broken chromosomes could during
mitosls and melosis interfere with the mechanics of successe-
ful completion of division, Since, however, little is known
about the details of meiotic and mitotic divisions in yeast,
no successful interpretation of the action of radiation by
chromosomes breakage in yeast ¢an be brought about,

b) Cytoplasmic effects: whereas non-genstic effects of radiation

on yeast have been known to occur (Sarachek et al, 1954) it

is nevertheless difficult to imagine a single vital molecule, .
other than a gene, which would inactivate a cell to such a
degree. Cytoplasmic effects will likely never result in a
straight line,

¢) Destruction of centriole: Lindegren et al. (1959) claimed that
the centriole was the primary site on which radiation acted.
Aecording to these workers a haploid yeast cell has one centriole,
a dipleid yeast cell h#a two centriocles, ete, Inactivation of

yeast cells by exposure to radiation is brought about by the



58

the inactivation of these centricles, All centrioles must

be destroyed before a yeast cell is inactivated, Sinee no

cantrioles were observed in the eourse of this investigation,

Lindegren's claim is not confirmed by the present study.

In coneclusion it can be said that the present study has
found that the sporulation process in yeast is more sensitive to
radiation then growth, The greater sensitivity of sporulation as
compared with growth iz also reflected in the cbservation that gamma
radiation frequently destroyed the ability of a cell to sporulate
without affecting its capacity to grow, Furthermore, since only
successful meiosis brought about the formation of spores, the spor-
ulation inactivaticn curve probably closely approximates the meiotie
inactivation curve, These are the main contributions of this invest-
igation,

Since sporulation is preparatory to sexual multiplication,
the present investigation has shown thst in effsct sterility can
be produced in yesst by exposing them to gammae radiation, Practical
applications of being able to make yeast sterile, can be introduced
into the bsking and brewing industries, when sexual recombinations of
a satisfactorily performing etrain must be prevented, Thus, exposure
of vegetative cells of such a strain te low doses of gamma radistion
could meke the yeoast sterile,

A satisfactory eriterion of growth must be established in
order to compare the LDSO doses of growing and sporulating cells., Thus

a double cell is not a satisfactory eriterion of growth, because some
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of the nuclei did divide and others did not. On the other hand, it
e¢an be said, that & triple cell did grow, because examination of nuclei
showed thrt the nuelear division was always complete in such eell
groups. Accordingly, & satisfactory eriterion of growth in this connect-
ion can be the production of two or more daughter cells after irradiation,.
When the Lﬁ§0 dose of such cell group is compared with the Lﬁsg dose of
sporulated yeas:t cells (47 Kr and 13Kr, respectively), then it is seen
that sporulation is approximately 3.5 times a3 sensitive to radiation
as growth,

One contribution of general significance is the usefulness of
the Millipore Filter membrane technique deseribed in the present study,
The usual method of studying the sction of radiations on yeast cells
involves the plating out of irradiated cells on & nutrient spgar medium,
After a sultable time of incubation, the number of visible colonies
that have appeared are counted., The effect of radiation is then express-
ed in terms of the number of cells plated out that failad to produce
visible colonies, As the cells that do not grow are not counted, it is
necessary tc estimate their abundance by comparing the trested populate
ions with unirradisted eontrol populations., Other technioues ineclude
the obgervatiocn of cells isolated by micromanipulation and grown on
agar after exposure to radiation. The technicue used in the present
investigation combines attributes of both of ths above methods, Cells
that do not grow ean be counted directly; ' all degrees of growth activ-
ity, betwesen fallure to bud at all and production of mierocolonies
containing several hundred cells, are evident, By using one or the

¥
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other stain one ean demonstrate the nuclei or the spores inside the
cells, Cells can be irradiated either dry or moist. Radiations of
low penetration can be successfully used. Moreover, permanent slides
are obtained., This is of great advantage, since slides can be filed
away and reexamined as desired. During the course of this investigation,
the method of secoring results chnaged several times, yet there was no
need to repeat experiments. Probably, the technigue used and described
in the present investigation could be easily adapted to other types of
radiation experiments, especially using mieroorganisms.

This preliminary study suggests that future research should
concentrate on the detailed study of nuclear division processes in

yeast.,



SUMMARY

1) The compsrison of radiation action on growing and
sporulating yeast cells. has shown, that of the two processes,

sporulation is the more sensitive,

2) The inability of yeast cells to sporulate shows an
exponential relationship to the radiation dose to which the cells
were exposed, This is in contrast to growing yeast cells, where
the relationship was expressed as a characteristic sigmoidal inasctie

vation curve.

3) It was shown that an irradiated cell may grow, forming
colonies of considerable size, but composed of cells, that do not
sporulate when transferred to & sporulstion medium, Thus it is
possible to inactivate by exposure to radistion the eapacity of a
cell to sporulate, without affecting its ability to grow.

4) Observations indicated, that as long as the nucleus of
an irradiated cell can undergo melosis, it will also complete the
formation of spores, This implies that the radiation-sensitive

stage of sporulation is the nuelear division,
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5) The Millipore Filter membrane culture and staining
methods employed, were shown to be of value in research on the

effect of radistion uwn microorganisms,
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