» UCRL_ZEZL5

UNIVERSITY OF
CALIFORNIA

Radiation
-~ Laborator

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545

—

BERKELEY, CALIFORNIA



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
~necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



| . | " UCRL-8573
Biology and Medicine

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Loe,

d‘._»—-—-;w-—.‘i. .

Contract No.. W-7405-eng-48

‘A STUDY OF THE EFFECTS OF ELEVATED TEMPERATURES ON
THE GROWTH ANDINHERITANCE OF SACCHAROMYCES CEREVISIAE
Freddie Sherman e
{Thesis)

. November 1958

Printed for the U.S. Atomic Energy Commission



Printed in USA. Price $1.75. Available
Office of Technical Services

U. S. Department of Commerce
Washington 25, L. C. '

irom the

“



-2- ' ' UCRL-8573

A STUDY OF THE EFFECTS OF ELEVATED TEMPERATURES ON
THE GROWTH AND INHERITANCE OF SACCHAROMYCES CEREVISIAE

 Contents
' Abstract : . ,
"’ >I. Introduction 3
II. Materials and Methods
A.. Yeast Cultures v -7
B. Preparation of Growth Media 8
C. . Growth Curves o 8
D. . Single-Cell Analyses 9
E. Heat Shock ' _ 9
F. Genetic Analyses - ' ' 10
III. . Results | |
A. Nutrient Requirements for Growth at
- Elevated Temperatures L 10
B. Production of Petites by Growth at
Eievated Temperatures : ‘ 15
C.. Single-Cell Analyses: | 23
D. . Heat Shock and Induction of Petites 26
E. Genetic Analyses . ‘ . 31
‘IV. Discussion . |
A. Nutrient Requirements and Adaptation at
Elevated Temperatures | : 34
B. . Induction of Petites by Growth at Elevated ,
d v . Temperatures _ 36
. 1. Population Analysis. 36 -
2. Mutation Rates ' ’ | 37
3. "Dilution' Model ' _ . 40
C. Induction of Petites by Heat Shock ; 44
'D. Other C_asés of Temperature-Induced '
3 Nop—Mendelian Variants | o . 45
- E. Heat Inactivation of Yeast - 47
~ V.. Summary and Conclusions . ’ 49
Acknowledgment o v o 50
Appendix I | o . 4 o 51
Appendix 11 , ., | , 52

Bibliography o - 53



5 ' -2a- " UCRL-8573

A STUDY OF THE EFFECTS OF ELEVATED TEMPERATURES ‘
ON THE GROWTH AND INHERITANCE OF SACCHAROMYCES CEREVISIAE

Freddie Sherman

- Donner Laboratory of Biophysics and Medical Physics
and Lawrence Radiation Laboratory
University of California, Berkeley, California

November 1958
ABSTRACT

A comparative study was made of the growth of yeast in various
media at the optimum temperature (30°) and at supraoptimum temperatures.
It was found that at elevated temperatures there is a decrease in the
ability of yeast to grow, which may be alleviated by (a) increasing
the percentage of yeast extract in the medium, (b) adding oleic acid
to the medium, or (c) using an inoculum of cells that have previously
been grown at the elevated temperature. Because of these findings, it
is believed that growth at elevated temperatures results in an increased
nutrient requirement which may be eliminated by induced adaptation.

When yeasts were grown at elevated temperatures or exposed for
a short time to lethal temperatures it was found that there was a great
increase in the fraction of respiratory-deficient mutants (petites}). It
was. shown that the increase of mutants did not arise because of selection,
but that the elevated temperatures actually induced the mutation. . From
the results of various genetic analyses it was shown that these resp1ratory,
deficient mutants are very similar, if not identical, to vegetative petites -
occurring spontaneously or induced by acriflavine. The kinetics of this
‘mutation is discussed, with possible theoretical interpretations.
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I‘_, INTRODUCTION

The use of temperature as a parameter to elucidate biological
processes is most salient. This is not surprising, since most, if not all,
biochemical reaction rates are temperature-dependent. . With this in mind
one may interpret a temperature optimum of a biological process as a
result of at least two reactions: '"‘one accelerating, the other d1m1msh1ng,
the process, and both increasing, though to different extents, with rise in
temperature. ' "75 The decrease with supraoptimum temperatures is assumed
to be the result of thermal destruction or inhibition of enzymatic activity,
and therefore it is of great interest to study biological processes in this
temperature region.

The investigation presented here was initiated primarily for the
study of the production of respiratory-deficient mutants (petites} in
yeast by growth at elevated temperatures and by heat shock.  However,
during the course of the investigation an increased nutrient requirement
for growth at elevated temperatures was noted, which was also studied,
Preliminary results of the former effect have been reported by Ycas
and the author, ! oo

)

. The increase of nutrient requirements for growth at supraoptimum
temperatures has been reported for a number of microorganisms (see
general review by Precht, Christophersen, and Hensel, 136 pp. 107, 192,
264)., The most probable explanation of this phenomenon is the inactivation
or inhibition of the requisite enzymes at these higher incubation temperatures.

. Evidence for this hypothesis is available from the. study by Maas and Davis, 104
- who have shown that the enzyme synthesizing pantothenic acid in'a mutant

of E. coli, which required the vitamin only at temperatures above 30°, was
exiremely thermolabile, compared to the enzyme of the wild type, whlch

-was not dependent on pantothenic acid. Horowitz and co-workers

have also found that tyrosinase of Neurospora ¢rassa can occur in two

forms which differ in thermostability. v . . «

Since this paper deals in part with respiratory-deficient mutants
it is appropriate to consider details of some of the previous work in this
area.  Respiratory-deficient yeast arises spontaneously from normal

- cells and under most conditions constitutes approximately 1% of a growing

population. . Such mutants are easily detected by their different colony
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“morphology, being smooth, white, and also smaller when plated on solid
nutrient medium in which glucose is a growth-limiting factor. - These

'"'vegetative petite' mutants have been extensively studied by Ephrussi
and co-workers and by others. (for recent general reviews see '
. Ephrussi, 39,40 Wright, 201 and Winge and Roberts195), who have shown : .
them to be cytoplasmic mutants probably arising from an irreversible loss
or inactivation of self-reproducing cytoplasmic units which are necessary
for the synthesis of cytochrome oxidase. :

<?

Besides the absence of cytochrome oxidase, vegetative petites also
lack cytochromes a and b and possibly other enzymes, 167,98 which
results in an almost complete loss of respiration, and an inability to
utilize certain substrates as a carbon source, 147,126, 203, 204 but’an
unimpaired fermentation. 1 6 The enzymes that are lacking in the
vegetative petites are linked in the normal strain to particles, sedimentable
by centrifugation, which it is thought may be mitochondria. 167 Further-
more, the mitochondria of the petite mutants, which are morphologically
S1m11ar to those of the normal strain, are unstainable with janus green,
1ndlcat1ng a 1oss of cytochrome c-oxidase. 48,78 -

S1m11ar types of mutations have been reported to occur in

N _
plzli.lz’;:sgora cra a, 1161n Candida a_l,h___‘ag,g and possibly 1o higher

Proof of non-Mendelian inheritance of vegetative petites was
furnished by genetic analysis of d1£lo1d progeny resulting from a cross of
petite and normal haploid strains. Such diploid zygotes produce
phenotypically normal cells, as did the cultures derived from the four
spores of a single ascus.. Successive backcrosses of the spores with the
parental petite also resulted in evidence favoring a non-Mendelian in-
terpretation. . Even more direct confirmation of the cytoplasmically
inherited characteristics of vegetative petites was furnished by examination
of bud clones from isolated heterckaryons, which were found to have changes
in resp1ratoryzphenotype not assoc1ated with recornbmatmn of nuclear
markers. 0

: -Recent work of Ephrussi, Margerie-Hottinguer, and Roman has
- shown that there are two classes of vegetative petites, neutral (as
described above) and suppressive‘,46 This latter type differs from the
neutral petite in that it elicits a petite phenotype when crossed with a
normal cell; Petite strains, however, can have a variety of degrees of
"'suppressiveness' ranging from 0 to nearly 100%i.e., per cent of zygotes
g.v1ng rise to mutant clones. A decrease in suppressiveness can occur
spontaneously or can be experimentally induced. Wright has shown that i
the degree of suppresmveness undergoes var1at1on durmg vegetative
growth. S
_. _ : ¢
-Besides the vegetative petites, there exist phenotyplcally 51m11ar
petite mutants which are a consequence of single-gene mutations, , 146, 147
and therefore show Mendelian segregation when crossed with normal strains.
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When the two types of petites are crossed the resulting diploids are N
normal, indicating that the '"segregational'’ petite contains cytoplasmic
factors that the vegetative petite lacksl_' Furthermore, it has been shown
tentatively that the vegetative petites lack the apoenzymes, and the
 segregational petites lack the prosthetic groups of the cytochromes.40

‘The rate of mutation to the vegetative petites can be enhanced by
a number of chemical and physical agents. The most extensively studied are
certain acridines, which are highly active and specific mutagens. Ephrussi
and co-workers have shown that a yeast population grown for 48 hours in
the presence of acriflavine is composed almost entirely of petite cells,
although in the absence of proliferation no effect was observed. 43,45 1t
was further shown by the use of microtechniques that the phenomenon is
due directly to a mutagenic action and not to selection. 41,42 Furthermore,
this high mutation rate is somewhat preserved after the cells have been
removed from the acriflavine. 42 By using euflavine, Marcovitch has shown
that the mutation rate can be very close if not equal to unity, i.e., all
buds formed in the presence of the dye are mutants, 111 He has also
‘shown that the mutagenic and toxic effects of euflavine can be attributed
to different properties of the molecule. 112,113 ghis mutagenic property
cf euflavine can be alleviated by certain agents. 169 na recent paper
Nagai and Nagai have shown that the induction of petites with acriflavine can
occur in a medium in which the petites cannot proliferate. '

It is of interest to note that acriflavine has also been reported‘ '
to'induce ''cytoplasmic' mutations in trypanosomes, 188,71 Bodo caudatus
Aspergillus nidulans, ' and Escherichia coli. !

150

Vegetative petites can also be induced with great e&f&gi%&y-by
growth in triphenyltetrazshium chloride, 87 p—nitro;;henol, ?
propamidine isothionate, and manganous salts., 97,124 Copper, cobalt,
and nickel salts also induce petites, but are extremely lethal. 97 Other
chemical agents have been reported to produce respiratory-deficient
yeast, although the exact nature of these variants was not reported. Some
of these agents are ethylene oxide, 189 hydrogen cyanide, 176 godium azide,
crystal violet, janus black and other agents, 192,193,194 camphor, 5
and styryl. 8 : :

Raut has shown that ultraviolet irradiation can increase the
frequency of petites to more than 50% of the survivors, the bulk of these
petites being vegetative mutants. 7 The action spectrum. of this
phenomenon indicated that it is due to the absorption by nucleic acid. 148 _
Raut and Simpson f%%o found that x-irradiation has only a slight effect on
petite production., Pittman has studied the efficiency of inducing
petites with uv irradiation of haploid and tetraploid strains and concludes
that the induction frequency is essentially ploidy-independent. 132 By
analyzing uv mutation-dose-response curves, he also concluded that -
the number of self-reproducing particles inactivated in order to produce
a vegetative petite is in the neighborhood of five per cell. 133 sarachek
has reported the photoreactivation of uv-induced petites in cultures adapted
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to aerobic resplriagllo no effect of photoreact1vat1on was observed in
unadapted yeast. The accurate uv dose-response curves of Elkind
and Sutton {in press) indicate that petite cells are belng produced from
two different populations. 37 A second rise in the petite-production curve
is correlated with the uv-resistant portion of the total survival curve.

Using a haploid strain of yeast, Lindegren and Hino have reported
that anaerobic growth causes a tenfold increase in petite variants over
the frequency under aerobiosis, which could not be accounted for through
selection or dispersal of cell clusters. 95 However, Harris®? and
Sarachek1% found that the rate of mutation to petites was independent
of oxygen during growth of the diploid strains they employed. '

Ephrussi and Hottinguer have réported a strain which has a high
rate of spontaneous mutation to vegetative petites because of a single
genetic locus. 42 kéer unstable strains have been reported by James and
Spencer'73 and. Gutz.

Thus the mutation rate has been shown to be strongly influenced by
- chemical, physical, and genetic factors. In this investigation it is

shown that temperature also has a pronounced effect which can help elucidate

the nature of the petite variant,

<

<«
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II. MATERIALS AND METHODS

A. Yeast Cultures -

The six different genetically marked. strains of Saccharomyces

cerevisiae used in this investigation were obtained from Dr. Robert K.
Mortimer, These were three haploid cultures, AS3, S1796A, and S288C,
. and-three diploid cultures X320, X495, and X674 with the following

genotypes“ -
AS3 .a Su1 ‘ma : g, o vhris4
'_5179_6A a Su; ma g, g
'S288C a Suy ma | | gzzl_‘ | |
YX.320 a/a.l mel/+ tr1/+ _ v_url/_*_
| X495 a/a me, /, tr'l/+- ' ury h»is4/+.ad6/+.

T /s
X674 a/a mel/+ ury g, 1:~:r:2f/_‘_L h1s1/+ ad1/+
hls4/+
The above symbols designate: mating types (é or a); nutrient requirements
of histidine (his), leucine (leu), tryptophane (tr}), threonine (thr),
uracil (r}, methionine (me), adenine (ad); inability to ferment galactose
{g).and maltose (ma); ability to ferment sucrose (Su). The subscripts
refer to allelic designation. ' '

When petite variants of a strain were desired, the culture was
plated and a spontaneously occurring petite colony was isolated. Unless
stated otherwise the petite strains were transferred seven to eight times
on Premoculatlon medium, with 24 hougs of growth between transfers in
order to stabilize them in growth rate. The designation of such a

~ derived petite strain is the strain number with a suffix ''S."
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B. Preparation of Growth :Media

~ In most cases, liquid growth-media (YED) contained 4% dextrose,
0.5% KH,PO, and Bacto-yeast extract.

Yeast-extract solutions were sterilized by:filtration, and dextrose
and buffer solutions were sterilized by autoclaving separately for 15 minutes
at 120°C: Solutions were stored at 4°C and mixed before using. This
latter procedure was found necessary for obtaining reproducible results
when growth at elevated temperatures was being studied. For example,
no growth at 40°C could be obtained if a solution of 6% YED (6% yeast
extract, 4% dextrose, 0.5% KH PO4) had been stored at room temperature
for a month.

) Plating medium (PL), for the determination of viability, containing
0.5% yeast extract, 0.5%dextrose, and 2% agar, was sterilized by autoclaving.

Preinoculation medium (PI) containing 0.5% yeast extract, l%dextrose,

. and 2% agar was similarly prepared

.Bacto~-potato- dextrose agar (PD) was prepared as directed. Bacto-
potato-dextrose broth, which is identical to the former medium less agar,
was specially ordered from Difco Laboratories.

C.. Growth.Curves

In most experiments yeast was grown in 10 ml of medium placed
~in 50-ml flasks covered with beakers, and shaken in a Dubnoff metabolic
shaklng incubator (Precision Scientific). When this proced.ure was used
there was no evaporatlon even after several weeks of incubation. Unless
stated otherwise the culture flasks were inoculated with 102 cells/ml of
yeast which were previously grown for 24 hours on PI medium at 30°C.
Under these conditions the inoculum conS1sted of about 98% single cells.

In the analysis of cell number, several criteria may be employed
(see, e.g., Morris, = ). Turb1d1metr1c methods, the most frequently
employed techn1que were not used in this study on account of the variability
of culture media with respect to transmission and turbidity, the difficulty
of comparlng viable counts and. cell counts, and the change of cell size with
different temperatures.: " Cell numbers were determined in these studies by
(2) hemocytometer chamber count of cells plus buds, (b) hemocytometer
count of clusters; (c) viable count by dilution plating method. Therefore,
in the determination of a growth curve as a function of time, al1quots were .
+ withdrawn from the culture flask at suitable intervals and analyzed by
hemocytometer chamber count and by streaking a-diluted volume containing
about 100 viable cells on the surfaces of plates of PL medium. The streaked
plates were incubated at 30°C for about 4 days for viable counting and assay
of petite frequency. At this time there was no ambiguity in the differentiation
of normal and petite colonies. In this investigation all mixed or ''scalloped"
colonies%? were scored as normal.
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- D. Single-Cell Analyses

The analyses of single cellf were conducted by methods similar to
those of Ephrussi and Hottinguer, Splegelman, DeLorenzo, and
Campbell, 173 ana Spiegelman,. 172 and cons1sted in 1solat1ng the progeny
of single yeast cells by microtechniques.

The procedure used in this study wastasfollows: A cover slip
was coated with 6% YED and 2% agar and then placed in a moist chamber.
Twenty-four-hour PI-grown cells were streaked on a corner of the
nutrient agar slab, and single cells were isolated by use of a microne3egile
(for description of the micromanipulator and microneedle see Burns.z'")
After budding had occurred the desired cell was moved to a convenient’
location, where it was removed by a method of Fowell, 53 which consists
of marking the coverslip above the single cell with a drop of ink, re-
moving the coverslip from the moist chamber,. and cutting the agar
portion immediately below the marking. . This entire procedure was
conducted in a temperature-regulated box at 40.5+ 0.5°C. '

- The agar block which contained the single cell was then placed
in a test tube containing 0.5 ml of 6% YED and 0.5 ml of water, and

incubated at 30°C. If growth occurred after 5 days of incubation the

tube was shaken and either a diluted aliquot or a loop of cell suspension
was plated on PL medium.

E. Héat Shock

The cultures used in the preliminary heat-shock experiments
were prepared by spreading a dilute suspension of yeast on either PI
or PD medium and incubating at 30°C.  After the des1red time, cells
were harvested off the surface of the plates and suspended Survival
curves were obtained as follows: The suspension of yeast was diluted
to about 10° cells/ml in sterile distilled water at the desired inactivation
temperature (54+ 0.01°C)and immediately agitated. . Aliquots were with-
drawn as a function of time and plated on PL medium.

. The same procedure was employed for later heat-shock experi-
ments except that the cultures were prepared by growth at 30°C in
liquid PD medium for 3 days, and instead of water, 0.5% KH2P04

-was used in the inactivation solution.

. The plates 1nocu1ated with the heat-treated cells were incubated
for 4 or 5 days at 30°C, after which time colony counts were made.
Unlike the growth experiments, these showed a spectrum of colony
sizes. For this reason there was difficulty in differentiating the normal
and petite colonies, and the '"tetrazolium overlay technique' was
employed. 127 ‘ :
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F.. Genetic AnaIyses

96

The mat1ng of cells was: performed by the mass- matlng technique,
i.e. by mixing a loopful of the two cultures on PI medium. Eight hours
after the crosses were made the mass-mating mixtures con51sted rnalnly
of zygotes and the parental haploid cells.. At this time the suspension was
plated: on synthetic media in which only the prototrophlc zygotes were. able
to prol1ferate ;

: Sporulatmn was 1nduced by transferrlng 2-day cells grown in
presporulatmn medium (2% Difco nutrient agar, 1% yeast extract, 5%
dextrose, 2% agar) to sporulation medium (0.3% sodium acetate, 0.02%
raff1rose 2% agar) and incubating at 25°C for 1 week. ! Four- spore
asci were then isolated and dissected by m1crotechn1que

II.. RESULTS |

A Nutri'ent Requirements for Gr'owth‘ at Elev»ate'd Temper‘attire

The growth of normal and petite strains in various amounts of yeast
extract at 30°C, the optimum-growth-rate: temperature, is shown in Fig. 1.
Although the growth of the normal strain is relatively independent of the
percentage of yeast extract, the petite strain shows a marked decrease in
growth rate in 0.5% YED.  Such decrease of growth rate is usually associated
with the absence of a partlal requ1rement in the medium. 8

o When growth is studled at a h1gher temperature (40° C) many
quantitative and qualitative differences are observed. One interesting
difference is that after 1 day of incubation of the normal yeast at 40°C,
more than 99% of the cells of the resultant population are petite.” This
phenomenon is elaborated in detail in the next section.

Another important difference is the great dependence of growth of
normal and petite yeast on the amount of yeast extract (Figs.. 2,3,4). In
0.5% YED growth proceeds through only a few divisions, with a drop in
viability. Growth in 1% YED proceeds similarly to that in 0.5% YED except
that the initial death phase is only temporary and an increase of viable cells
is observed .after 2 days (Fig. 3B). In higher percentages of yeast extract,
growth is relat1ve1y rapid. It should be noted that although the maximum
titer of cells in stationary phase is independent of the percentage of'y‘east
extract, the number of cells per cluster was found to decrease with increas-
ing amounts of.yeast extract; . The death phase occurring after stationary
phase was found to be rather pronounced at 40°C; no death was observed
at 30°C even after 1 week of incubation.
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Fig. 3. Growth of X495-5 at 40°C in YED of the following
. percentages: A, 0.5% B, 1% C, 2% D, 6% E, 8%.
C refers to cells plus buds;g to clusters; Ato viable
count. - F indicates growth in 0.5% YED in which the
inoculum consisted of cells grown for 8 days in 1%
YED at 40°C (curve B).
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Fig. 4. The number of days for the viable count to reach
10°/ml when yeast is grown in various amounts of YED
at 40°C. A is X495-S (petite); B is X495 (normal).
X refers to the acclimatized yeast (see Fig. 3F).
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Attempts to grow yeast in synthet1c medium (Bacto Yeast
Nitrogen Base, 1%dextrose) at 40°C were unsuccessful, and the resu1t1ng
growth curves were similar to those of 0,5% YED.

If, after 2 weeks' incubation at 40°C the 0.5% YED culture flask is
transferred to 30°C, growth proceeds rapidly to a titer comparable to that
of Fig. 1. This indicates that the elevated temperature does not affect the
growth medium and that the inhibition of growth is highly reversible. This
is illustrated schematically in the top of Fig. 5.. Also, if cells grown at
elevated temperatures were used for the inoculum, growth could be initiated .
in 0.5% YED. This is illustrated in Fig. 3F, in which the inoculant was yeast
which had been grown for 8 days at 40°C:inl1% YED (Fig. 3B). Furthermore,
this latter effect can be lost if the elevated-temperature-grown cells are
transferred and grown at 30°C before inoculation in 0.5% YED. This is
schematically represented in Fig. 5, illustrating the reversibility of this
adaptation processi

- There are undoubtedly many nufrilites.that .affect the. growth:
.characteristics in limited amounts of yeast extract at elevated temperatures.
Although no extensive investigation of this problem was undertaken, it was
noted that ethanol solutions of oleic acid can greatly influence the growth
curve in 1% YED at 40°C (Figs. 6,7). . As seen in Fig. 6E, the initial
death phase can be entirely eliminated by the addition of 1 Opmole/ml of oleic
acid, ~Addition of oleic acid in 0 5% YED, however, could not initiate growth.

B. Production of Petites by Growth at Elevated Temperatures

-As previously mentioned, growth of normal yeast at elevated
temperatures resulted in an increase in the fraction of petite variants, as’
ascertained by observing the colony forms (Fig. 8). Besides the normal
and petite colonies many ''scalloped' or revertant colonies, containing
mixtures of normal and petite cells, were also observed. . This is also
found in induction with acriﬂavine.,42

Quantitative results of this phenomenon were studied by growing
various strains of yeast at different temperatures in 6% YED (Figs. 9 and 10).
It can be seen that growth at these elevated temperatures results in an
enormous shift in the population to predominantly petite cells, However, the
corresponding growth curves of the petite strains (Figs. 11, 3D) 1nd1cate that
- they have a longer generation time, about 1.5 times as long at 38°C as for a
culture inoculated with primarily normal cells.

It is of interest to note the difference of petite production in the
strann X495, which has a higher fraction of petites when grown at
30°C--10%in the steady state when grown in 6% YED, compared with 1%

" and 3% of strains X320 and X674 respectwely Also, it should be noted
that temperature has less effect in the production of petites in the haploid
- strains.
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Fig. 5. A schematic representation of various experlments
(see text) St1ppl1ng 1nd1cates growth
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Fig. 6. Growth of X495-5 at 40°C in oleic acid. A, 1% YED
(control); 1% YED plus 1% ethanol with various amounts
of oleic acid; B,0; C, 0.01; D, 0.1; E, 1.0; F, 2.0 pmole/ml.
O refers to cells plus buds; '@ to clusters; Ato viable count.
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Fig. 7.. The number of days for the viable count to reach
A 106/m1 when X495-S is grown in 1% YED at 40°C in various
amounts of oleic acid. .



Fig. 8. Petri plates showing a spontaneously occurring petite
colony (upper left); mixture of petite and normal colonies
after 10 hours of growth at 40°C (upper right); after 24
hours, showing petite colonies (lower left), and normal
colonies growing over background of petite cells (lower right),
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Fig. 9. Growth of various diploid strains at various temperatures
in 6% YED. © refers to number of cells plus buds; [ to
viable count of normals; & to petites. Dashed line refers
to the total viable count.
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C.. Single-Cell Analyses

Although the shapes of the growth curves and the extreme
efficiency of elevated temperatures in increasing the level of petites seem
to be indicative of induction and not selection, this evidence is not conclusive.
Direct proof of induction and its kunderlying mechanism is furnished by the
results of the single-cell analysis. -

.In this investigation two lineage-s at 40.5°C were considered:

(2) The daughter series , in which a yeast cell was kept at the
elevated temperature until the flrst bud could be removed. At this time
the mother cell was placed at 30°C and the bud retained atr 40. 5°C until
it budded, and the process was then repeated

(b) The sister series, in which a yeast cell was retained at the
elevated temperature and its first, second, etc. buds removed for
incubation at 30°C. After the last bud was removed, and the sister series
terminated, the mother cell was also returned to 30°C.

At no:time was there any confusion in the differentiation between a
mother and a daughter cell, mainly because at this temperature the "’
mother cell always Eéldded prior to its daughter, as previously reported
by Burns for 38° :

The resultis of these experiments are given in Table I and
schematically illustrated in Fig. 12. The daughter series ckearly proves
that the growth at elevated temperatures actually induces the mutation
and that it is not merely the ability of petites to grow at a faster rate, i.e.,
selection. This is consistent with the results of the mass-culture technique.
The data obtained indicate that the probability is very low for the original
mother cell to produce petite buds. . However, the first-generation cells
produce about one-half petite buds. Whether or not the original normal
cells can be induced to the petite phenotype could not be determined be-
cause of the h1gh degree of inviability when they are transferred to 30°C.

Because of the method of the above study, a cell was cons1dered
normal when it gave rise to a clone containing as little as 0.1% normals.
In order to determine the degree of heterogeneity, the resulting progeny of
the single cells were plated out after the culture had grown to stationary
phase {about 25 generatmns) The results of the first experiment of each
series are shown in Table II and seem to indicate that a high mutation rate .
was preserved over many cell generations. It should be remarked that
with the method of cultivation of the single cells by a standing culture the
percentage of petites is h1gher than by a shaking culture (aerated), being
10%and 1% respectively in a control study. It should also be remembered that
under this condition of considerable growth, selection plays an important
role, and if any normal cells were present, the culture would tend to approach
a steady-state value of 10% petites. Therefore, if sampling were performed
. earlier, before many generations could have occurred, the fraction of petite
variants was greatly enhanced.
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Results of single-cell analyses at 40.50C(se_e text)

Daughter series

" Generations

3

4

Sister series

+

T S T S

NIRR

normal
“petite

inviable
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12, Scherﬁatic representation of Table I.
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Tab1¢ II

~

Per cent of petites resulting when single cells are taken from 40.5°C and
allowed to proliferate at 30°C (see text)

" Generations
o 1 2 . 3 4 _ 5
Daughter series ©26.3 30,5 .. 79.0 100 100
Sister series 16.2 18.3 19.7 21.8 23.1 120.0

Control ' 10.5

In this investigation some interesting side observations indicated
that elevated temperatures could induce many abnormal cell types., When
log-phase cultures were employed as inoculants, many filamentous cells
were observed similar to the types induced by other agents. Also,
several dumbbell-shaped cells were observed \ﬁvéiicki aéppeared identical to
previously reported ultraviolet-induced types. ! These anomalous
cell types were not observed with the liquid mass-culture technique.

~ D. Heat Shock and Induction of Petites

An important question is whether the rate of mutation to the petite
variant can be enhanced in nonproliferating cultures exposed to elevated
temperatures. The result of such an experiment is shown in Fig. 13. In
this experiment a 24-hour culture of 10~ cells/ml was exposed to 40°C in
the absence of yeast extract, with ard without dextrose. Curves A and D
of Fig. 13 show that in the absence of dextrose the v1ab111ty drops only to
about 50% in 3 days, with no significant change in the fraction of petites.
However, in the presence of dextrose there is a marked drop in viability
and a corresponding increase in the percentage of petites (Fig. 13, B and C).
This latter case may be similar to the previous experiments, in which low
concentrations of yeast extract were employed in the growth medium
(Figs. 2, 0.5% 3A), and although little growth took place there was a
marked increase in the number of petites. It should also be remembered
that at these temperatures autolysis takes place, 77 and in the presence of
dextrose there is probably a rapid turnover of yeast cells. One may therefore
say that the marked drop in V1ab111ty and the increase in the fraction of
petites are occurring in a ''growing' culture.
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The conclusion that nonproliferating cultures exposed to elevated
temperatures do not increase their yield of petite mutants was further
exemplified when yeast was exposed to an above-maximum-growth temperature,
459C., It was found that there was no increase in the fraction of petites,
even in the presence of yeast extract, although a drop in viability occurred.
This seems to indicate the independence of petite production and cell death.

However, when the temperature of exposure is markedly increased,
death proceeds rapidly and a high percentage of survivors of the heat
inactivation develops into petite colonies.. Before going into details of
this observation one should make several remarks on variations of
sensitivity to lethal temperatures. Preliminary results of several
experiments at 54°C (Fig. 14) indicate that:

(a) culture age had a great effect on survival curves, older cultures
being more resistant;

(b) the type of medium in which the cells were incubated prior to the
heat exposure greatly influenced the survival curve, cells grown in PD
(potato dextrose agar) being more resistant than cells grown in PI (0.5%
yeast extract, 1% dextrose, agar); :

(c) an isolated petite variant X320-S was more sensitive to heat shock
than the normal strain;

(d} haploid yeast cells are more resistant than cells of related diploid
strains, and higher ploidies are even more sensitive;

(e} multicomponent survival curves occurred which could not be ex-
plained by clusters, buds, sporulation, or differential drying.

The petite strain X320-S was found to be unstable with respect to
its heat sensitivity, for it became more resistant during storage at 4°c.
It differed from other petite strains in anomalous growth curves (at 30°C
and higher temperatures; see Fig. 11) and in giving a lower maximum titer.
Another marked difference of this strain was that heat-treated cells showed
fewer survivors when plated on synthetic medium than on yeast-extract
medium. For the above reasons the strain was abandoned and a second
petite strain was isolated, X320-S2.. The second petite strain was much
more resistant to heat shock than the original petite isolate, but it should be
pointed out that in both cases the petite strains were always more sensitive
than the related normal strains,

Figure 15 shows the results of inactivating 3-day PD-grown cells
at 54°C, and also the corresponding increase in the percentage of petites.
Included for comparison is the survival curve of X320-S2-1, a petite
variant which was transferred once in PI medium. From the results of
the above experiments it must be concluded that the increase of petite mutants
did not arise from selection, but was induced by the heat shock, since
(a) petite strains are more sensitive to the heat treatment, and (b} there
is an increase in the absclute number of petite colonies after a short ex-
posure to heat.. This latter point is - illustrated by considering the results
of the 10-minute exposure. The survivors of this treatment showed more
than ten times as great an absolute number of petite colonies as in the
original inoculum.
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Examination of Fig. 15 reveals the similarity of the petite survival
curve to the tail of the normal survival curve. This similarity is
illustrated in Fig. 16, in which the axis of the graph has been shifted to
allow coincidence of the curves. Also included in Fig. 16 is a survival
curve of X320-S2-15, the petite strain after it has been transferred 15
times on PI medium, allowing 24 hours between transfers. From this
comparison one may say that the petite strains respond in much the same
way as a population of normal cells that have survived a period of heat

exposure,

E. Genetic Analyses

Several genetic tests were undertaken in order to determine the
similarity of petites obtained by different methods.  For this study
several petite variants were isolated, from two haploid cultures of
opposite mating type (AS3, S1796A), that had arisen by (a) spontaneous
occurrence of petites (-S), (b) growth for 24 hours in 3% YED and
5 mg/l acriflavine at 30°C (-AC), (c) growth for 24 hours in 6% YED at
| 0°c (see Fig. 10) (-H), (d) heat shock at 54°c (-T).

Preliminary spectroscopic examinations of the differently obtained
petite strains indicated that there were no obvious differences.

When these petite variants were crossed in all combinations
(e.g., AS3-S1 X S1796A - HI, s 0pontaneously occurring petites with
petites.obtained by growth at 40°C) the resulting zygotes produced only
petite cells. Since it has been previously shown that spontaneous and
acriflavine-induced petites are usually vegetative mutants, the conclusion
is that these differently obtained petites were not supplemented by each
other and segregational petites were not induced.

. The degree of suppressiveness46 was obtained by crossing the
various petites with the normal strain of-opposite mating type and
measuring the percentage of zygotes giving rise to petite clones (Table III).
The data are insufficient to determine whether or not one method of
induction produces a s1gn1f1cant difference in the amount of suppressive
petites. -

The cross S1796A X AS3-H1 (normal X 40°C_—induced petite) was
sporulated and several four-spore asci were dissected; 2:2 segregation
of the histidine and tryptophane markers was observed, and all spores

_ ' gave rise to normal clones, as would be expected for crosses involving
, vegetatlve petites.

From the results of these genetic analyses one may conclude
that the petites obtained by heat shock and growth at elevated temperatures
are very similar, if not identical, to the vegefative petites occurring
spontaneously or induced by acriflavine. All methods of induction produce
some suppressive petites. : -
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Table III

Suppressiveness'of differently obtained pétites,.. The per cent suppression °

is' measured by the percentage of zygotes giving rise to petite clones
'~ minus the percentage of spontaneous petites in the normal strain, which
 is 6.8%for AS3 and 2.1%for S1796A.

_ Originl éf ;  norfné.l X | petite | | Yo . ) %
petite - : petites~  Suppression
'Spont'ane'm‘lvs- AS3 X S1796A-S1  32.5 25,7
AS3 X S1796A-S2 72.3 . 65.5
S1796A X Asz;-sx; . 584 56.3
51796a X AS3-S2 82.3 . 80.2
Acriflavine AS3 X 51796A-AC1 1.9 ~0
AS3 X S1796A-AC2  94.0 . 87.2
S1796a X AS3-AC1 2.2 ~O
517964 X AS3-AC2. 1.1 A0
‘Growth, : . _ /.
at 40°C AS3 X S1796A-H1 48.2 414 7
AS3 X S1796A-Hz  61.3 56.5
.51796A X AS3-HL 3.6 0
S1796A X = AS3-H2 25 ~0
Heé£ vshoék' L s , - . : S
at 54°C AS3 X S1796A-T1 53.5 46.7
| | $1796A_- X . AS3-T1 358 33.7

_S1796A- . X - AS3-T2 7.5 . 5.4
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Iv. DISCUSSION

A. Nutrient Requirements and Adaptation at Elevated Temperatures

It has previously been found that optimum growth of yeast is
achieved by alteration of the media with different incubation temperatures.
Stier and Scalf noted an increased lipid requirement for anaerobic growth of
Saccharomyces cerevisiae at elevated temperatures. 177 Pine found that
at 357C the yeast Histoplasma capsulatum is much more sensitive to
vitamin deletions, mainly thiamin, than at 25°C. 131 The optimum-growth-
rate temperature of yeast has been re ortgg to be influenced by varying the
concentration of ammonium chloride, 5,164, .22 potasium chloride, 7 and
sugar.15 '

In the study by White and Munns yeast was observed to grow
expo%_enti'.glolyliﬂ synthetic medium over the temperature range of 20°C
to 43°C. ’ However, in order to induce growth at 43°C, a larger
inoculum was required. The marked differences between the above study
and the investigation reported herein is undoubtedly due to different strains
of Saccharomyces cerevisiae.

In this study marked dependence on the amount of yeast extract in
the medium (Figs. 2-5) was noted for growth at 40°C. This dependence
was mainly manifested by occurrence of an initial death phase in low
concentrations of yeast extract, which was not observed at the optimum-
growth-rate temperature of 30°C. The growth rate was also influenced
by the concentration of yeast extract, so that the optimum concentration
at 40°C was much greater (in the neighborhood 0f 8% YED) than at 30°C
(about 2% YED). :

. The observation that under certain conditions oleic acid can
completely eliminate the initial death phase is probably related to the
change of lipid chemistry that occurs in yeast at elevated temperatures.
The mechanism of action, however, still remains obscure. It is of interest
to note that oleic acid” and other 1ipids4’6J’ 19 are required for anaerocbic
growth. Nevertheless, the effect described in this investigation cannot be
simply explained as a decrease in the amount of available oxygen, since
there is little change in the solubility of oxygen between 30°C and 40°C. 141
It should also be remembered that the petite variant can grow adequately -
without addition of oleic acid in low concentration of YED at 30°C (Fig. 1).

The death phase at 40°C was noted even in the absence of yeast
extract, although little loss of viability was observed when yeast was
incubated in buffer at this temperature in the absence of both yeast extract
and dextrose (Fig. 13). This latter finding seems difficult to reconcile
with-the observations that increased sugar concentration provides a
protective effect against lethal temperatures (Ref. 136, p 243; Ref. 157).
The investigations by Schelhorn and others, however, were usually
performed at above-maximum-growth temperature, in contradistinction to
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this experiment. Since, as previously mentioned, autolysis is quite marked
at around 40°C, 77 it seems justified to assume that the buffer was enriched
with yeast extract from "lea.kmg" cells, although none was furnished

initially.

- With the above facts in mind, this death ghase is strlkmgly similar
to cell death occurring by ''unbalanced growth,' ’ i.e., death -
occurring when certain biochemical mutants are incubated in a medium
devoid of their specific growth requirements, '

An initial decrease of viability has also been observed when cells
are grown in the presence of toxic materials. 70,8,21 ‘o explain the
onset of proliferation, after the initial death phase, two mechanisms are
usually considered: (a) genotypic adaptation, i.e., selection of resistant
mutants, and (b) noninheritable phenotypic adaptation, i.e., de nova
alterations of existing cells. T

Likewise, the increased ability of acclimatized yeast to perform
blologlcal funct1ons at elevated tem}oaeratures has been previously reported
by Zikes, 78Ef‘u1er andlfg‘ganberg Staiger and Glaubitz, 175 Khlebnikova
and Bolondz Petite, ~7° Chaturvedi, 28 and Guillot, 2 and more recently
by Logmovaggv 100 5n4 Fang, Tang, Tsai and Wu. 52 Christophersen and
Precht have extensively studied the effect of temperature on the yeast
Torulopsis kefyr and, although no shift of the optimum temperature for
growth of adapted strains was observed, 1 changes of heat resistances
and enzymatic properties occurred. ’ 136, ‘

In the study reported herein adaptation is indicated by the increase
of viable cells in 1% YED after an initial death phase, and by the acquired
a.b111ty of cells to grow in 0. 5% YED after being acclimatized in 1% YED at
40°cC. These results are more consistent with phenotyplc adaptation, because
if any thermophilic mutants '‘were originally present in the inoculum, growth
would eventually have proceeded in 0.5% YED. Also, the high degree of
reversibility would indicate that these mutants would have a marked
disadvantage at lower temperatures. It should be remarked, however, that
selection has not been conclusively disproven.

One may conclude that growth at elevated temperatures results in
an increased nutrient requirement which may be eliminated by induced
" adaptation.
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B. Induction of Petites by Growth at Elevated Temperature

- 1. Population Analysis

In a population of cells the normal yeast cells are constantly
mutating to the petite variant. The normal cells, however, enjoy a
selective advantage which, if large enough compared to the mutation rate,
will result in a stéady-state condition of a constant fraction of petites.
This is what occurs normally at 30°C.. However, if the mutation rate is
sufficiently large, the petltes will eventually outgrow the normal cells,
as illustrated by growth at 38°C (Fig. 9). Itis also possible that an
absolute decrease in number of normal cells can result, as found with
incubation at 40°C (Fig. 9). Therefore the resulting fraction of petites
occurring by growth after a fixed time as a function of temperature as
delineated in Fig. 11, involves all the above three 51tuat1ons

One may ask 1f the decrease of normal cells ‘found at 40°C is due
to the lethal effect of the temperature, or to miutation to the petite variant.
This is satisfactorily answered by examining the results of the single-
cell analyses (Table I), which indicate that the or1g1na1 normal cells
are pr1mar1ly lost by 1etha11ty and not by mutation.

Many similarities exist between the induction of petites by

euflav1ne4’Z and by growth at temperature in the neighborhood of 40°cC.
In both cases no increase of petites occurs unless the cells are proliferating.
Furthermore, there is a qualitative resemblance in that there is a greater
probability that a bud will mutate than that the mother cell will. As in-
dicated by the presence of ''scalloped' or mixed colonies and from the
results of si'ngle-oell analyses, both methods of induction produce an

''unstable'' state, i.e., a state in which a high mutation rate was preserved
after the cells were removed from the inducing agents. . A further possible
parallel may be that the lethal and mutalgzemc3propert1es are 1ndependent
as shown with euflavin by Marcovitch, and by the experiment at 459C
in which lethahty was observed with no increase in the percentage of petites.
Nevertheless, there are a few significant differences which may be of
theoretical importance. Before the details are discussed, a few remarks
should be made about induction in general.

In a grow‘ir‘lg' culture of yeast the number of normal oellé N ,. and
petite cells, n_, may be given as a function of the number of generations, x,
by the d1fferen€cal equations

de
4 - Nxﬁ ln 2, . (1)
an_

I= =nx)}1\1n2-{'—(1-|3)NXln 2, , (2)

where f is equal to the rate of increase of the log to the base 2 of the
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number of normal cells. In other words, instead of the normal cells’
doubling in number at each generation, a certain fraction mutates to the
petite variant. The number of petite cells growing at a reduced rate 2\
can therefore be represented by Eq. (2).. On the assumption that $ and
A are constant, the solution for the number of petite cells as a function
of the number of generations, x, is

a5 AX . 1-B Bx _ ,Ax

By taking the initial slope of the number of total cells as indicative of the
generation time, one can plot the number of normal cells as a function of

the number of generation. When this is done for X320 grown at 38°C (Fig. 9)
it is found that B has two values--initially 0,82, and after about four
generations 0.425 (Fig. 17). If these two values are used for B, and \

is allowed to equal 0.64, the number of petite cells determined theoretically
by Eq. (3) agrees with the observed number (Fig. 17). One can therefore
adequately describe the increase of petite cells in a growing culture at 38°C
by assuming that the normal cells are constantly mutating to.the petite
variant and that the petite cells are growing at a reduced rate.

2. Mutation Rates

In order to quantitate the induction of petites, Marcovitch has
defined the "'mutation rate,' w , as the probability that a bud taken at
random from a normal cell will be a mutant. }111: 112 This should not be
confused with the classical definition of mutation rate, a (Luria and
- Delbruck, ), which is usually given as the probability of mutation per
unmutated cell per generation. It is of interest that the relationship of the
two definitions is (Appendix I}:

T =2 (1-E” %),
The Marcovitch définition will be used throughout this paper.

The mutation rate of a steady-state culture with a constant
fraction of petites, fp’ is given by Marcovitch 2 as :

™= fp(zuz,’*), - (4)

where W is the selection rate, defined as the ratio of the growth rate of
petites to the growth rate of the normals. In the derivation of the above
formula it is assumed that once a petite cell is formed, it will grow at a
constant reduced rate.. This assumption, however, may be only approxi-
mate, since Harris has found that in certain media the petites are
characterized by a low initial growth rate, which increases after con- -
siderable growth., 65 He also found a wide spectrum of generation times

\
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.with different petite isolates of the same culture. With these facts in
mind, one sees that the mutation rate calculated by the above formula is
onlylapproximate, and probably lower than the true value. With

A = 0.71 (Fig. 1), the calculated values of the mutation rates of various
d1p101d strains; ;grown at 30 C'in 6% YED are given in Table . '

If the mutation rate is higher," s0 that the pet1tes are outgrowmg
the normal cells, as at 38°C, a different method of calculation must be
employed. By the use of the relationship given by Marcovitch, 112

‘N =N, (2 - 7w,
X -

o ¢
anti Eq. (1),. one cva_n derhenetrate‘ 7
| I N
where [3’ and its method of calculatiorl are described e.‘ryove.

In Table IV the results of such calculations are shown for various
strains grown at 38°C (see Fig. 9). For example, these calculations
show that in a steady-state condition about 90% of the buds produced by -
normal cells of strain X495 are petite mutants. Implicit in these cal-
culations are the assumptions that lethality and cluster formatlon are
independent of the cell type.

As noted in Table IV and Fig. 11, the relative order of mutability
of the various yeast strains is different at different temperatures. . For
.example, strain X495 has the highest mutation rate for all the temperatures
studied excépt 36°C (Fig. 11).

3o

Table IV

Mutation rates at 30°C and 38°C for various diploid strains

. s Strain
Temperature . X320 X674 - X495
30°C R ~0.004  0.01 _ 0.037
38°C initial . 0.14 . 0.07 0.15
(4 to 7 hours} '
38°C steady state 0.65 ©0.39 - 0.87

{7 to 18 hours)




-40- - UCRL-8573

3. "Dilution’ Model

As can be clearly seen in Table IV, the mutation rate at 38°C is .
initially very low, and after approximately four generations reaches a-
higher steady-state level.  This change of mutation rate, which is usually
not found with the induction by certain acridines, 111,112 can.be best
interpreted with various kinetic ''dilution' models. Such models assume
that there are initially a number of self~-reproducing particles, which,
under inducing conditions, cease to reproduce, or reproduce at a slower
rate-in relation to cell division. As a consequence, there is an increasing
probability that a cell will possess either no particles or an insufficient
number of particles as cell division proceeds and will therefore mutate.

If there is a sufficient but low number of particles, the cell may produce

both normal and mutant buds, and a resulting colony that is "scalloped. "

Such models have been applied to explain the elimination of kappa particles

from Paramec1um138. and the reversion of ''long-term adapted' yeast. 174,173, 172,25, 24
E :L:";‘,"._J'A‘%/’: TSN TR

A general equation of thls type, as modified from Sp1ege1man,
DeLorenzo and Campbe11173 can be given as follows: .If it is assumed
that a self-reproducing particle has a probability p of being received by
a bud from the mother cell, and there are originally an average of 6
particles per cell growing at a reduced rate a, then the number N of
normal cells at the X generation can be given by ‘

where

v = minimum number of particles necessary for a cell
to be normal;
Cx!

T EE-DE

05 T Gozax(l - p)* l:i——ji ,
4 . l._p .

and f (9 ) is the probability of a cell's having exactly j partxcles if the

mean is 9 .. In orderithat the number of particles will not increase in
3

the mother cells, i.e., the growth rate of the partlcles is not greater than
the effect of dilution, the following condl’clon must be met: :

(1L-p)«27?

. As previously proposed by Spiegelman, the distribution function, ;(GX' 1)
can be assumed for the sake of simplicity to be equal to the Poisson
distribution.  The general forrula can now be given as
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) X
_ ~ x,i ‘ .
va = N0 Z - Z XC.i- — exp (_ex,i) . (6)
j=v o ' |

-
i
o
—

The results of the mass-culture experiment of X320 grown at 38°C

(Figs. 9,17) is used to illustrate the application of the above model to the
induction of petites. However, this analysis is not presented in order to
test the model, but rather--on the assumption that the model is correct--
to determine the value of certain constants. . The values of 6, and a

can be accurately determined by using Eq. (6) and assuming a certain v
(Appendix II}), The values of v and p, however, do not appreciably
affect the shape of the theoretical curves. Nevertheless, the best fit of
Eq. (6) applied to the results of ¢he X320 experiment leads to the values;

<
no
_
o
I

| . -;—, 90 = 3,36; a = 0.425.

This is shown in Fig. 18 along with the best-fit curves for v = 1, p = 1/3
(65=3.36, a=0425)and v=2, p=1(6,=212, a =0.713),
Correspondingly, on the assumption of v = q, the values of 90 for strains
X674 and X495 (Fig. 9) are 2.04 and 3.54 respectively. .

As can be seen in Fig. 18, the theoretical curves tend to approach
the limiting slope in a smooth continuous fashion. However, the experimental
results are best described by two straight lines (Figs. 9,17). Whether or
not this discrepancy disproves the model is still uncertain.

It should also be mentioned that these values of 0, are not derived
from cells at time equal to zero, but when x =0, i.e., .wqmen the cells begin
to proliferate. Since there is a slight initial death phase (about 80% of the
cells surviving), it is possible that the original number of particles per cell
was altered. :

. Although the results of the single-cell experiment are as yet in-
sufficient for a complete analysis, a more sensitive evaluation of certain
constants can be obtained from these data than from the mass-culture
technique. 173 Firstly, the approximate value of p may be calculated as
follows: The average number of particles remaining ihsthe x-generation
buds of the daughter series can be given as’

ax _x
602

On the other hand, the average number of particles in x generation of the
sister series is given by C : ' : '

ax x-1
90 277 p(l - p) .
If the fraction of normal cells amongst x-generation buds of the daughter
series is equal to the fraction of normal cells in the x' generation of the
sister series, then it can be shown

ax X

ax! o
2 = 2%% p(1 - p)*
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Fig. 18. Theoretical curves of the ''dilution" model, giving the
number of normal cells as a function of the number of
generations, x; V. is the minimal number of particles re-
quired for the normal phenotype, and p is the probability

that any given particle is transmitted to the daughter cell,
Experimental points are for X320 at 380C., = © :
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Although the data as shown in Table I are still of an approximate nature,
one may take x equal to 2 for the fraction of normals to be on the order of
1/3, and x' correspondingly may be in the neighborhood of 8 or 9. If the
value of a 1is taken, as a first approximation, to be equal to the value
calculated above for X320 at 38°Cj then p can be shown to be equal to.
about 1/3. This value does not seem unreasonable, since at these
temperatures it has been shown that the mother cell retains more than

half of its cytoplasm during division. ' '

, If one now assumes for simplicity that only one particle is necessary
for a cell to be normal, the initial average number of particles can also be
approximately calculated from the results of the single-cell analysis by
using the previous equations. . The results of such calculations lead to about
four to six particles per cell.

. Thus, on the basis of the above model, one is led to the conclusion
that the number of self-reproducing particles per cell is low, around 2 to
6 per cell., This is in agreement with previous suggestions of various
investigators (Ref. 26, pl25 ; Ref. 39, p 33 ; Ref. 133).. Slonimski
has discussed other meltéléJdS for the evaluation of the number of the self-
reproducing particles.

It is quite possible that the above model is only an approximation
of the real situation. Another model that could be considered is one in
which the self-reproducing particles are attached to the cell wall, and
the petite mutants develop from an area of the mother's cell wall which
is devoid of such particles. Direct verification of the exact mechanism
awaits a cytological investigation. ' :

The induction of petites by growth at temperatures in the
neighborhood of 38°C cannot be readily explained by the inactivation or
inhibition of the cytochrome oxidase system, as this temperature lies far
below the maximum for oxygen utilization. 180,31, 85 One must therefore
conclude that the elevated temperatures act primarily by inhibiting enzyme
formation. This is in correspondence with the results of various authors
who have found that adaptive enzyme formation is more sensitive to elevated -
temperatures than enzyme activity present in adapted cells (see review by
Knox, 83 Bernheiml18).” With this in mind it would be of interest to
investigate the adaptation to oxygen of anaerobically grown yeast (seg
recent papers by Slonimski and de Robichon-Szulmajster, 169 Sels, 160
and Hebb and Slebodnik®7 at elevated temperatures, especially since this
adaptation has been found to be blocked by euflavin. 168 such investigations
would help elucidate the site of action of elevated temperatures in the
. induction of petites, and specifically, if it is related to the meta-enzyme
system, i.e., the catalytically active surface as proposed by Slonimskil68’
and by Ephrussi40 which may be responsible for the production of cytochrome
oxidase. : -
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'C.. Induction of Petites by Heat Shock .

The production of petites by heat shock at 54°C differs from that
in the supraoptimum-sublethal range in that growth is unnecessary in the
former. A pessible interpretation of this difference is that the division -
of self-producing particles is merely inhibited at the lower temperatures, .
while at the higher temperatures these particles are inactivated.

- The decrease of oxygen consumption at temperatures in the vicinity
 of 50°C is evidence that the cytochrome oxidase system is inhibited or
inactivated in this range. '183,32,3 1t has also been reported that if yeast is
heated at 80°C for 20 minutes, the cytochrome a and b bands disappear,
while the cytochrome ¢ band remains. 47,117 "This is of extreme interest
if one remembers that the petite variant is lacklng in cytochrome a and b,
but retains the thermostable cytochrome C. T

There, from a review of the literature, it is apparent that the
cytochrome oxidase system is inactivated in the same temperature range
in which petites are induced in nonproliferating cultures.

The heat induction of petites is probably a reflection of the
thermolabile property of yeast mitochondria.. This is interesting since it
has long been known that the mitochondria of plants and ammals are
sensitive to elevated temperatures. " Heat shock around 40° to 50°C has
been reported to produce such cha.nges as reduction of stainability, change
of shape, and complete fragmentation and disappearance gf mitochondria
in hepatic and renal epithelium cells of fr'o s, (Policard, 1333‘, 1912},
tissue~-culture cells of chick embryos 3peas and pancreas cells
iris, tuhp, and the Wf‘fer mold Saprolegma sea urchin eggs,
guinea %f pancreas liver cells of fish, 105 rat thyroid, *Y and insect
Jlarvae, In vitro studies have also indicated the temperature-sensitive
nature of mitochondria, - s 20 Jefferson tentatively concluded that the heat
injury is due primarily to the breakup of mitochondria. 74 It should be
pointed out, however, that the petite mutants may not have completely lost
their mitochondria, as indicated by the existence of nonstainable refractile
granules, and the presence of certain sedimentable enzymes, 98 but the
mitochondria may merely be functionally altered. It is also possible that
the mitochondrial population is heterogeneous and the mutation is the result
of the loss of a fraction carrying cytochrome oxidase.

It seems appropriate to consider possible quantitative models for

the analysis of the induction of petites at lethal temperatures. . A simple
~ model can be given as follows: Initially there is an average of 0 part1cles

per normal cell, and these are 1nact1vated by a first- order reaction, 1i.e.
the same fraction of all particles that are surviving at any given time will be
inactivated in the next time unit. Let it also be assumed that a cell has
"mutated'' when there is an insufficient number of particles per cell. If
the inactivation of the particles is independent of cell death, and the sensitivities
to heat of both normal and petite cells are of the same order of magnltude,
then the fraction of petites will be very low for short expcsures, increasing
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concavely upwards with time of exposure to inducing agent. The H’fi‘il%tigg
. of . petites by ultraviolet irradiation is approx1mated by .this model 133,154
Although the data (see Fig, 15) are still capricious; itican be seen that
the above analys1s does not seem to apply to the induction of petites by
lethal temperatures, butis best approximated by a'linear relationship,
"i.e.,. 6, =1, It'would be presumptuous to perform an extensive analysis
of the- ex1st1ng results, and a more complete 1nterpretat10n awaits further

‘ ,_d,ata

- D.. Otherv Examples of Temperatur’e-lnduced Non-Mendelian Variants
: @
Lederberg has proposed the generic terrn plasmids for

. "extra-chromosomal,’ intracellular hereditary factors, irrespective of
their further identification as plasmagenes, viruses, self-reproductive
organelles, endosymbionts, etc." 8,89 As pointed out in his review,
‘the disinfection of plasmids by differential heat treatment is quite pre-
- valent. . The mechanism may involve either in vivo Leat inactivation or
ehmlnatmn by dilution if elevated temperatures inhibit or retard growth
of the plasmids in respect to cell dividion. : Since the heat induction of
petites may be looked upon as a typical example of this phenomenon, it'is
appropriate to consider similar situations in other systems.

First, it is well documented that certain plant viruses may be
eliminated by exposure of diseased plants to. temperatures 10° or 20°C
above normal, .and more than 30 different types of virus-infected plants
have been reg;orted to-be cured b\{ this method (see review by Kassanis, 79
Thomson, {7 Benda and Naylor, !/ Howevér, some cures are temporary
and symptoms may reappear when the plants are returned to normal
. conditions, indicating an incomplete disinfection of the virus. . Such
treatment may also be associated with heat injury to the host, resulting
in an increase in the pumber and size of les1ons and other varied effects
{see e.g., Kassams 79 80,158,205

- Similarly, as in plants, viruses in insects may be either ;
permanently or temporarily eliminated by elevated temperatures. 86,110
L'Heritier and co-workers have also found that the nonpathogenic yirus
causing CO;, sensitivity in Drosophila is temperature-sensitive.

- Rasmuson has reported negative results with temperature treatment of
Drosophila melanogaster, w}}lxch have cytoplasmic factors causing increased
sensitivity to anaesthetics, Because of this, and the 1nab111ty to
produce infection by transplantations, he has concluded that is is unlikely
that this phenomenon is due to a virus or viruslike particle. In Drosophila
bifasciata, Magni has reported that high temperature inhibits or partially
inactivates cytoplasmic units that control the production of male offspring.
In other species of Drosophila, however, temperature has no effect on the
maternally inherited "sex ratio, " :

106

By incubation at supraoptimum temperatures viruses may also
be inhibited in growing cells of human tissue culture (pol1omye11t1s103)
and bacteria (staphylococci-phage84 coli- -phage 101y
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- In.Paramecium aurelia there exist killer clones that contain
various plasmids (kappa, mu) which result in the production of toxic
effects on sensitive strains (see general reviews by"BealeB'a.nd Preer
These plasmids may be eliminated from certain killer animals by a
number of methods, including rapid growth, _§rowth at elevated teanperatures,
and heat shock to nondividing cultures. 170,1 137,138,90, 165 It is
interesting that the related, but not identical, paramecin particles are also
extremely temperature-labile, as determined by in vitro studies. 185,

39.

- With several pure lines of tomatoes, a high temperature during
germination increases the frequency of a non-Mendelian variant, ''rogue,’
which is due tc a transformation or reorientation in the seed. 91 By short
heat treatments an intermediate type, or half-rogue, may be induced, which
may be ""evidence that different equilibria between the competing
plasmagenes can be attained in the cells.' It is also possible to interpret
thxs result as the existence of two distinct types of plasmagenes in the

"normal'' plant, one more thermolabile than the other. Short heat
treatment may inactivate only one type, resulting in the stable 1ntermed1ate
half-fogue.

Pringsheim and Pringsheim were able to produce permanent
apoplastidic races in certain strains of Euglena gracilis by growth just
below the maximum temperatures for multiplication. 1¥U Short periods
of heat shock were not effective. Unfortunately, detailed genetic in-
vestigations in Euglena are not available, and the site of the mutation is
unknown, but it is in all likelihood similar to the prev10usly descr1bed
loss of plasmlds ' ‘

In the fungi Schlzophyllumn128 and A.spergillusl'07 incubation at
higher temperatures causes an increase in the mutation rate to certain
non-Mendelian variants. Whether or not these mutations are due to a
loss of plasmids is still uncertain, although such interpretation does not
seem objectionable.

It should be pointed out that negative results with heat treatment"
do not eliminate the possibility of the existence of plasmids, since the
host may be more sensitive than the plasmids to elevated temperatures.
Therefore, such negative results as were reported with non-Metidéelian
variants of Chlamydomonas152 and Drosoph11a145 _‘10_9 do not exclude the
plasmid hypothesis. '

- Also, the occurrence of mutations after heat treatment does not
"always imply the loss of plasmids; consequently,independentt methods
should be employed to determine non-Mendelian characteristics. Many
unstable alleles are known which are affected by temperature (see, e.g.,
Sandl53 Ishikawa, 72 Peterson, 129 There are a multitude of reversible
changes that occur with variation of temperature, some being controlled by
single temperatures-sensitive aélleles (see reviews by Precht,
Christophersen, and Hensel, ‘Wagner and Mitchell. 184 Furthermore,
there are many reversible changes that are controlled, at least in part,
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by cytoplasmic factors and are strongly influenced by temperature, such
as mating types, antigens, and dauermodifications in . Paramecium. As
pointed out by several authors, these determinants cannot easily be
accounted for in terms of plasmids, as for klllef characters. (See
Beale, 13, 15 Preer, 139) '

With the use of temperature shock and other agents on the larvae of
Drosophila many changes occur which mimic known Mexdelian mutants,
but are not transmitted to the sexual offspring. Whether or not these
"phenocopies, ' as termed by Goldschmidt, 59,60 are due to a loss of -
plasmids during the course of development of the insects is unknown, but
such speculation is not inconsistent with some- theor1es of somatlc
differentiation (see, 'e.g., Brachet, 20 Ephru551, 9 Shaver, 16 1y

E. Heat Inactivation of Yeast

The heat-inactivation experiments of this investigation were
directed primarily to the study of petite production. However, a few
remarks should be made on lethality per se. The surviving fractions of
various strains of yeast as’a function of time of exposure to lethal
temperatures have bel%n prev1ously reported by Rahn and Barnesg 144
Beamef %nd Tanner, White, Weinfurtner and Voerkelius, and
Wood. In many cases it was found that a small fraction of the
population was much more resistant. This may have been the result of
clustering of cells, or sporulation. As indicated by this investigation,
the variations of sensitivity and shapes of survival curves are probably
“due not only to the different strains employed, but.also to variation of
the previous growth conditions. The prodigious dependence of heat
: sens1t1v1ty on the age of the yeast culture has been reported as early
as 1895, 159 and more recently discussed by Christophersen and :
Precht?’l 33. and Rosenberg and Wood. 151 " Thus, by : this investigation
and the review of the literature it appears as if the heat inactivation of
yeast is highly complex, and ‘strongly dependent on the prev1ous history
of the cell,

Many different mechanisms have been proposed to explain the
lethal effects of elevated temlferatures (see recent reviews by Precht,
Christophersen, and Hensel, and Woodl97), Although it would be
‘naive to assume that heat 1nact1vat10n is due entirely to the destruction:
of a particular thermolabile site in the cell, it is of interest to consider
whether cell death is due primarily to damage of the cytoplasm (i.e.
enzyme or protein inactivation) or to the genetic mechanism. By the
examination of the survival curves of microorganisms, Rahn concluded
that thermal inactivation is the result of destruction of a small number
of redundant ""molecules, ' and subseqilently suggested that the genetic
apparatus is the site in question. However, in a recent review,
Chrlstophersen (Ref, 136, p253) pointed out various difficulties of
Rahn's hypothesis and reviewed many papers which indicate that cell
death: is due to inactivation of the cellular enzymes. :
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By the use of additivity studies in which two different lethal agents
are applied to a'living system, it is p0551ble to determine whether each
agent acts at least partlallgr on the same site, Lethahty studies on yeast
with heat plus ultraviolet, 2 heat plus x-ray, 196,197 and uv plus x-ray 182, 37
indicate that there is some interaction and overlap in sites sensitive to the
three agents., By assuming that all damage of x-ray inactivation is nuclear,
Wood has concluded that the 1ethal effect of elevated temperatures is
partlally also nuclear. 197 '

. The results of this investigation throw little light on this problem.
However,  if one assumes that thermal inactivation is completely due to
damage of the geneétic mechanism, independent of the cytoplasm, then
the normal and petite strains should exhibit the same response to lethal
temperatures. But this is not the case; therefore, we must conclude that
the damage resides at least partially in the cytoplasm or is modified by it.

The quantitative results of the heat inactivation of the normal and
petite strains, as illustrated in Fig. 16, suggest the following: If one
assumes that a certain number of thermolabile sites have to be inactivated
in order for death to occur, and that the petite has a relatively smaller
number or an altered form of sites, themn a petite culture's response
may be similar to that of a population of normal cells that have survived
a period of heat exposure. Alsc, since there is a difference between the
responses of the strains X320-52-1 and X320-S2-15, it is suggested that
these thermolabile sites are lost or altered as wegetative growth of the
newly formed petites proceeds. :

t

From the above results it seems plausible to 1dent1fy these
thermolabile sites with the mitochondria.. Although this seems highly
speculative, it should be remembered that,Jefferson has previously
suggested this connection to explain his results with insect larvae, and
to link the ""enzyme' and '"lipoid liberation'' theories of heat injury.
Claude has shown that incubation of extracts of dried yeast at 40°C for
3 hours results in a different type of sedimentable particle. 34 There 1s
also much evidence that the thermolabile property of rlbonuclelc :img_{ 18

is respon51ble for initial effects of elevated temperatures.

There is some disagreement on the exact nature of the mitochondria
in yeast, 66,78, 121 pyut they are believed to be low in number, 122,12, 64
and to undergo variation with the age of the culture. 49, 76, 78 66 The above
may help to explain the low multiplicity of the survival curves, and the
large variations in sensitivity. '

This highly speculative theory can be summed up as follows:
If the m1tochondr1a are partially destroyed by lethal temperatures, a
mutation to the petite variant cccurs; whereas, if the mitochondria
are completely destroyed, 1etha11ty results,

Differential responses of normal and petite strains occur with
various physical and chemical agents. Petite strains have been reported
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to be more Sfﬁ?itive to x-rayliélgtctivation by Gonzales and Barron,
Moustacchi, and O!Brien, although no significant difference was
-observed by Raut and SimpsonM‘8 and Wood and Taylor.. 198 Bittman has
observed an increased sensitivity of petltes to ultraviolet irradiation.
Raut observed no significant difference in uv response, 147 3nd Elkind .
and Sutton's survival curves37 seem to indicate that the petite strains.
they employed were more resistant than the’ normal strain. The petite
variant is more sensitive to the resdefratory inhibitors, sodium azide,
d1n1tré>§henol P- nltrophenol potassium cyan1de and malonic
acid ®3 in that their growth is inhibited in @:oncentratlon,swhlch do not
appreciably affect the normal strain.

V. SUMMARY AND CONCLUSIONS

l.. The growth of yeast at 30°C, the optimum-growth-rate .
temperature, is relatively independent of the percentage of yeast extract.
However, at 40°C no growth was observed in 0.5% YED (0.5% yeast extract,
4% dextrose), unless the inoculum consisted of cells which were previously
grown at 40°C-., In 1% YED, growth proceeded only after an initial death
phase, which could be eliminated by the addition of lfimole/ml of oleic acid.
In higher percentages of YED, growth is relatively rapid.

No death phase .was ‘observed at 40°C if the yeast were incubated
in buffer that prevented proliferation. Thusit would appear that this cell
death is similar to lethality occurring by ''unbalanced' growth.

The conclusion based on these observations is that growth at
elevated temperatures results in-an increased nutrient requirement which
may be eliminated by induced adaptation.

: 2. When yeast is grown at supraoptimum temperatures, there is

a great increase in the fraction of respiratory-deficient mutants (petites).
However, in the absence of proliferation no increase was observed. By

the analyses of the growth curves of the mass cultures. and the single-cell
experiments, it was shown that this increase was not due to selection, but
to induction by the elevated temperature. This high mutation rate continued
for many generations, even after the cells were returned to the optimum
temperature {(300C}.

. 3, When the temperature of exposure was raised to above-
maximum-growth temperature (45°C) no induction was observed. However,
if the temperature was still further raised to extremely lethal temperatures
(54°C), it was found that many petite colonies arose among the survivors.
The conclusion that lethal temperatures induce petites is based on the ob-
servations that isolated petite strains were more sensitive to the lethal
effect of elevated temperatures, and that an absolute increase in the
number of petite colonies occurred after a short heat exposure.
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4, Crosses of petite strains with each other and with normal
. strains were undertaken in order to determine the nature of the petite
variants. It was concluded from the results of thé genetic analyses that
the petites obtained by heat shock and growth at elevated temperatures
were. similar, if not identical, to the vegetatwe pet1tes occurrmg
spontaneously or induced by acr1f1av1ne /
5. The results of the indUction experiments can be interpreted as
follows:: 'I‘here is initially in the normal cell a number of self-reproducing
particles, which under supraopt1mum temperatures cease to reproduce, or
reproduce at a slower rate in relation to cell division. These particles
can also be lost at lethal temperatures by heat inactivation. Therefore,
a cell which possesses either none or an insufficient number of these particles
mutates to the petite variant.  On the assumption of the validity of a
.quantitative model (modified from Spiegelman et al. ), it was found that
the number of self- reproduang part1cles per cell is low,: approx1mate1y
2 to 6 pér cell. : ~

6. In a review of the literature it was noted that many other
examples of temperature-induced non- -Mendelian varlants occur in both
unicellular and multicellular organ1sms

7. The sen51t1v1ty of yeast to heat 1nact1vat10n was found to be
strong}y 1nf1uenced by their previous growth conditions. It is suggested
that the mitochondria play an 1mportant role in the temperature inactivation
of yeast. ' ‘ : 2
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- APPENDIX I

v The number dm of mutational events that occur in a growing
culture during an interval of the division cycle dx .is givenl02 as

dm = a N_ dx ,
where N_ 1is equal to the number of unmutated cells, and a is the

probabili%{yvof mutation per unmutated cell per generation. One can
- therefore express the rate of increase of the normal cells as

d‘NX. S .
=N ln2-N'a,
X x
- dx
which reduces to
X -GX

N =N,.2 e
T x 0]

Substituting 112 into the equation,
=

NX_ = NO(Z -

3

one can show,

o= 2(1 - e ).
When the mutation rate is small, the approximate relation is
T =20 .

It should be noted that the number of mutational events that
cccur during one generation of NX cells,

+1

"

axy Nydy )

¥

is ndt equal to the number of mutants formed, -

mN

% °
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APPENDIX II

In order to illustrate the method of determining the constants of
Eq. (6) with the experimental results, a.special case in which v is
equal to unity is considered. Under this condition the equation reduces to
% .

N, =Ny {2 B =S4 §xp( ex,i)}’

i=0

in which the symbols have the same meaning as in Eq. (6). When x
is large, Gx i is small and the above equation can be approximated by

E

x _ :
No{?} - Z xcil:l - 99 Za)_( (1-p(—-L—) 1}}
izo o

. Remerﬁbering that we have,

K . .
Z C.=2°, and Z c.(1-p  p*-n
X 1 .
i=0 » -

one can simplify the above equation to
ax
.NOBOZ ,

. and _é_ is equal}‘-';to B of Eq. (1) when x.is large.

By plotting the experimental results as log to the base 2 of
the number of normal cells as a function of the number of generations,
one finds that the limiting slope is egual to a. If a straight line is
extended from this limiting slope to x = 0, ‘the extrapolated value is
equal to lo_gZNOGO-' . With this method 90 and-a can be accurately
‘determined.

. Although slightly more complicated, similar methods can be
-employed for v greater than unity.
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