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The growth of yeast cultures at supra-optimal temperatures up to 39°C and 
exposure in non-nutrient solution up to 52°C has been examined for the induc
tion of genetic change. Both sets of conditions lead to the induction of muta
tion to antibiotic resistance, mitotic gene conversion, crossing-over and 
mitotic chromosomal non-disjunction. 

I. INTRODUCTION 

THE exposure of living cells to elevated temperatures has been shown to 
result in several types of DNA damage including depurination, deamination 
of cytosine, destruction of deoxyribose residues, hydrolytic cleavage of 
pyrimidine glycosyl bonds (Lindahl and Nyberg, 1972), DNA strand breaks 
(Bridges et al., 1969; Woodcock and Grigg, 1972; Gomez and Sinskey 1973; 
Evans, 1974) and DNA degradation (Evans, 1974). Furthermore X-ray 
sensitive mutants of bacteria and yeast show increased sensitivity to heat 
treatment, suggesting that elevated temperatures produce some types of 
DNA damage similar to that produced by ionising radiations (Bridges et al., 
1969; Evans and Parry, 1972). 

Since elevated temperatures induce DNA damage, they may also induce 
genetic changes such as mutation and recombination. Several investigators 
have demonstrated that elevated temperatures result in increases in mutation 
rate. This work has been reviewed by Lindegren (1972). Of the 12 
investigations into the effect of elevated temperature upon mutation rate in 
prokaryotes described by Lindegren all but one showed an increased 
mutation rate with elevated temperature. Of the six investigations using 
fungi cited by Lindegren, five showed increased mutation rate with increasing 
temperature. 

In the yeast, Saccharomyces cerevisiae, Sherman (1957) has shown that 
elevated temperatures induce cytoplasmic petite mutants with high efficiency. 
Schenberg-Frasino and Moustacchi (1972) demonstrated that the induction 
of petites by heating at 52°C varied as a function of the growth phase of the 
cell culture, maximum induction of petites occurring in early log phase 
cultures. They also demonstrated that heating at 52°C induced forward 
nuclear mutations from canavanine sensitivity to canavanine resistance, 
however they failed to demonstrate the induction of reverse mutation from 
auxotrophy to prototrophy at a histidine locus. 

The exposure of diploid cultures of yeast to physical and chemical 
mutagens results in the induction of mitotic recombination both within 
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(intra-) and between (inter-) genes (Roman, 1958; James and Lee-Whiting, 
1955; Parry and Cox, 1965; Yorst et al., 1967; Zimmermann and Schwailer. 
1967; Parry, 1969). 

The intragenic event occurs by gene converison, a process characterised 
by its failure to yield reciprocal products during recombination and may be 
scored by the formation of prototrophic revertants in auxotrophic hetero
allelic yeast cultures. Intergenic recombination or crossing-over yields 
reciprocal products of genes and may be detected by the formation of reces
sive homozygous colonies in a heterozygous culture. 

During mitotic cell division the failure of a pair of chromatids to separate 
may lead to both passing to the same pole. This process of non-disjunction 
may result, in a diploid cell, in the production of 2n-l monosomic colonies 
which are distinguishable from the parental strain in suitably marked fungal 
cultures (Fincham and Day, 1965). 

In this paper we have extended the observations upon the genetic effects 
of elevated temperatures to include mutation, mitotic crossing-over and gene 
conversion and mitotic chromosome non-disjunction. Our results demon
strate that elevated temperatures increase the frequency of all these events 
indicating the generality of temperature induced genetic change in eukary
otic cells. 

2. MATERIALS AND METHODS 

(i) Media 

The complete medium (YO) was a yeast extract, peptone medium with 
4 per cent (w/v) glucose, pH 6·7 and solidified with Lab-M Agar No. 1 (Cox 
and Bevan, 1962). The minimal medium (YNB) was Difco Yeast Nitrogen 
Base WfO amino acids, solidified with Difco Noble's Agar and supplemented 
with growth factors as necessary. Where required cycloheximide (Koch
Light Ltd.) was added to YO medium to give a final concentration of2 p.p.m. 

(ii) Strains and detection of genetic change 

Mutation from crHs to cyh' was detected in the haploid strain: 197 f2d
ade2CrHs. 

Mitotic crossing-over was detected in the following diploid strains: 
(a) ade2/ADE. This prototrophic strain produces white 

colonies on YO medium. Mitotic crossing-over produces red whole and 
half-red sectored recessive homozygous colonies. 

(b) ade2-40 /ade2-119 supplied by Dr F. Zimmermann. This 
culture carries two phenotypically distinguishable alleles ade2- 40and ade2-119 
which produce red and pink colonies respectively and complement in 
heteroallelic diploids to produce white, adenine independent colonies. In 
D5 mitotic crossing-over results in the production of red/pink twin-spotted 
colonies which represent the reciprocal products of the crossing-over event. 
Zimmermann (1973) has demonstrated the production of twin-spotted 
colonies after gamma rays and ethyl methane sulphonate treatment and we 
have produced such colonies after UV and nitrous acid treatment. 

(c) JD1 (2lf8a x ade2/ADE, ser1/SER, his8 fHIS, his40/his4ABC> 
trP5-,.9 /trp5-,.6 supplied by Dr Elizabeth Hunnable. This heteroallelic 
diploid culture requires histidine and tryptophan for growth on YNB. 
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Gene conversion results in the production of histidine and tryptophan 
independent colonies. The details of this strain have been described in 
Hunnable and Cox (1971). The subculture used in these experiments was 
selected for its inability to undergo sporulation. 

(d) D6-a/ct. ade2 fade2, ade1 leu trp cyh•fADE LEU TRP CTH8 supplied by 
Dr F. Zimmermann. adel> leu, trp and eye• are linked genes on chromosome 
VII. The strain is red in colour and sensitive to cycloheximide. Mitotic 
non-disjunction of chromosome V may result in a 2n-l cell which is 
cycloheximide resistant and coloured white (adenine-3 mutation blocks the 
synthesis of the red pigment found in adenine-2 strains). Mitotic non
disjunction of chromosome VII can therefore be detected by counting the 
frequency of white cycloheximide resistant colonies which grow on YC 
medium containing 2 p.p.m. cycloheximide. After heat treatment cells of 
D6 were incubated for three divisions in liquid YC medium before plating. 

(iii) Heat treatment 

Heat treatment at 52°C was performed by exposing end oflog phase yeast 
cells at a concentration of 107 cells/ml in saline, in a shaking waterbath for 
periods of up to 2 hours. 

Storage experiments were performed in saline with the cells held at the 
appropriate temperature in an incubator for up to 30 days. 

Growth experiments were performed by inoculating 106 cells/ml into 
liquid YC medium and incubating for 24 hours with aeration in a water bath. 

(iv) Incubation and scoring 

Treated cells were incubated on agar plates at 28°C in the dark. All the 
results were based upon counts of 5 to 10 plates. Cultures were diluted 
appropriately in order to give at least 100 colonies/plate upon YC and the 
various selective media. 

Cell survival was scored on YC plates after 4 days' growth and the 
frequency of mitotic gene conversion was scored on YNB supplemented with 
histidine to detect tryptophan prototrophs and tryptophan to detect histidine 
prototrophs. Mitotic crossing-over was measured after 6 days by scoring 
whole red and half sectored red and white colonies on YC medium in the 
case of strain 2NJ and pink and red sectored colonies in the case of strain D5. 

Mutation to cycloheximide resistance and mitotic non-disjunction was 
measured after 8 days by scoring the frequency of all colonies and white 
colonies only on YC medium plus cycloheximide in the case of mutation and 
non-disjunction respectively. 

3. RESULTS 

(i) Induction of forward mutation 

Figure 1 demonstrates the effect of heat treatment at 52°C on cell via
bility and the frequency of forward mutation from cycloheximide sensitivity 
to cycloheximide resistance in strain 197 /2d. The results demonstrate that 
heat treatment of up to 2 hours duration results in a reduction in cell via
bility together with an increase in mutation to cycloheximide resistance. 
Mutant frequency increases from 33/107 survivors to 110/107 survivors as the 
viability is decreased from 100 to 50 per cent survival. Absolute increases in 
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the number of mutant colonies are found only after heat exposures greater 
than 15 minutes. 

In order to confirm the induced nature of the cycloheximide resistant 
cells, samples derived from 10 independent spontaneous mutants were 
exposed to heat treatment. The effects upon cell viability of cycloheximide 
resistant cells after heat treatment at 52°C of a typical experiment are also 
shown in fig. l. During the course of three separate experiments we were 
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FIG. I.-The effects ofheat treatment at 52°C upon the mutation to cycloheximide resistance 
and cell viability in the haploid yeast strain 197 /2d. e, Cell viability of cycloheximide 
sensitive culture; ., cell viability of cycloheximide resistant culture; O, frequency of 
induction of cycloheximide resistant colonies. 

unable to detect any differences in the heat sensitivities of cycloheximide 
resistant and sensitive cells. 

As shown in fig. 2 storage of cells of l97/2d in saline at 37°C for up to 30 
days lead to a decrease in cell viability to 10 per cent survival together with 
an increase in the frequency of cycloheximide resistant mutants. Storage at 
28°C leads to only a small reduction in cell viability and increase in the 
frequency of cycloheximide resistant mutants. At 4°C no changes in cell 
viability are detectable. 

(ii) Induction of mitotic crossing-over 
The effects of heat treatment at 52°C for periods of up to 7 hours upon 

cell viability and mitotic crossing-over at the adenine-2locus in strain 2NJ are 
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FIG. 2.-The effects of incubation in saline at 28°C and 37°C upon cell viability and mutation 
to cycloheximide resistance in haploid culture 197/2d. .A, cell viability at 28°C; ., 
cell viability at 37°C; /:::., frequency of cycloheximide resistant colonies at 28°C; D, 
frequency of cycloheximide resistant colonies at 37°C. 
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FIG. 3.-The effects of heat at 52°C upon cell viability and the induction of recessive homo
zygous adenine requiring cells produced by mitotic crossing-over in the diploid yeast 
strain 2NJ. e, Cell viability; 0, frequency of adenine-requiring colonies. 
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shown in fig. 3. The frequency of recessive homozygosis is increased from a 
spontaneous level of 0·02 per cent to a maximum of 0·5 per cent after 3 
hours. Longer incubation times at 52°C result in decreases in recessive 
homozygosis (an effect also observed with treatment with UV, gamma rays, 
ethyl methane sulphonate and nitrous acid; Davies et al., 1975). The increase 
in recessive homozygosis is observed only at periods of heat treatment lead
ing to cell lethality. 

In order to confirm that heat induced recessive homozygosis results from 
mitotic crossing-over the experiment was repeated with strain D5 . In this 
strain both the reciprocal products of a mitotic cross-over event may be 
detected in the form of red and pink twin spot colonies. The effects of 52°C 
treatment on the production of phenotypically distinguishable colonies in 
strain D5 are shown in table 1. The results demonstrate that heat treatment 

TABLE 1 

The induction of mitotic crossing-over by heat treatment at 52°C in diploid culture D6 

Colony type 
Total Percentage 

Cell pink/ pink/ red/ colonies reciprocal 
Treatment viability red pink red white white analysed recombinants 

Control 100% 0 2 0 4972 0·0201 
120 min. at 52°C 57-4 4 6 4 7 5 976 0·40 
180 min. at 52°C 20·1 6 15 40 13 16 578 1·03 
210 min. at 52°C 6·74 9 59 142 39 22 972 0·92 
240 min. at 52°C 1-4 54 36 402 128 163 1982 2·72 

leads to the production of colony colours including red/pink twin spot 
colonies. Thus we may conclude that 52°C heat treatment leads to the 
induction of mitotic crossing-over between the ade-2 gene and the centromere 
of chromosome XV. 

At the lower temperature of 37°C storage of strain 2NJ in saline for up to 
30 days also leads to an increase in the frequency of recessive homozygosis up 
to a frequency of0-4 per cent of the surviving cells (fig. 4). No such increase 
in the frequency of recessive homozygosis is detectable when 2NJ is held at 
28°C for up to 30 days. 

The induction of recessive homozygosis in strain 2NJ was measured in 
growing cultures at a range of temperatures up to 39°C. The results of these 
experiments are shown in fig. 5, for growth periods of up to 24 hours, 
during which time cell number increases from 106/ml to IOBfml. At 28°C 
no increase in the frequency of recessive homozygosis is detectable. At the 
higher temperatures of 37°, 38° and 39°C the frequency of recessive homo
zygosis increases to a maximum of 0·6 per cent at 38°C. No growth of 2NJ 
could be detected at temperatures above 39°C. 

(iii) Induction of mitotic gene conversion 

Figure 6 demonstrates the inactivation of JD1 at 52°C together with the 
increase in prototrophic convertants at the tryptophan-5 and histidine-4 loci. 
The results indicate that heat treatment at 52°C leads to an increase in 
prototrophic convertants per surviving cell at both loci. Mitotic gene 
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FIG. 4.-The effects of incubation in saline at 28°C and 37°C upon cell viability and the 
induction of adenine requiring cells produced by mitotic crossing-over in the diploid 
culture 2NJ. A., Cell viability at 28°C; •• cell viability at 37°C; £:,.,recessive homo
zygous colonies at 28°C; O, recessive homozygous colonies at 37°C. 
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FIG. 5.-The effects of growth at temperatures from 28°C to 39°C upon the induction of 
adenine requiring cells produced by mitotic crossing-over in the diploid culture 2NJ. 
A., Increase in cell numbers at 28°C; •• increase in cell numbers at 37°C; T, increase 
in cell numbers at 38°C; •• increases in cell numbers at 39°C; £:,.,recessive homozygosis 
at 28°C; O, recessive homozygosis at 37°C; V, recessive homozygosis at 38°C; <>, 
recessive homozygosis at 39°C. 
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conversion is increased to a greater extent at the tryptophan-5locus compared 
with the histidine-4 locus. A similar difference in the extent of conversion 
induction at the two loci is shown by chemical mutagen treatment (Davies, 
Evans and Parry, 1975). At periods of 52°0 treatment above 60 minutes, 
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FIG. 6.-The effects of heat treatment at 52°C upon cell viability and the production of 

prototrophs by mitotic gene conversion in the diploid cultureJD1• e, Cell viability of 
his-trp- cells of JDl at 52°C; X' cell viability of his+trp- cells of JDI as 52°C; O, cell 
viability of his-trp+ cells ofJD1 at 52°C; ., induction oftrpF cells at 52°C ; A, induction 
of hisF cells at 52°C. 

the frequency of histidine-4 prototrophs falls with increase in cell lethality. 
Absolute increases in the frequency ofprototrophs per plate are not found in 
our experiments. Thus in order to check for selective effects the heat 
sensitivity of samples derived from 10 independent spontaneous histidine and 
10 independent spontaneous tryptophan prototrophs were determined and 
the results of a typical experiment are shown in fig. 6. In no case could any 
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difference in the heat sensitivity of prototrophic and auxotrophic cultures of 
]D1 be detected. 

Storage of strain JD1 at 37°C in saline for up to 15 days also induced 
mitotic gene conversion at both the histidine-4 and tryptophan-5 loci (fig. 7). 
The dose response curves obtained are very similar to those obtained after 
treatment at 52°C. Again absolute increases in plate counts were not 
found. Small increases in gene conversion at both the histidine-4 and 
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Fw. 7.-The effects of incubation in saline at 28°C and 37°C upon cell viability and 
the production of prototrophs by mitotic gene conversion in the diploid culture JD1 • 

• , Cell viability at 28°C; ., cell viability at 37°C; 0, induction of trp+ cells at 
28°C; o, induction of his+ cells at 28°C; o, induction of trp+ cells at 37°C; /::,., induc
tion of his+ cells at 3 7°C. 

tryptophan-5loci are also obtained after storing at 28°C. Neither cell viability 
nor the frequency of gene conversion at either loci is affected after storing the 
cells of JD1 for 15 days at 4°C. 

Figure 8 demonstrates the effects of growing the cells of ]D1 in liquid 
growth medium at 28°C and 37°C upon the frequency of mitotic gene 
conversion at the histidine-4 and tryptophan-5 loci. Increases in gene conver
sion at both loci are produced when cells ofJD1 are grown at 37°C. No such 
increase in gene conversion is observable when cells of JD1 are grown at 
28°C. 

(iv) Induction rif mitotic chromosome non-disjunction 

Figure 9 demonstrates the inactivation of strain D 1 and the frequency of 
white, cycloheximide resistant cells produced by mitotic non-disjunction. 
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The frequency of white, cycloheximide resistant cells increases after test 
treatment from 1 per 105 cells to 30 per 105 cells after heating at 52°C for 3 
hours. The observation ofwhite, cycloheximide resistant cells is dependent 
upon cell division in non-selective medium after heat treatment. No increase 
in the frequency of cells produced by mitotic non-disjunction are detectable 
if heat treated cells are plated directly upon selective medium. 
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Fxa. B.-The effects of growth at 28°C and 37°C upon the production of prototrophs by 
mitotic gene conversion in the diploid culture JD1• .&, Increase in cell numbers at 
28°C; ., increase in cell numbers at 37°C; t::,, induction of trp+ cells at 28°C; 0, 
induction of his+ cells at 28°C ; o, induction of trp+ cells at 37°C ; 0, induction of his+ 
cells at 37°C. 

Growth of strain D1 at temperatures above 36°C for periods of 24 hours 
also produce increases in the frequency of white, cycloheximide resistant cells 
produced by mitotic chromosome non-disjunction, e.g. at 41 °C the frequency 
of such cells increased to 22/105 cells compared with a frequency of 1/105 
cells at 28°C. 

4. DiscussiON 

The results presented demonstrate that heat treatment at 52°C and 
storage in saline at 37°C resulted in the induction of mutations from cyclo
heximide sensitivity to resistance. These results confirm the observations of 
Schenberg-Frascino and Moustacchi (1972) who found that 52°C treatment 
induced mutation to canavanine resistance. The results also confirm the 
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observations of Drake (1966) that lesions leading to mutation accumulate 
during storage in non-nutrient media, i.e. in non-replicating cells, and that 
this accumulation is a function of temperature. 

Heat treatment at 52° and 37°C increased the frequency of mitotic 
crossing-over at the adenine-2 locus. This increase was observed only at 
exposures producing cell death. A direct correlation between crossing-over 
and cell lethality has been observed after treatment of yeast cells with a wide 
range of physical and chemical mutagens (Davies et al., 1975). The latter 
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FIG. 9.-The effects of heat treatment at 52°C upon cell viability and the frequency ofwhite 
cycloheximide resistant cells produced by mitotic non-disjunction in diploid culture D8 • 

e, Cell viability of D6 after 52°C treatment; O, frequency of white cycloheximide 
resistant cells after 52°C treatment. 

have suggested the lesions responsible for cell death are also involved in the 
induction of mitotic crossing-over. Furthermore, the reduction in induced 
recombinants at high levels of cell lethality observed after heat treatment also 
occurs with UV, gamma rays, ethyl methane sulphonate and nitrous acid, 
suggesting that failure to repair potentially lethal lesions also results in a 
failure to produce mitotic crossing-over. Reductions in recombination at 
high doses may result from an inhibition of repair activity in the treated 
cells. 

Heat treatment at 37° and 52°C increased the frequency of mitotic gene 
conversion at the tryptophan-5 and histidine-4loci. However absolute increases 
in plate counts were not found and mitotic gene conversion was only induced 
at exposures producing cell lethality. In this respect the induction of gene 
conversion by heat treatment differs from that produced by radiations and 
most chemical mutagens, in that the latter increases the frequency of gene 
conversion at exposures causing little or no cell lethality (Davies et al., 1975) 
indicating that heat treatment produces no recombinogenic lesions that are 
not also potentially lethal. 

Elevated temperatures were also shown to increase the frequency of 
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monosomic (2n- I) cells for chromosome VII, presumably produced by 
mitotic chromosome non-disjunction. 

The frequencies of mitotic gene conversion, crossing-over and chromo
some non-disjunction were also increased by growth in nutrient media at 
temperatures above the optimum. Therefore it appears that cells growing 
at supra-optimal temperatures are particularly prone to genetic change. 
These effects may be due to: 

1. Inefficient repair of heat induced DNA damage in cells growing at the 
temperatures. 

2. Inaccuracy, during growth at high temperatures, of the enzymes 
responsible for DNA replication. 

However, the evidence presented here showing that elevated temperature 
induces genetic damage suggests that the former explanation is more prob
able. Freese ( 1963) has suggested that depurination is partially responsible 
for the mutagenic effects of alkylating agents. It is therefore a possibility 
that heat induced mutation also results from depurination. Heat induced 
mitotic crossing-over may result from DNA strand breakage followed by 
reunion between homologous chromosomes. A number of pieces of evidence 
(Evans, 1974; Davies et al., 1975) suggest that DNA damage in yeast may be 
repaired by an enzymatic process which leads to mitotic gene conversion. 
The induction of mitotic gene conversion by elevated temperatures may 
therefore be the consequence of the repair of heat induced DNA damage by 
such a process. 
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