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INTRODUCTION
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The genetic stability of microorganisms during prolonged
cultivation is important in both industrial processes and academic
investigations. Genetic variation of significant proportions can
have far reaching effects. The conclusions deduced from the results
of research experiments and based upon the assumption that the
culture has remained 'pure', may be invalidated. In industrisal
processes the end product may be altered, qualitatively or quantit-
atively, and by-products may be formed which render the end product
unusable.

Spontaneous genetic mutation has been regarded as the main
cause of variation in cultures of microorganisms (Winge, 1944).
Any genetically controlled characteristic, morphological or physio=-
logical, can be subject to change by spontaneous mutetion. How-
ever, in diploid heterozygous yeasts, variation may not be due
entirely, or even primarily, to spontaneous mutation. It has been
suggested (Emeis, 1961) that the frequency of mitotic segregation
may exceed the frequency of spontaneous mutation for many loci in
diploid heterozygous yeasts. Mitotic segregation would, therefore,
seem to be an important source of variation in many strains.

Besides gene mutation and mitotic segregation a third source
of variation, namely extrachromosomsl mutation, must be considered.
In yeast, variants which are respiratory deficient and are known
as 'petites' (Ephrussi, 1953) have been observed to occur spontan-
eously at an average rate of about one per cent (Sherman 1959).
Petites are the result of the mutation of a cytoplasmic determinant
and the frequency of this mutation can be highly dependent upon

environmental conditions.
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Continuous cultivation in &n apparatus such as the Chemostat
is an extremely useful tool for the investigation of variation in
microorgenisms, (Novick and Szilard, 1955). Moreover, continuous
cultivation is of great importance in industry since it has distinct
economic and practical advantages over the more conventional batch
processes. The production by continuous cultivation techniques of
antibiotics, yeast, beer, and chemicals such as citric acid is
either in practice or under active investigation.

The aim of this research was to investigate the variations
which might arise during prolonged cultivation of certain diploid
strains of yeast. Both Chemostat and serial transfer techniques
were used to obtain conditions of prolonged cultivation. Varia-
tions due to mitotic segregation at four adenine loci and varia-
tions due to the effects of temperatures between 15°C and 30°C

on a cytoplasmic determinant were studied. Before considering

these particular variations, some more general aspects of mutation

and mitotic segregation will be reviewed.
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Aneuploidy and Gene Mutation in Yeast

Aneuploidy is a change in the chromosome number of an organism
which is the result of the addition or subtraction of one or more
whole chromosomes giving polysomy or monosomy. The spontaneous
occurrence of aneuploidy in yeast has been reported (Hawthorne and
Mortimer, 1960; Cox and Bevan, 1962). Both disomic (n + 1) and
trisomic (n + 3) aneuploids have been isolated (Cox and Bevan, 1962)
and it was suggested that they might be quite common in old labor-
atory stock cultures. The spontaneous occurrence of tetraploid
yeasts has been observed (Roman et al., 1955; Johnston and Mackinnon,
1966), and aneuploids commonly arise from tetraploids following
meiosis. The significance of aneuploidy in yeast is that during
cultivation it provides a source of variation. As will be seen
later mechanisms of mitotic recombination of genes are applicable
to some aneuploid as well as diploid microorganisms. Since aneuploids
usually have only one or two extra chromosomes, variation by mitotic
segregation is possible of only a fraction of the genetic material.
A system which allows a proportion of genetic variation in an
otherwise stable genetic background may well be of at least temp-
orary advantage to a fast-multiplying unicellular organism (Bevan,
1960). This statement could be very significant when considered in
the context of continuous cultivation, since under these conditions
yeast may be multiplying rapidly and if a significant level of
aneuploid yeast cells were present then any variation resulting
from them could have significant effects on the nature of the pop-
ulation. It has been suggested (Hurst and Fogel, 1964) that the

events taking place during the mitotic segregation are 'parameiotic’,
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rather than mitotic, in nature. If this is true then aneuploids
might be formed more frequently.

Aneuploidy may be important in a context other than as a source
of variation during continuous cultivation. Aneuploids have been
suggested as a source of aberrant ratios observed in yeast tetrads
(Emerson, 1956). The significance of this will be seen when the
results of the investigation of spontaneously occurring flocculation
are considered.

Wild type yeast can synthesize all the amino acids, vitamins,
purines and pyrimidines it requires for growth from carbon and nitrogen
sources, and simple inorganic salts. If mutation of a gene which
codes for an enzyme occurs and results in the enzyme becoming non
functional, then a block occurs at that point in the synthetic path-
waye. Such mutations can easily be identified in haploid yeasts as
the culture medium must be supplemented with the particular amino
acid, vitamin, purine or pyrimidine before the mutant yeast can grow.
Most of the studies of mutation in yeast have been concentrated on
those which affect biochemical pathways because they are easily
identified. Besides numerous biochemical mutants of this type,
matants involving characteristics such as sugar utilisation and
resistance to antibiotics have been identified. Many of these gene

mutations have been mapped so that chromosome maps for Saccharomyces

are fairly extensive (Hawthorne and Mortimer, 1960; Mortimer and
Hawthorne, 1966). Gene mutation of one allele in a wild type diploid
yeast is not phenotypically expressed unless it is dominant or semi-
dominant, and recessive mutations can only be identified by tetrad

analysis. If, however, the diploid yeast is heterozygous at a
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particular locus, mutation of the dominant allele will be pheno-
typically expressed. Such gene mutations are the most common source
of variation in cultures of microorganisms and consequently are of

great importance.
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Respiratory Deficiency in Yeast

Saccharomyces cerevisiae is a facultative anaerobe, which means

that under aerobic conditions energy is provided by oxidative break-
down of substrates, while under anaerobic conditions energy is
provided by the fermentative breakdown of substrates. A spontaneous

mutant Saccharomyces cerevisiae, unable to respire under aerobic

conditions, has been observed (Ephrussi et al., 19.9). This mutant,
named ‘*petite’, when grown on a solid medium containing fermentable
substrates, forms characteristically smaller colonies than the
respiratory competent parent strain. It is unable to utilise non-
fermentable substrates such as glyecerol, lactate, acetate, or

succinate, because of the absence of cytochromes a + a, and b and

3
certain dehydrogenase enzymes. The petite mutant is apparently

very stable and during twenty years of investigation of petite
mutants there has been only one claim of reversion to respiratory
competency (Kraepelin, 1964). Ephrussi found, on analysis of this
mutant, that it exhibited non-Mendelian inheritance and consequently
postulated that the mutation was of cytoplasmic rather than chrom-
osomal nature. Since the early work of Ephrussi a wide variety of
petites have been investigated and it has become apparent that
nuclear petites (Chen, Ephrussi and Hottinguer, 1950; Reilly and
Sherman, 1965), as well as cytoplasmic petites, exist. However
cytoplasmic petites are much more common and occur spontaneously
with an average frequency of 1% (Sherman, 1959) but can occur at
much higher rates even under normal cultural conditions.

Cytoplasmic petites

Cytoplasmic or Vegetative petites can be divided into two
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main classes, 'Neutral' and 'Suppressive'.

Petites classified as 'neutral' conform to the following
pattern of inheritance. When haploid 'neutral' petites are crossed
with haploid normal strains, they give rise to respiratory suffic-
ient diploids. These diploids, when sporulated and the segregants
analysed, give segregation in the expected ratios for all the
genetic markers, whereas all the segregants are respiratory suffic-
ient. As a result it has been postulated that respiratory deficiency
is caused by the mutation or loss of a cytoplasmic genetic factor.
When the petite is crossed with the respiratory sufficient strain
the factor is introduced into the diploid and into all the haploid
progeny arising by sporulation. The cytoplasmic genetic factor has
been called the rho g;;) particle (Sherman, 1964). The rho particle
replicates normally in the respiratory sufficient strain and is
passed onto its progeny, thus the parent strain is rho positive g/;).
4 daughter cell not inheriting a rho particle is rho minus gﬁ;)’
and petite. Reversion from petite to respiratory sufficiency has
not been observed during vegetative growth of haploid ‘'neutral’
petites (Raut, 1954). Complementation, which would result in a
respiratory sufficient diploid, does not occur when haploid neutral
petites are mated (Jakob, 1965). This indicates that all these
neutral petites arise from the same basic mutational change
(Roodyn and Wilkie, 1966).

'Suppressive' petites show a different pattern of inheritance
to that exhibited by ‘'neutral' petites. When haploid 'suppressive'’
petites are crossed with haploid respiratory sufficient strains

only a proportion of the resulting diploid progeny are respiratory
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sufficient (Ephrussi et al., 1955). Effectively the respiratory
sufficient parent has failed to transmit the rho particle to the
progeny of the diploid zygote. It was concluded that 'suppressive'
petites included a suppressive factor (SF) which inhibits the
replication of the rho particle (Ephrussi et al., 1966). More-
over the degree of suppressiveness is a characteristic of each
cell of the suppressive strain (Ephrussi and Grandchamp, 1965)
since the proportion of petite diploids depends on the strain of
petite. The suppressive factor must be transmitted through the
ascospore to the haploid segregant, as ascospores of suppressed
zygotes give suppressive petite colonies and ascospores of non-
suppressed gygotes do not. It thus seems that SF is passively
transmitted to daughter cells and, when present, eliminates all
the normel rho particles. It has been suggested thet the degree
of suppressiveness depends on the rate of turnover of SF (Wilkie,
1968).

Nuclear petites

The P series of genes

Nuclear petites, morphologically identical with cytoplasmic
petites, have been isolated (Chen, Ephrussi, and Hottinguer, 1950;
Raut, 1953; Ephrussi, 1953). These were also unable to utilise
non-fermentable substrates as an energy source. However, on
tetrad analysis following the crossing of these nuclear petites
with haploid respiratory sufficient haploid strains, Mendelian
segregation with respect to respiratory deficiency is observed.
In this class of petite respiratory deficiency is, therefore, the

result of mutation of a nuclear gene. However, respiratory deficiency
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in these mutants is not due to gene mutation alone. Of nine gene
mutants of the P series analysed by crossing with haploid neutral
petites (Sherman, 1963; Sherman and Slonimski, 196L), three gave
diploid petite gygotes and six gave respiratory sufficient zygotes.
Presumably the first group of three gene mutants lacked the cyto-
plasmic factor for respiratory sufficiency and were consequently
/cf. The other six gene mutants must have been/.g+ and transmitted
the rho particle to the diploid zygote on crossing with the haploid
neutral petite.

The cy mutants

It has been concluded that the formation of cytochromes
a + a3 and b is under the control of the cytoplasmic factor since
they are absent in neutral petites. As cytochrome ¢ is present in
normal or even increased amounts in neutral petites, its formation
has been assumed to be under the control of the nuclear genetic
material. Petite mutants containing normal levels of cytochromes
a+ 33 and b, but reduced levels or completely absent cytochrome ¢
have also been isolated (Sherman, 1964). Six unlinked genes were
identified as controlling the synthesis of cytochrome ¢ and
mutations of these genes block, or partially block, the synthesis
of cytochrome ¢. These mutations also result in the non-utilisation
of some non-fermentable substrates. However it was shown that cyto-
chrome ¢ synthesis was entirely independent of cytoplasmic genetic

information (Sherman et al., 1966).

The relationship between mitochondrial DNA and the rho particle.

As a result of the observations on cytoplasmic petites the

location and nature of the cytoplasmic determinant, the rho particle,
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became of prime importance and many investigations have aimed at its
elucidation. It had been suggested that petites arose from the loss
or inactivation of autonomous self-replicating non-chromosomal
particles (Ephrussi and Hottinguer, 1951; Raut, 1953). As petites
can be induced by U.V. light with meximum efficiency at 2600 4° it
was suggested that the rho particle was nucleic acid (Raut and
Simpson, 1955) and that this nucleic acid was associated with the
mitochondria. Mitochondria are, of course, the site of many of
the oxidative enzymes and of the cytochromes. The number of mito-
chondria present in & yeast cell can vary widely according to the
environmental conditions, but even numbers, commonly 6 or 8, are
usually found (Sugimura et al., 1966). Mitochondria have also been
found to reproduce at a different rate to the cell and apparently
by a process of binary fission (Lehninger, 1964). Based on these
observations, mitochondria would be the logical source or site of
the cytoplasmic determinant.

Mitochondrial DNA has been found to occur generally in cells
from all kinds of tissues (Nass, Nass, and Afszeluis, 1965). A
chemical assay indicated that DNA would be found in association
with the mitochondria of yeast (Schatz, Haslbrumner and Tuppy, 1964),
and mitochondrial DNA was isolated and characterised from yeast
shortly afterwards (Tewari, Jayaraman and Mahler, 1965). The
initial observation was later confirmed by several groups of workers
(Moustacchi and Williamson, 1966; Corneo et al., 1966; Mounolou et
al., 1966; Tewari et al., 1966). Analysis of total cell DNA showed
& major component with a buoyant density of 1.700 g/cmB, which was

assumed to be nuclear DNA. A minor or sstellite component with an
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approximate buoyant density of 1.682 g/cm3 was assumed to be the
mitochondrial DNA, especially as it could be concentrated in the
mitochondrial fractions. Another satellite component, of buoyant
density 1.706 g/cm3, wes observed, but this component could not
be obtained pure and its origin and relationship to other com-
ponents remain unknown (Moustacchi and Williamson, 1966).
Mitochondrial DNA has been reported to be absent from
respiratory deficient yeasts (Corneo et al., 1966; Moustacchi
and Williamson, 1966). The design of the experiments of the above
anthors was, however, criticized, and the careful analysis and
comparison of a variety of respirastory deficient yeast mutants
revealed that mitochondrial DNA is present in cytoplasmic petites
(Mounolou, Jakob and Slonimski, 1966). Their results showed that
mitochondrial DNA differs according to the cytoplasmic genome.
Mitochondrial DNA is lighter in cytoplasmic neutral petites and
heavier in cytoplasmic suppressive petites (1.687 : 1.695), the
respiratory sufficient strain having a buoyant density of 1.682 g/cm3
for mitochondrial DNA. Based on their observations and the design
of the experiments they concluded that 'the cytoplasmic petite
mutation is not due to a loss of mitochondrial DNA but to a change
in its buoyent density'.s In essence this infers that mitochondrial
DNA is altered and that petites arise as the result of this alteration.
This alteration could be guite large and result in ‘nonsense' DNA,
which could be the reason why reversion to respiratory normal cells
has been reported only once (Kraepelin, 1964). This initial report
of mitochondrial DNA in cytoplasmic petites was later confirmed in
both haploid and dipleoid strains of yeast (Avers, 1967; Avers et el.,

1968; Bernardi et sl., 1968). Moreover it was demonstrated that
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one of the satellite DNA components in respiratory deficient cells
was an adenine - thymine rich DNA, probably mitochondrial DNA. A
second satellite component was found to be a guanine - rich nucleic
acid, but no further light has been shed on its origin (Bernardi
et al., 1958). The occurrence of & DNA - polymerase in isolated
yeast mitochondria supports the evidence that mitochondrial DNA
exists and that it can replicate (Wintersberger, 1966).

It is now assumed that mitochondrial DNA is the cytoplasmic
determinant, the rho factor, and that it controls the formation of

cytochromes a + a, and b in Saccharomyces. Electron microscopy

3

has shown that the mitochondria of cytoplasmic petites are malformed,
with distorted inner membranes or christae (Yotsuyanagi, 1962;

Smith et al., 1969). The mitochondria of nuclear petites are
completely normal in appearance (Yotsuyanagi, 1962) showing that

it is alteration of the cytoplasmic determinant rather than the
nuclear determinant which causes the alteration in the structure of
the mitochondria. The relationship between the malformed mitochon-

dria of petites and the absence of cytochromes a + a, and b, has

3
been suggested by Prezbindowski and collaborators (1968). In this
elegant work, mitochondrial christae of normal yeasts were split into
two membraneous fractions by the use of detergents. This was called
the *‘red - green split', and cytochromes b and c, were found in the
'‘red' fraction and cytochromes a and a3 were found in the 'green'
fraction. Physical measurements of the cytochrome molecules and of
the thickness of the membranes of the christae supported the hypo-

thesis that the christae membranes were entirely composed of cyto-

chrome molecules. Assuming that mitochondrial DNA carries the
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information for the formation of cytochromes a + az and b, it may
be concluded that mutation of mitochondrial DNA could result in the
absence of these cytochromes and consequently malformation of the
inner membranes of the mitochondria.

The precise relationship between the amount of mitochondrial
DNA and the number of mitochondria is not yeat clear. A relationship
of one mitochondrial DNA unit to one mitochondrion has not been
established, &lthough target analysis has shown that the number of
mitochondrial genetic units is greater in aerobic unrepressed cells,
which have large numbers of mitochondris, than in repressed cells
which have only a few mitochondria (Allen and MacQuillan, 1969).
Studies involving U.V. irrsdiation (Maroudas and Wilkie, 1968) and
the induction of petites by ethidium bromide (Slonimski, Perrodin
and Croft, 1968) show that the number of cytoplasmic genetic deter-
minants for respiratory sufficiency is less than the number of
mitochondria in a cell. This suggests that only a fraction of the
mitochondrial population carries a functional rho factor. If one
assumes that rho factor and mitochondrial DNA are identical, then
only & fraction of the mitochondria appear to contain functional
DNA.

At present there is only indirect evidence to suggest that
mitochondrial DNA has a genetic function, namely, carriage of
the information for formation of cytochromes a + 33 and b. Induction
of petites by acriflavine suggests that mitochondrial DNA may alsc
control the formation of same enzymes, such &s succinie dehydro-

genase (Avers, Pfeffer and Rancourt, 1965; Avers, Rancourt and

Lin, 1965). However, non-chromosomal genes like these observed in
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Chlamydomonas (Seger and Ramanis, 1965, 1967, 1968) have not been

identified so far. Moreover, it has been suggested that mito-
chondrisl DNA is heterogeneous (Avers, 1967; Avers et al., 1968)
in which case one type of mitochondrial DNA could be controlling
cytochrome formation and another type controlling the formation
of enzymes. Furthermore mitochondrial DNA could have functions, as
yet undetected, other than those connected with the respiratory
activities of the cell. Although only one unconfirmed report of
spontaneous reversion to respiratory sufficiency has been made
(Kraepelin, 196&), reversion via an enzyme repair mechanism during
photoreactivation following U.V. irradiation has been observed
(Pittman and Pedigo, 1959). The stability of thepetite mutant has
been used to support the hypothesis that ‘*nonsense' DNA is formed
on mutation. However, in one case of entrachromosomal respiratory
deficiency in Neurospora, it has been established that the cause
is substitution of a single amino acid in a protein (Woodward and
Munres, 1966). In this case the alteration in mitochondrial DNA
is probably very small, and if a similar mechanism existed in

Saccharomyces spontaneous reversion might be less unlikely.

Induction of petites.

Petites can be induced by a wide variety of agents which can
be divided into two main categories:
() mutagens which induce respiratory deficiency of a
cytoplasmic nature,
(B) agents, such as antibiotics, which block protein
synthesis in the mitochondria resulting in respiratory

deficient cells.

Mutasens
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Mutagens
Since early investigations (Ephrussi et al., 1949; Ephrussi
and Hottinguer, 1951; Marcovitch, 1951; Ephrussi, 1953), the
acridine dye, acriflavine, has been widely used to induce petites

in Saccharomyces. At low concentrations acriflavine induces petites

at a very high frequency. Moreover, it was found that &ll the buds
produced by & yeast cell, while in the presence of acriflavine,
ultimately formed petite cells. However, if the same yeast cell
was then washed and placed in a normal nutrient medium 211 the buds
thereafter formed normal cells (Ephrussi, 1953). It has been
suggested that acriflavine combines preferentially with mitochon-
drial DNA rather than nuclear DNA, since at higher concentrations
acriflavine induces gene mutations (Tewari et al., 1966). Combination
or intercalcation with mitochondrial DNA by acriflavine could result
in nonsense DNA being formed on replication (Mounolou et al., 4968).
Nonsense DNA, when transmitted by a bud, would result in a petite
cell. Although some doubt has been cast on this mechanism (Roodyn
and Wilkie, 1968), it has been shown that acriflavine reacts with
mitochondrial DNA in a 'parallel fashion' with the bases (Sugimura
et al., 1969). Another mutagen, pinacyol, which also induces petites,
reacts in a *perpendicular fashion' to the bases of mitochondrial
DNA. Spontaneous resistance to mitochondrizl mutation by acriflavine
has been shown to be under the control of recessive nuclear genes
(Thomas and Wilkie, 1967).

The action of acriflavine is species specific, many species
of yeast being naturally resistant to acriflavine induction of

petites. These strains have been designated 'petite negative', and
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those which are not resistant, tpetite positive' (Bulder, 1964a,
1964b). Petite strains induced by acriflavine have been found
to differ in other respects (Avers, Pfeffer and Rancourt, 4965).
When a random selection of acriflavine induced petites was
analysed for mitochondrial cytochrome oxidase and succinic de-
hydrogenase (SDH), four groups emerged:

(1) 1low cytochrome oxidase, normal SDH.

(2) 1low cytochrome oxidase, high SDH.

(3) no cytochrome oxidase, high SDH.

(4) no cytochrome oxidase, normal SDH.

The last group was the most common. Surprisingly, members
of the second group could be sporulated despite having a petite
phenotype.

An interesting mutagen is 2, 3, 5, triphenyltetrazeluim
chloride (TTC) which is commonly used as a diagnostic means of
identifying petite colonies (Ogur et al., 1957). It was also found
to be an effective inducer of petites (Laskowski, 1954), although
the relationship between its inductive ability and its diagnostic
usefulness has not yet been fully explained.

A number of heavy metals, such as copper, nickel, cobalt, and
manganese, are effective inducers of petites (Lindegren, 1958; Nagai
and Nagai, 1958a, 1958b). Manganese chloride or sulphate is part-
icularly efficient and also has very low toxicity in comparison with
the other heavy metals. A large variety of chemical compounds induce
cytoplasmic petites, but as their mode of action has not been eluci-
dated, they cannot be classified.

Ultraviolet irradiation induces petites at a very high frequency
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(Raut, 1953, 1954). It was suggested that this effect was due
to selective killing rather than induction, but closer examination
reveeled differentiel killing of normal and mutant cells which
argued against selection. Furthermore some of the petites were
found to be nuclear (segregational) mutantse Double mutants of
both the cytoplasmic determinant and a nuclear gene were also
isolated. A more detailed examination demonstrated that there
was maximum petite induction at a wavelength of 2600A°. This
wavelength is also the one which is maximally absorbed by nucleic
acid and therefore it was suggested that the cytoplasmic self-
replicating particle was nucleic acid (Raut and Simpson, 1955).
This hypothesis was further supported by results which showed a
linear (single-hit) relationship in anserobic cells between U.V.
dose and mutation, and induction curves of a multiple-hit nature
in aerobic cells (Wilkie, 1963). This evidence, taken in con-
junction with consideration of the numbers of mitochondris in aerobic
and anaerobic cells, again indicated that the mitochondria might
contain nucleic acid. Photoreactivation, whereby the production of
petites is reduced by exposure to visible light immediately following
U.V. irradiation, has been shown to occur (Sarachek, 1958). This
phenomenon was observed only in cultures of aerobically respiring
cells and subsequent investigations showed that U.V. induction and
photoreactivation were independent of ploidy (Pittman and Pedigo, 1959;
Pittman et a2l., 1959).

The production of petites in increased proportions by elevated
temperatures was first reported by Yecas (1954). A more detailed

investigation was subsequently performed (Sherman, 1957, 1959).



- 48 -
Haploid and diploid yeast strains, normally cultivated at 30°C,
were cultivated at 38°C and AOOC, and an increased proportion
of petites, varying between 10% and 100% of the total population
depending on the strain employed, was observed. In the main,
haploid strains were more unstable in this respect than diploid
strains. This effect was shown to be inductions and not selection
by 'daughter' and *sister' single cell pedigree analysis. It was
suggested that increased temperature interferes with the replication
of the cytoplasmic factor resulting in a proportion of the offspring
lacking this element. 'Heat shock' induction of petites was also
observed by Sherman (1959), when yeast was cultivated in a liquid
medium at 30°C and then subjected to a temperature of SAPC for
30 minutes. Approximately 99% of the cells were killed by this
treatment, but 4L0% of the survivors were petite. Selection was
also ruled out im this case as petites were shown to be more tem-
perature sensitive than normel cells.
Lower temperatures also induce petites (Ogur, Ogur and St. John,
1959). It was found that the extremes of the temperature range
15 - 38°C were effective in inducing petites in 5 strains, the
degree of induction depending on both the strain and the temperature.
Antibiotics
Antibiotics have been used extensively to study the biochemistry
of mitochondria, and the genetical significance of mitochondrial DNA.
High concentrations of chloramphenicol inhibit the formation
of cytochromes a + a3 and b in yeast. However, chloramphenicol has
no effect on the formation of cytochrome c. Yeast cells produced

under conditions of chloramphenicol inhibition are phenotypically
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identical with respiratory deficient cytoplasmic petites (Huang
et al., 1966; Clark-Walker and Linnane, 1967). However, there

is one major difference in that the action of chloramphenicol is
completely reversible. Besides being physiologically identical,
both antibiotic and cytoplasmic petites are morphologically
similar in that the mitochondria of both have malformed christae
(Clark-Walker and Linnane, 1967; Yotsuyanagi, 1962). As all
other properties of the cytoplasm remain unchaenged, it was
suggested that chloramphenicol specifically blocks the translation
of mitochondrial genetic information into protein of the inner
membrane. The g, mutent (Negrotti and Wilkie, 1968) exhibits

the induction of respiratory deficiency by glucose, and studies of
this mutent supported this hypothesis of the mode of action of
chloramphenicol. Whether the genetic information originates from
mitochondrial DNA or from nuclesr DNA via messenger RNA has not
been established. The genetics of resistance to chloramphenical
and eiythromycin have been investigated (Wilkie et al., 1967) and
the cytoplasmic inheritance of exthromycin resistance established
(Thomas and Wilkie, 1968).

The use of cycloheximide (actidione) in low concentrations
slows the growth rate of yeasts but does not affect the synthesis
of cytochromes & + 8y (Clark-Walker and Linnane, 1966).. The
conclusion drawn from these results is that yeasts have two protein
synthesizing systems, one of which is cytoplasmic and the other
mitochondrial. These conclusions were confirmed when the mechanism

of resistance was established (Cooper et sl., 1967; Wilkie, 1967).
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Mitotic Recombination

Nuclear and cytoplasmic mutation are major sources of genetic
variation in microbial populations. However, in diploid yeast
populations another potential source of genetic variation is mitotic
recombination. During the cultivation of a diploid yeast, which
is heterozygous for a number of gene markers, recombinants for some
or all of these markers may be isolated. Assuming that most of the
recombinants for one locus are recovered, then both recombinants
homozygous for the wild type allele, and for the mutant allele,
should be found. Mitotic recombination was first observed in '

Drosophila melanogaster (Stern, 1936) and in Saccharomyces cerevisiae

more recently (James and Lee-Whiting, 1955). Considerable interest
has been shown in the mechanism by which mitotic recombination of
genes occurs, and four possible mechanisms have been postulated.

(1) Mitotic crossing-over

Mitotic crossing-over (fig. 1a) was first postulated as the

result of analyses of somatic variation in Drosophila melanogaster

(Stern, 1936) and used later to explain asexual variation in

Aspergillus nidulans (Pontecorvo et al., 1953). Somatic pairing

of chromosomes has been observed in Drosophila melanogaster but

is only assumed to occur in Aspergillus nidulans. Crossing-over

occurs at the four strand stage accompanied by division of the
contromeres and followed by normal disjunction of the chromatids.
The following conclusions may be drawn from the analysis of the
model. (1) The genes distal to the point of crossing-over are
homozygous in 50% of the daughter nuclei. (2) A positive corre-

lation will exist between the distance from the centromere and
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the frequency of homozygosis of a gene.

(2) Non-disjunction of centromeres at mitosis

This model (fig. 1b) was proposed as the result of observa-

tions in Aspergillus nidulans (Pontecorvo et al., 1953). The

principal result is complete homozygosis for all the genes on the

chromosome.

(3) Meiotic orossing-over and restitution

This model (fig. fc) was originally proposed as a possible
mechanism of mitotic segregation induced by U.V. light in

Saccharomyces cerevisiae (James and Lee-Whiting, 1955) but was

later rejected as unlikely (James, 4955). However, more recently,
its acceptance was strongly argued on the basis of further evidence
from U.V. irradiation studies (Wilkie and Lewis, 1963). In this
model it is assumed that events occur, a3 in meiosis up to, and
including, the first meiotic division. This means that pairing of
the chromosomes takes place, and crossing-over occurs at the meiotic
rate at the four strand stage, and the centromeres segregate but do
not divide. The difference between this first meiotic division and
mitosis lies in the theory that the chromosomes do not separate into
four different nuclei but merely into two. The cause of this may be
nondisjunction of the centromeres, or alternatively restitution of
the pairs of haploid telephase nuclei into two diploid nuclei. The
consequences of this model are that all the genes proximal to the
point of crossover are homozygous. There will, therefore, be
negative correlation between the distance from the centromere and

the frequency of homozygosis of a gene.
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(4) Crossing-over at the two strand stage, meiotic action

of centromeres and restitution.

This model (fig. 1d) was also proposed to explain some results

of U.V. induction of mitotic segregation in Saccharomyces cerevisiae

(Wilkie and Lewis, 1963). As in the previous model, normsl pairing
of chromosomes as at meiosis is assumed. However, crossing-over
occurs at the two strand stage as a result of the action of U.V.
light. The restitution or nondisjunction takes place at the second
division stage. The result in this model of recombination is that
all the genes will be homozygous in both nuclei, also a higher than
normal frequency of crossing-over will occur., No.correlation between
the distance from the centromere and the frequency of homozygosis
of a gene will exist.

Each of these mechanisms was consistant with the observations
on which it was based, but none was valid for all the observations
in the different organisms. However another mechanism has been
proposed on the basis of observations of U.V. irradiation of

Saccharomyces cerevisiae (Hurst and Fogel, 1964) which gives good

correlation for all of the observations in the different organisms.
Hurst and Fogel (1964) disagreed with the terminology and description
of mitotic crossing-over and preferred the term ‘'parameiosis' as a
more accurate description of the events taking place. They defined
'parameiosis' as 'mitotic centromere disjunction preceeded by the
chromosomal events associated with the first meiotic prophase.’

The hypothesis assumes that during normal vegetative growth some

of the cells enter into the early stages of meiosis. However, it

is proposed that the process of meiosis is reversible up to a point,
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and the diploid state is maintained by the occurence of mitotic
centromere disjunction. This hypothesis implies that synapsis
of all homologous chromosomes takes place, thus explaining the
high coincidence of mitotic recombination for unlinked markers
which has been observed (Hurst and Fogel, 1962; Fogel and Hurst,
1963; Wilkie and Lewis, 1963; Hurst and Fogel, 1964). This
model (fig. 1e) is superficially similar to the one proposed for
meiotic crossing-over and restitution (Wilkie and Lewis, 1963).
However, closer examination reveals that the products are identical
with the products of mitotic crossing-over. The vital difference
in the first case is the behaviour of the centromeres and the
assortment of chromatids. Centromere behaviour also differs from
that which is proposed for mitotic crossing-over.

Induction of Mitotic Recombination

Mitotic recombination, regardless of the mechanism involved
can be induced by a variety of agents. In yeast mitotic recombin-
ation is increased among the survivors of U.V. irradiation (James,
1954; James and Lee-Whiting, 1955; Roman and Jacob, 1958; Sherman
and Roman, 1963; Capaldi and Manney, 1968). U.V. irradiation also
causes mitotic recombination in Aspergillus (Fratello et al., 1960;
Kafer, 1963; Tector and Kafer, 1942), and in Ustilago (Holliday,
1961). 1In Aspergillus, U.V. irradiation induces recombination by
the mechanisms of mitotic crossing-over, nondisjunction of centro-
meres, and haploidisation due to repeated aneuploidy (Pontecorvo

et al., 1953). In Ustilago maydis, a series of experiments

(Holliday, 1961, 1952, 1964) seem to indicate that mitotic crossing-

over is the most probable mechanism, but the mechanism of parameiosis
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was not considered. While the precise mechanism by which U.V. light
acts is not understood, the mechanism by which a wide variety of
other agents act is known. Those agents which stimulate mitotic
recombination have been called 'recombinagens' (Holliday, 196L).
Fluorouracil (Beccari et al., 1967) formalin and nitrogen mustard
(Fratello et al., 1960) and bifunctional alkylating agents such as
dienpoxybutane and methyl-bis ( £ chlorocthyl) amine (Morpurgo,
1963) are all effective inducers in Aspergillus. Mitomycin C, which
specifically inhibits DNA synthesis in bacteria (Shiba et al, 1959),
in yeast (Williamson and Scopes, 1962) and in animal cells (Ben-
Porat et al., 1961), has been shown to stimulate mitotic segregation

in Ustilago and Saccharomyces (Holliday, 196L4). Another DNA inhibiter,

5 = fluore deoxyurindine (FUDR) stimulates mitotic segregation in
Ustilago (Esposito and Holliday, 196L).

Most of the investigations of mitotic recombination in yeast
have been concerned with the mechanism(s) by which it takes place.
There have been only a few investigations concerned with the rate at
which mitotic recombination occurs spontaneously and its possible
consequences in growing yeast cultures (Emeis, 1962; Johnston and
Mackinnon, 1956). Approximate rates of mitotic recombination have
been estimated for some genes and it has been suggested that these
rates were greater than the forward mutation rates for the same genes.
The consequences of mitotic recombination of genes in yeast during
prolonged cultivation depend largely on the genes concerned, and on
selection characteristics. For example, the rate of mitotic recom-
bination at the ada locus was estimated as approximately 6 X 10—1"

per cell per generation. In this case, although there was no
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difference in the nutritionel requirements of the parent strain and
the recombinants, there was nevertheless selection for the latter cells
during cultivation (Johnston and Mackinnon, 1966). Consequently,
although the various types of cells have identical nutritional

requirements, the population does change quite drastically.



FIGURE 1: Proposed mechanisms of mitotic recombination
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Fig. 1c Meiotic crossing-over and restitution
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Fig. 1e Parameiosis
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Continuous Cultivation

Classically, serial transfer techniques have been used to
determine genetic variations such as mutation in microbial
populations. However, even under good serial transfer conditions,
in which both lag and stationary phases of growth are essentially
absent, the cultural conditions are constantly changing. The size
of the microbisl population increases and the concentration of
the nutrients in the medium decreases during each growth cycle.
Fairly accurate determinations of mutation rates have nevertheless
been made by this technique (Stocker, 1949).

The shortcomings of the serial transfer technique can be
avoided by the continuous growth of microorganisms, the basic
equations of which were postulated by Monod (1950). Where V=volume
of culture, F=flow of media, and C=concentration of the growth
factor in the culture vessel then:

(1) When the flow rate F = O, the bacterial concentration n would
rise in the culture vessel according to-:—! %n%_ = o< (C) where o =
growth rate which is a function of the concentration (C) of the
growth factor.

(2) In the absence of growth, the bacterial concentration in the
culture vessel would decrease for a given flow rate, F, according

1 én _-F

to the formula a Where g - B may be called the ‘'washing-

acv v <.
1
B

(3) With growth taeking place, after a while for any given flow rate,

out rate' of the culture vessel, and = the washing-out time.

¥, a stationary state will be reached at which the growth rate will
be equal to the washing out rate (or dilution rate) B (and the genera-

tion time, r equal to the washing out time %).
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i.€e (C)=B=T’, r=-§=-§

The generation time r is also known as the culture generation time
or the mean residence time,

Thus, in continuous culture, the microbisl population, although
growing exponentially (the culture itself exhibiting linear growth)
remains of constant size in the culture vessel. Also the concentration
of nutrients in the culture remains constant throughout growth. This
technique is an extremely useful tool in the investigation of the
physiological and biochemical factors affecting the cultivation of
microorganisms. The effects of changing physical parameters such as flow
rate, working volume, aeration, and agitation have been investigated
by many workers and the principal results have been postulated as series
of complex equations (Kono and Asai, 4969).

Continuous cultivation in an apparatus such as the *Chemostat!
or 'Turbidostat' has been used to investigate mutation rates. Novick
and Szilard (1950) found that there was a relationship between mutation
rate and time, independent of the generation time of the organism.

This result was very controversial although partially supported by the
observations of Fox (1955). An important factor in the simple deter-
mination of mutation rates, in both serial transfer and continuous
culture techniques, is that the mutant has a growth rate identical to
that of the parent. The possible selection of variants in a population
by falling concentration of particular nutrients during batch growth

is reduced in continuous culture due to the constant concentration of
the nutrients. However selection for e mutant cannot be avoided if it
has a greater growth rate than the parent or an inhibitory effect on

its growth. It was shown (Atwood, Schneider, and Ryan, 1951) that
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‘periodic selection' of mutants occurs during serial transfer. A

histidine requiring (H;) mutant of Escherischia coli was grown by

serial transfers. Spontaneous mutation to a histidine non-requiring
(H:) type took place. The revertant mutant, H:, grew faster than
the parent mutant, H;, so that it tended to replace the latter in
the population. However, a subsequent mutation to HT, took place,
this histidine requiring mutant possessing a faster growth rate

than both the original mutant and the H; revertant and consequently
tended to replace both in the population. This process took place
several times and several different types of H" and H mutants were
isolated. Each mutant was selected for by its faster growth rate
and replaced its parent in the population and the process was termed
'periodic selection' of mutents. The importance of this phenomenon
is the genetic stability of populations of microorganisms during
continuous culture is obvious.

Commerce has shown considerable interest in continuous cultiva-
tion of microorganisms as it offers many economic advantages over the
batch processes at present employed. The results of most commercisl
investigations have not, however, been published, although it is
known, that some products of microbial fermentations such as beer,
antibiotics and chemicals are being made by continuous processes. -
Great interest has been shown in the continuous cultivation of yeast.
Beers and wines are being produced in large pilot plants and on
commercial scales by continuous fermentation processes. Biomass, the
production of edible protein, has been concentrated on the cultivation
of yeast. Biomass production\by continuous cultivation of yeast on

cheap substrates such as natursl gas is under active investigation.
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Biomass is already being produced on a commercial scale by the continuous
cultivation of yeast on the waste products of petroleum distillation.
Biomass is at present being used as a cheap animal feeding stuff, but
is seen as a possible long term answer to the world food shortage.

The use of continuous cultivation for genetic investigations
has, with a few exceptions, been largely neglected. However more
attention must be paid to the genetic stability of microbial popula-
tions during continuous cultivation as it is becoming of increasing

academic and industriel importance.



MATERIALS AND METHODS
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STRAINS

Several strains of Saccharomyces hybrid stock, were used in

these investigations (Table 1). Except for the Brewing strains, all
the strains of yeast employed have a common characteristic, namely

a block in the adenine synthetic pathway resulting from the mutation
of the ad2 gene, diploid strains being homozygous for this mutation.
Consequently, none of the yeast strains could synthesize adenine and
this had to be present in the growth medium. Another consequence of
this block is that cells form red pigmented colonies after ell the
adenine in the medium has been consumed. The reason for this is that
an intermediate of the adenine synthetic pathway, aminoimidazole
ribotide (AIR), cannot be converted into 5 - amino - 4 - imidazole
carboxylic acid ribotide (CAIR) as a result of the ad2 mutation
(Silver and Eaton, 1959). The intermediate AIR accumulates in the
cell and is converted into the red pigment, ribosyl - amino - imida-
zole (Smirnov et al., 1967). Any blocks in the adenine synthetic path-
way prior to that step controlled by the Ad2 gene i.e. due to mutation
of genes Ad3 - Adg, result in the accumulation of intermediates which
are not converted to a pigment and hence the colonies are, as wild
type, white. This sytem is extremely useful for detecting mutants of
the adenine synthetic pathway and has been widely used since it was
first described (Roman, 1956). All the diploid yeast strains employed
included adenine loci other than ad2 which were heterozygous. Recom—-
bination of mutant alleles at those loci results in cells which form
white colonies, which are easily identified among a population which

predominantly forms red colonies (plate 1).



TABLE 1

STRAINS OF SACCHAROMYCES USED IN THESE INVESTIGATIONS

STRAIN ORIGIN PLOIDY GENOTYPE
X 190 J.R. JOHNSTON DIPLOID a ad2 ty2 thr adg tr4i 3 ly7
o< ad2 + + o+ + + +
X 190 5-91 J.R. JOHNSTON HAPLOID o< ad, 1y7
X 190 $-110 J.R. JOHNSTON HAPLOID a ad2 ty2 thr2 1y7
X7T5 R.J. THORNTON DIPLOID a ad2 ade tr4 ur3 + + 4 +

< ad, + + ur. ad3 ad, ars, , his,

X T4 R.J. THORNTON DIFLOID a ad2 tyr

o< ad2 + ad5_7 1y5 tyr3 met15 ac

+ + o+ + +
4

r
2

A, B ALLIED BREWERIES NOT KNOWN
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MEDIA

The following media were used in these investigations.

Standard Growth Media

(1) MYGP. This medium was used either as a broth or solidified

with the addition of 2% Oxoid No. 3 agar. In agar form this medium

was used for the normal growth of the yeasts and for scoring variants
in the population since it contained about 10 mg/litre adenine. This

medium composition is listed below:-

Malt Extract 3 gm.
Yeast Extract 3 gm.
Glucose 10 gm.
Bacto peptone 5 gnm.
Oxoid No. 3 agar 20 gm.
Deionised water 1000 ml.

(2) MAD, as above but supplemented with 20 mg/litre adenine
and used for the maintenance of stock culture, and, in liquid form,
for the cultivation of the yeasts by the serial transfer technique.

Synthetic Complete Medium (S.C.)

This medium was used as & control for the growth of all organisms
during tetrad analysis. This medium consisted of Difco Bacto Yeast
Nitrogen Base w/o amino acids and with 2% glucose as the carbon source.
The medium was supplemented with various amino acids and organic bases

as below:-
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Yeast Nitrogen Base (Difco) 6.5 gm.
Glucose 20 gm.
Adenine 20  mg.
Argenine ) 20 mg.
Histidine 10  mg.
Leucine 30 mg.
Lysine 80 mg.
Methionine 20  mg.
Serine 375 mge
Threomine 350 mg.
Tryptopham 20 mg.
Tyrosine 20  mg.
Phenylalanine 20 mg.
Uracil 20 mge.
Oxoid No. 3 agar 20 gm.
Deionised water 1000 ml.

Since this complete medium contained all the growth requirements
all strains could grow on it.

Omission media

Omission media were prepared by omitting individual amino acids
or bases (Hawthorne and Mortimer, %960) e.g. the adenine requirement

was tested on medium identical with SC but lacking adenine.
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pre-sporulation medium (G.N.A.)

Glucose 50 em.
Nutrient agar 30 gm.
Yeast Extract 10 gm.
Oxo0id No. 3 agar 5 gnm.
Deionised water 1000 ml.

Sporulation medium (P.A.)

Potassium ascetate 10 gm.
Yeast Extract 2+ 5gme
Oxoid No. 3 agar 30 gme
Deionised water 1000 ml.

Differential Media

Respiratory deficient petite colonies of Saccharomyces species
can be distinguished by their small size in comparison with respiratory
competent colonies on MYGP egar. This criterion is not absolutely
relisble and various media have been designed to make this distinction.
Glycerol and sodium lactate media depend on the fact that petites cannot
utilise glycerol and sodium lactate as carbon sources (Ogur and St. John,
1956). The tetraszolium chloride overlay technique depends on respiratory
enzymes present in respiratory sufficient cells acting upon the T.T.C.
to produce a red colouration in one hour. Respiratory deficient petites

do not produce these enzymes and the colonies remain white (0gur, St. John
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and Nagai, 1957). The exact composition and preparation of these
media is listed below.

Glycerol medium

Glycerol 30 gm.
Yeast Extract 10 gm.
Bacto Peptone 10 gn.
Oxoid No. 3 ager 20 gm.
Deionised water 1000 ml.

Sodium lactate medium

Sodium lactate 10 gme.
Yeast Extract 3 gm.
Bacto Peptone 3+ 5gm.
KHZPOA 2 gme
MgSoh . 7H20 1 gme.
(NHA)z 301+ 1 gm.
Oxoid No. 3 agar 20 gm.
Deionised water 4000 ml.

pH adjusted to 5.5

Tetrazolium chloride overlay

Solutions (1) 0.1% solution of Tetrazolium chloride, and
(2) 2% 0xoid No. 3 Agar in 0.07M phosphate buffer
were prepared.
Phosphate buffer:
Solution A : 0.2M KH,PO 13.9 gm. in 500 ml. deionised water.

2L

Solution B : 0.2M KZHPOL,, 1744 gm. in 500 ml. deionised water.

To obtain a solution of pH 7.0 39 ml. Solution A were added to

61 ml. Solution B and diluted to 200 ml. to give a 0.1M solution.
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10 ml. of this solution were diluted into 100 ml. deionised water

to give a 0.02M solution. This solution was diluted to 280 ml. in

deionised water to give a 0.07M phosphate buffer.,
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Sgorulation

In order to achieve good sporulation, the cultures were first
grom on pre-sporulation medium (GNA) slopes at 30°C for two days
and transferred to slopes of sporulation medium (PA). The culture
was spread thinly over the PA slopes and incubated at 25°C for

3 - L days (McLary, Nulty and Miller, 1959; Cox and Bevan, 1962).
The purpose of growing cultures on GNA is to obtain rich growth.
Sporulation medium acts as a starvation medium, with acetate as the

carbon source (Fowell, 1952; Lindegren, 1949).

Tetrazolium chloride overlay

Mixtures (1) and (2) were prepared separately, melted, mixed
at 55°C under sterile conditions, and held at 50°C until used.
10 ml. of this mixture were poured over an agar plate containing
colonies of 2 — 3 days growth. A deep red colour develops within
one hour over aerobic colonies and the respiratory deficient petite
colonies remain white (plate 2).

Sterilisation

Synthetic Complete, Omission and Tetrazolium chloride media
were all sterilised by autoclaving at 10 p.s.i. for 10 minutes.
The other media were sterilised by autoclaving at 15 p.s.i. for 15
minutes. MAD medium for Continuous culture was sterilised by auto-
claving at 15 p.s.i. for 4O minutes because of its bulk (16 litres).
The glycerol medium for continuous culture was sterilised by auto-
claving at 15 p.s.i. for 40 minutes on two successive days. Glass
equipment such as pipettes, petri dishes, and conical flasks were

sterilised in an oven at 150°C for 5 days.
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Hybridisation

Selected haploid strains of opposite mating type were crossed
by mixing fresh cultures fairly thickly on an MYGP agar plate. The
nixture was incubated at 30°C for § - 8 hours and then examined micro-
scopically for the presence of zygotes. Diploid yeast strains were
obtained either by isolating individual zygotes by micromanipulation
or by plating & suspension of the mixture onto selective media on
which the parent strains cannot grow but diploid strains can (Pomper
and Burkholder, 1949; Hawthorne and Mortimer, 1960). Where the
mating type of a haploid strain was not known, it was determined by
nixing freshly grown cells with cells of known mating type and of
complete mentory nutritional requirements. These mixtures were either
examined microscopically after 6 - 8 hours incubation at 30°C or tested
on selective media for the growth of prototrophic diploids.

Tetrad Analysis

To isolate individual ascospores of four spored asci, asci were
first treated with a 20% aqueous solution of a commercial preparation
of snail digestive juice (Suc D'Helixi) which digests the ascus well
but leaves the spores intact and adhering together in tetrads (Johnston
and Mortimer, 1959). After sufficient incubation to allow ascus wall
digestion (generally 1 - 4 hours at BOOC) a loopful of the treated
suspension was spread along one edge of & block of MYGP agar held on
a large coverslip (14.0 X 20 mm). Ascospores from tetrads were then
placed in a fixed position on the agar block by using & glass needle
held in a De Fonbrunne Micromanipulator. The agar blocks were than
removed onto an agar plate by use of a sterilised knife and was incu-

bated at 3000 for 2 - 3 days by which time individual ascospore colonies
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could be easily identified. To determine genotypes, tetrads were
streaked onto MYGP 'master' plates (usually 12 tetrads per plate)
and after incubation at 3000 for 24 hours, replica plated onto
plates of omission media (Lederberg and Lederberg, 1952). The
replicating material was sterilised velvet square held over a brass
block by & brass ring. The plates of omission or other test media
were incubated at 3000 and examined for growth after 24, 48, and
72 hourse

Definition of adenine loci

In order to ascertain the genotypes of adenine requiring recom-
binants of strain XT5, the method of 'cross-streaking' was employed.
Recombinants were sporulated, tetrads dissected, and haploid segregants
were streaked onto master plates. The segregants were cross-streaked
with both mating types of adj, ad,, and a:cl8 tester strains and incu-
bated for 24 hours at 30°C. The cross streaks were then replica plated
onto Ad omission media and incubated at 3000. Since tester strains
contained only one particular adenine mutation, segregants streaked
with a particular tester strain which did not grow on adenineless
media were assumed to carry the same mutation as the tester strain.

Serial transfer technique

For investigations at 3000, 40 mle. of media in 50 ml. conical
flasks were incubated in an orbital shaker at 175 revolutions/minute.
A growth cycle of 24 hours was normal and generally a O.1 ml. sample
of a 1:100 dilution of a culture was transferred to fresh medium.
Variations from this method are noted in the results.

fo) . .
For investigation at, or below, 21 C, 10 ml. media in 150 ml.

conical flasks were incubated on an orbital shaker at 60 revolutions/
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minute in & water bath. The length of the growth cycle and size
of inoculum varied, details of which are noted in the results.

Chemostat

The complete continuous culture apparatus of *Chemostat! type
is shown in plate 3 and a close-up of the culture vessel is shown in
plate L. All the glass apparatus used in the Chemostat was of
Quickfit manufacture, with the following specifications:

Wide Neck Reaction Vessel FR500 : F Volume 500 mil.

Spring elip

Air/steam inlet tube, bent with cone MF/2B

Multi socket/flat flange 1id MAF1/75 Centre socket 19/26

Side sockets
Parallel 5° 10° 15°
14/23 19/26 19/26 19/26

Air/steam inlet tubes were adapted for various purposes:

(a) a sintered glass bulb was welded onto an inlet tube to
meke an air inlet tube. The sintered glass breaks the air into small
bubbles and gives good oxygen diffusion in the culture.

(b) an inlet tube was shortened to make a media inlet tube well
above the level of the culture.

(c) an inlet tube was lengthened to make an overflow and a variety
of working volumes can be given by altering the length.

(d) an inlet tube was lengthened to reach to the bottom of the
reservoir. Air was supplied to the culture by a HyFlo air pump at a
rate of 2 litres per minute. The air was sterilised by passing through
a glass fibre and cardboard filter made by Microflow Ltd. This filter

was sterilised by autoclaving at 15 p.s.i. for 15 minutes.

Media was supplied to the culture vessel from the reservoir and
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controlled by a peristaltic metering pump made by Edmund Buhler of
Tubingen Ltd.

The temperature of the culture was maintained to within half s
degree Centigrade by placing the culture vessel in a water bath
(Grant Instruments, Cambridge) or by use of a water bath whose temp-
erature was controlled by a Circotherm (Shandon, London).

All the non-glass connections were of silicone rubber tubing
which is resistant to repeated autoclaving.

The culture vessel and its connections were sterilised by auto-
claving at 15 p.s.i. for 15 minutes. After sterilisation the culture
vessel and the reservoir were connected aseptically, generally in a
beaker of alcohol. Media was pumped into the culture vessel up to
the appropriate working volume and the culture vessel was then
inoculated. The culture was incubated for 24 hours to build up a
suitable size of population at SOOC. The waterbath was then adjusted
to the working temperature and the metering and air pumps turned on.
The culture was maintained in & homogeneous state by the vigourous
aeration and a sample was taken immediately. The connections of the
culture vessel were made airtight by use of autoclave tape and as the
air pressure builds up effluent is forced out. The effluent was
collected in a large flask and samples were taken directly from the
end of the effluent tube. Samples were taken at 24 hour intervals,
and the reservoir was aseptically replaced by another when depleted.
It should be noted that in this method one does not have complete
control over the quality of the initial population. 1In all cases a
high quality inoculum from a good stock culture was used. However,

there was a 24 hour incubation period before the continuous culture
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was set in motion and during that period there is a possibility that
the quality of the starting population can change.

This method of continuous cultivation was adequate for all the
investigations that were made but some difficulties exist and should
be considered.

Contamination can be a major problem during all experiments using
continuous culture. The sterilisation techniques employed in the
preparation of the apparatus were quite satisfactory. Once the apparatus
was running the mein danger lay in contamination from the environment.
The area from the reservoir to the metering pump is under negative
pressure and contaminants could be sucked into the apparatus in this
area unless all the connections are airtight. Negative pressure in the
reservoir is prevented by the use of a cotton wool filter, which,
providing it is properly packed and sterilised, allows only sterile air
to enter the reservoir and occupy the space which is left by the con-
sumption of media. The reservoir must be connected to the culture vessel
and the joining of the tubes under the surface of alcohol gives a sterile
environment, but nevertheless is a possible source of contamination. The
air filters were very efficient unless they became damp.

The MAD medium was very susceptible to foaming by the vigourous
aeration employed. This had the effect of reducing the working volume
as a large head of foam was formed. Foaming was prevented by the addition
of 1 ml./litre of Silicone Emulsion Antifoam to the medium. Unfortun-
ately the antifoam and the MAD medium could not be sterilised together
since some reaction takes place and the antifoam fails to re-emulsify
properly. The antifoam was sterilised seperately by autoclaving at

15 peS.i. for 15 minutes and was then added by normal aseptic techniques
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to the reservoir. Although this method was generally efficient more
risk of contamination at this stage exists. There was always some
slight risk when the culture vessel was inoculated but this could

not be avoided.

The vigourous aeration provided good mixing of the culture and
obviated the need for mechanical agitation which, through its vibration,
is a frequent source of contamination. The air also provided a positive
pressure in the effluent tube and reduced the possibility of contaminsa-
tion by that avenue.

Although all these precautions were observed contamination did
occur from time to time and the most likely source was considered to
be the silicone rubber/glass connections. Although care was taken with
these connections it was not always possible to ensure that they were
girtighte The results of every continuous culture experiment has not
been reported since some had to be terminated prematurely because of
contamination, and the results only confirmed the observations of an
early part of an experiment.

Elaborate apparatus with sophisticated equipment for measuring
pH, internal temperature, dissolved oxygen etc. was not considered
necessary for these preliminary investigations. Good control of
temperature, working volume, and flow rate, were the prime considera-
tions. Only the culture generation time or mean residence time (-;)
was of significance to these investigations.

Estimation of Recombination Rates

The mutation rate in a population during exponential growth can
be estimated as the slope of the line given when proportion of mutants

in a population is plotted against the number of generations (Stocker,
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1949). This method was adopted to find the rate of mitotic recom-
bination during exponential growth in serial transfer (Jonnston, end
Mackinnon, 1966). Their method was refined by calculation of the
best straight line by the ‘'Line of Regression'. The slope of the

line can be calculated from the formuls:

Where n = number of observations and x and ¥y are the mean values of

the variables x and y. The accuracy of this estimate can be determined
by calculation of Confidence Limits. The 95% confidence limit for b

is given by:

S
t o /(xz-ni2

where t is a constant and can be found from statistical tables and:

N
¥ -agy -bsxy

n-2
where a and b are the estimated values of a (intercept on the x axis)
and b from the experimental observations.

Thus the recombination rate is given in the form:
S

A g /e . 2 =2
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Population changes during extended growth by serial transfe;

(1) Observation of a high level of petites in strain X 190

populations cultivated at 15°C

During experiments to determine the generation time of

strain X 190 of Saccharomyces cerevisise at 15°C, a large proportion

of respiratory deficient petite colonies were observed to develop on
the plates. These petite colonies are small in comparison with normal
colonies of X 190 and are white (plate 5). Another variant of strain
X 190 which is orange in colour (plate 5) was also observed at a
relatively high frequency. The colony size of this orange variant is
intermediate between petite and normal and a more complete analysis
of its respiratory ability is given later.

The increased frequency of petites was an unexpected result but
a literature search revealed the report of a similar result (Ogur, Ogur
and St. John, 1950). They studied the growth of five strains of

Saccharomyces over a temperature range of 15°C to 38°C and found that

temperature induction of petites at both high and low temperatures
appeared to be strain dependent.

(2) 1Investigation of the increased frequency of petites in

strain X 190 populations at 15°C

The reason for the increased frequency of petites was not
apparent from the initial experiments, so strain X 190 was cultivated
under differing conditions at 4 500.

Static cultures of strain X 190 in MAD medium were cultivated
by the serial transfer technique at 15°C, with control cultures at
3000, and samples were plated out once every 2l hours. After L days

of serial transfers the culture at 1'»500 consisted entirely of petite
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cells (fig. 28). The control culture at 30°C remainea fairly stable.
Although the level of parent type colonies (plate 6) fell to & minimum
of 84%, this was due to a rise in the level of orange variants up to
16% and no petites were detected (fig. 2B). It could be argued that
these results are a consequence of inadequate diffusion of oxygen into
the medium. Insufficient diffusion might result in deoxygenation of
the medium and the induction of anaerobic respiration in the yeast
cells. These conditions would favour a respiratory deficient variant
and explain the rise in the frequency of petites at 15°C. As will be
shown later the orange variant is also respiratory deficient and these
conditions would explain the rise in the level of orange variants in
the culture at _";OOC. These conditions, combined with the low tempera-
ture, could also explain the difference between the cultures at different
temperatures.

To test the possible role of anaerobiosis in these population
chenges, the cultural conditions were changed to include vigourous
aeration. Strain X 190 was cultivated at 1!50(: in MAD medium by serial
transfers in a growth tube which incorporated an air bubbler which
diffused sterile air into the growth medium. The results (fig 3A)
were practically identical with those observed in standing cultures
of strain X 190 st 15°C. Hence it appears that lack of oxygen in
standing cultures is not responsible for the increased frequency of
petitess In a control experiment at 30°C in a growth tube, petites
were observed at levels between 1% and 5% which is in the range of the
average spontaneous frequency (Sherman, 1959). Orange variants were
observed at a level between 4% and 12% and the parent type fell below

a level of 90% on only one occasion (fig 3B). These results suggest
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that temperature itself, i§ most likely responsible for the appearance
of petites in strain X 190 at 15°C. This view was supported by the
results obtained after another variation of the cultural conditions.
Strain X 190 was cultivated by the serisl transfer technique in 10 ml.
MAD medium in conical flasks at 15°C and 30°C on orbital shakers.
The results (fig 4) were practically identical with those already
obtained under other cultural conditions. It can be concluded from
these results that petites are either induced at & high rate in strain
X 190 by a temperature of 15°C or else they are strongly selected at
this temperature.

To test whether induction or selection is responsible for these
results, glycerocl medium was employed for growth. Since glycerol is
a non-fermentable carbon compound and since petites and orange variants
are respiratory deficient, they cannot utilise it as a carbon source
and therefore cannot grow in this medium. Hence glycerol medium is
selective against petite and orange variants and those which are
induced, while they survive, cannot reproduce. Serial transfers of
strain X 190 at 15°C in glycerol medium supplemented with adenine gave
similar results (fig 5) to these in MAD medium at 1-5°C. This result
confirms that induction a.nd not selection is either wholly or princi-
pally the cause of the observed population changes in strain X 190 at
15°C.

Strain X 190 is diploid and to test whether a temperature of
15°C has a similar effect on haploid strains, two haploid segregants
of strain X 190 were selected from \stocks of Dr. J.R. Johnston. The

o o
two haploid strains, S91 and S110, were cultivated at 15 C and 30 C in

10 ml. MAD medium on orbital shakers. These two haploid strains were
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fairly steble at 30°C, but at 15°¢ exhibited the same pattern of
snduction of petites as observed in the diploid strain (fig 6A, 6B).

To examine whether petites were continually induced by a
temperature of 15°C over a period of time, serial transfer experiments
were extendede Strains X 190, 891, and 5110, were cultivated in 10 ml.
of MAD medium on an orbitel shaker at 15°C. Transfers were made every
48 hours and samples were plated out every 72 hours. After three days
cultivation the two haploid strain cultures were composed entirely of
petite cells (fig 7B, 7C) and remained essentially stable over periods
of 12 and 48 days. Strain X 190 showed some interesting variations
(fig 7A). After 3 deys the population was composed of 3% parent
type, % orange variant, and 88% petite and after 6 days the population
was entirely petite. However, after 9 days, the culture was composed
of 60% petite, and 32% parent type, with 8% orange variant. Subsequently
the level of parent type varied between 6% and 9%, the level of petites
fell to a value of 25% after 18 days, and the level of orange variants
rose from 7% at 9 days to 66% at 18 days.

Although Ogur, Ogur, and St. John (1960) established a mutation
rate for petite induction by temperature, they did not pursue their
investigations beyond 10 generations as their interest lay in the rate
of petite production at various temperatures rather than population
composition. However, the extended serial transfer experiments con-
ducted over a period of 18 days with strain X 190 showed some very
interesting features (fig 7A). Despite observing that the sample of
culture consisted entirely of petite cells after 6 days, parent type
and orange variants subsequently reappeared. There seems to be two

possible explanations for this result. Either reversion of petites
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could be occurring, resulting in respiratory sufficient parent types
reappearing, or parent type cells, whose mitochondrial DNA is resistant
to the effect of low temperature, could be present at an undetected
level in the population. These parent type cells which contain res-
istant mitochondrial DNA would be selected for in the later stages of
the prolonged culture.

The most striking change in the population of strain X 190 at
1500 is the conversion to the petite state in the period from 24 hours
to 48 hours. To examine these changes more closely, two series of
experiments were performed. Both standing and shaking cultures of
strain X 190 in MAD medium were set up at 1500 with controls at 3000.
Samples were taken every 2 hours from 24 to 36 hours in one series of
experiments and from 35 hours to 48 hours in the other series. The
results (figs. 8, 9) showed that from 24 hours to 36 hours the level
of petites rose from 1% to 34% in shaking cultures and from 7% to
17% in standing cultures. The level of orange variants rose to
between 15% and 20%. The level of the parent type fell from 94% to
50% in shaking cultures and from 90% to 65% in standing cultures.
In the period 36 hours to 48 hours, the level of petites rose to 38%
in shaking cultures and 36% in standing cultures. The level of the
orange variant rose to 25% in shaking cultures and 305 in standing
cultures. The level of the parent type continued to fall, reaching
3% in sheking cultures and 34% in standing cultures. These results
correlated very well with those already obtained, with the parent
type and the petite forming equal proportions of the population after
48 hours. An interesting feature, observed in practically all the

results under all conditions at 15°C, wes seen in more detail.
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This was the initial rise in the level of orange variants in the

0 - 48 hours period, which in many cases preceded the rise shown

by petites. The nature of this orange variant was further investigated.

(3) Investigation of the orange variant of Strain X 190

The orange variant of strain X 190 appears spontaneously
at & rate of about 0.5% under normal cultural conditions at 30°C. Tts
investigation presented some problems as it commonly occurs as orange
colonies conteining many small papillae and sectors of red cells
(plat(-5). These sectors grow proportionately larger with the growth of
the colony, the orange colony becoming redder as the colony ages. The
orange colony size is consistently smaller than the red respiratory
sufficient colonies, although it is 2 - 3 times larger than respiratory
deficient petite colonies. Orange variants do not appear to grow on
glycerol agar and consequently the orange variant appears to be
respiratory deficient. Slight growth on glycerol agar was, however,
sometimes observed, but this was thought to result principally from
growth of red sectors. These red sectors also hinder the genetic
analysis of the orange variant by sporulation and tetrad analysis as
the very low level of asci obtained may result from the red respiratory
sufficient cells. Since the sporulation level is low and dissections .
all show typical segregations of strain X 190 and as all the segregants
are respiratory sufficient it seems that this is indeed the case. The
interpretation of the results of the tetrazoluim salt overlay technique
is somewhat complicated by the colour of the orange colonies. The
basic reaction in this technique is that respiratory enzymes cause a
red colour to be formed. Respiratory deficient colonies do not have

the relevant enzymes and so no colour change occurs. While parent type
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colonies of strain X 190 and petites were clearly distinguished by

this technique (plate 7), the reaction of the orange colonies was more
gifficult to interpret. The orange colonies did not turn bright red
but they did change to a light shade of pink and the red sectors were
easily distinguished from the large orange areas. Eatimation of oxygen
uptake by the Warburg technique showed that the orange variant is
respiratory deficient as oxygen was not absorbed by a culture of orange
variants. However the Warburg results do not indicate whether this
respiratory deficiency is due to the absence of cytochromes a + a, and
b, as in petites, or the absence of some other respiratory enzyme.
Since there is a considerable difference in colony size and growth rate
between orange variant and petite, their respiratory deficiency seems
certain to be due to different causes.

To investigate the stability of the orange variant in more detail,
six orange colonies, identified after only 48 hours incubation on MYGP
agar at BOOC, were inoculated into MAD medium, cultivated at 3000 by
daily serial transfers and samples were plated out every 24 hours.
Appropriate dilutions were made to give approximately 150 colonies per
plate. A sample of 0.1 ml. of a 10"2 dilution of the culture was trans-
ferred to a fresh culture vessel conteining 9.9 ml. MAD medium. In
practice this meant about 10 generations of growth every 2. hours. The
results (table 2) showed that in two of the six cultures only red and
orange colonies were found after 24 hours cultivetion. In the remaining
four cultures, red colonies were present at a level of 1 = 3% but petites
were also present at a level of 6 - 7%. It is evident from the results
of the following days that these populations were very unstable and the

failure of repeated attempts to obtain pure cultures of orange variants



TABLE 2

COMPOSITION OF POPULATIONS OF SIX ORANGE COLONY CULTURES

DURING SFRIAL TRANSFER AT 30°C

CULTURE DAY PERCENT OF POPULATION TOTAL NUMBER
’ RED ORANGE  WHITE  PETITE OF COLONIES
1 1 98 0 0 1173
2 23 14 1 2 1052
P 41 54 1 P 775
4 59 32 8 1 137
> o7 14 26 2 1197
6 30 4 65 1 153
2
112 87 0 0 1068
2 32 64 0 3 963
3 40 55 0 5 433
4 57 40 1 -2 175
5 67 30 1 1 756
6 81 15 3 0 554
3
3 6 89 2 3 829
2 699
4 14 19 4
5 21 58 18 2 12
6 20 25 55 0
4
1 o Te) 6 573
> 6 3% 0 4 o
3 14 79 1 5
2 670
4 22 52 24 685
5 32 58 6 4 536
6 23 43 13 0
> 663
1 2 gg ? Z 546
P S A i
4 21 12 I 2 727
0
: A 29 %0 ° “
6
1 2 90 1 6 Z;?
> 7 88 1 5 875
315 80 2 2 762
4 24 70 5 768
5 40 51 1 z 578
6§ 55 30 15
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vy verious techniques confirms this inherent instability. The tendency
in these cultures was for petites to stay at a level between 3 - 5%
jrrespective of the initial value, several times higher than the
normal rate observed for strain X 190. The Principal trend was for the
level of red and large white colonies to increase, with a corresponding
decrease in the level of the orange variant. The actual proportions
in which red and white colonies appeared, varied from culture to culture
and probably dépended on selective factors. The red and large white
colonies are both respiratory suffiéient and in consequence, as the
orange variant is respiratory deficient, have a selective advantage over
both orange and petite variants.

The large white colonies were analysed phenotypically for their

adenine and tryptophan requirements by replica-plating onto adenine and

tryptophan omission media (table 3).

TABLE 3

Phenotypic analysis of white colonies observed

during culture of & orange colonies

NUMBER OF COLONIES

DAY  AD TRY AD " TRY' ADY

1 3 7 Y
2 25 13 0
3 31 7 17
A 54 27 8l
5 99 69 173
6 90 54 145
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The rate of mitotic recombination for the adg mutation (ad” and ad try

colonies) was determined graphically (fig 10) and was estimated as 8.8
£ 107 per cell per generation. This rate is similar to, although some-
what higher than, the rate of 6.7 X 10-&-

per cell per generation estimated

in strain X 190 at 30°¢ by Johnston and Mackinnon (1966). The principal
trend in these cultures, however, was from orange to parent type, the
average rate from orange to parent type being estimated as 8 X 10-3 per
cell per generation, and individual rates varying in the six cultures
from 5 X 1072 40 1.6 X 1072 per cell per generation (fig 11). This very
high rate of reversion to parent type, coupled with reversion to adenine
independence, a relatively high frequency of petites, and a fairly high
rate of recombination for the ad8 mutation explain the high level of
instability of the orange variant, and this instability could be an
important factor in the variations observed in strain X 190 at 15°C.

The serial transfer technique must be subject to scrutiny when
considering variations in the population of strain X 190 at 15°C. In
serial transfer the main intention is to maintain conditions of expon-
ential growth and a stationary phase should not occur at the end of the
growth cycle. The dilution factor of 10-2" between each culture is entirely
consistent with this principle for the growth of strain X 190 at 15°C.
This gave approximately 4. generation in 48 hours with a generation time
of just under 3% hours. The generation time of parent type cells of
strain X 190 was extimated as 3 hours 10 minutes and that of X 190 petites

as & hours 40 minutes at 15°C (fig 12). The overall generation time of

strain X 190 based on results in figures 8 and 9 was estimated as 3% hours.

)

The actusl transfer inoculum contained approximately 10~ cells and

was considered a representative sample of the population unless the level
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of a variant was very low. However, the level of parent type cells

in strain X 190 was very low after 2 - 3 days of serial transfer at
1500, when the sample population was entirely petite. As only 105
cells were transferred to a fresh flask of media then the serial
transfer technique could be selective against the parent type if these
composed € 0.01% of the population.

The growth conditions were highly favourable to aerobic respiration
with glucose as a carbon source and good aeration. The results of
extended serial transfers of strain X 190 could be explained by supposing
that nuclear genetic material can code for the direct formation of new
nitochondrial DNA. 1TIn thes circumstances the results could be explained
as & lag phase in the production of mitochondrial DNA until adaptation
to the new temperature took place. However, it could be argued that
since induction of petites was taking place then the gene controlling
mitochondrial DNA replication was directly affected and could not code
correctly for the formation of new mitochondrial DNA. Such direct
chromosomal control has not yet been reported and the evidence at the
moment suggests that mitochondrial DNA has a large degree of autonomy.
Mitochondrial DNA has been shown to control the formation of cytochromes
3+ 8y and b and the inner membrane of the mitochondrion (Prezbindowski
et al., 1968). Moreover, if all petite induction is due to mutation
at the chromosomal level then this site is unusually susceptible to a
large variety of mutagens. Assuming the evidence to be correct and that
nutation of mitochondrial DNA is the main source of petite production,
then another explanation of these results must be sought.

It is thought that petite induction is the result of a mutagen

converting mitochondrial DNA to 'nonsense' DNA (Woodward and Munkres, 1966;
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younolou et al., 1966). There is also evidence to suggest that mito-
chondrisl DNA is heterogeneous (Avers et al., 1965; Avers, Pfeffer and
pancourt, 1965; Avers, 1967; Avers et al., 1968). If this is the case
then the possibility exists that not all the mitochondrial DNA in strain
X 190 is susceptible to the mutagenic effect of low temperature. A
¢raction of the population could remain respiratory sufficient and,
under cultural conditions which convey; a selective advantage, be re-
established in the population. Alternatively, reversion of petites to
respiratory sufficient parent types may be taking place as has been
reported by Kraepelin (1964).

Should similar variations in the population of strain X 190 at
15°C occur during continuous cultivation then the effects could be far-
reaching. The stability of strain X 190 at 15°C during continuous

cultivation was therefore examined.
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continuous cultivation of Strain X 190 at 15°¢
Continuo

Strain X 190 was cultivated continuously in a simple Chemostat
gpparatus with a working volume of 200 ml. and flow rate of 25 ml. per
hour at 15°C. These conditions gave a generation time of 8 hours, this
peing the time required for the complete replenishment of the growth
pedium in the culture vessel. Samples were taken directly from the
effluent tube once every 24 hours.

The results of the first experiment (fig 13) showed that in the
initial period of 24 hours the level of petites rose from 6% to 30% and
remeined at a level between 14% and 32% for the duration of the experiment.
The orange variants followed & similar pattern to petites and, after an
initiel rise from 3% to 26%, remained at a level of 22 - 3,% for the
duration of the experiment. The parent type level fell to L44% in the
first 24 hours and remained at a level fluctuating between 43% and 57%.

It seems that a crude equilibrium quickly beceame esatablished in the
population with the proportions of parent type, petite, and orange variant,
remaining in & fairly constant relationship after the initiel changes.

The results of the second experiment (fig 14) were similar to those
already obtained. The initial phase of 24 hours gave results very
similar to those obtained in the first experiment, and, from the results
of the next two days, it seemed that an equilibrium had been established.
However, after 3 days the level of petites rose steadily to e level of
90% after 8 days. The levels of both parent type and orange variant
fell to a level of 5% after 8 days. Unfortunately only one more sample
was taken and it was not possible to tell whether an equilibrium, or &
pseudo-equilibrium, had been established.

The results from both experiments were based on plate counts of



Figure 13. Population changes during contin
of strain X 190 in MAD medium a
V = 200 ml. F = 25 ml./hour

0

parent type

fa)

petite

o A = orange







Figure 14. Population changes during continu
of strain X 190 in MAD medium a
V = 200 ml. F = 25 ml./hour

0 parent type

ya

petite

A = orange







- 5 -

gpproximately 200 colonies per plate, with the total number of colonies

per sample counted in excess of 4LOO with one or two exceptions. The
cultures contained approximately 3 X 107 cells per ml. throughout, and

spot checks made on the effluent showed that no glucose was present.

These checks, coupled with the constant cell density, indicated that
glucose was the growth limiting nutrient. This was not unexpected since
the flow rate of 25 ml. per hour gave a culture generation time of 8 hours.
Since the generation time of strain X 190 at 15°C in the ‘unlimited’
conditions of batch growth was estimated as 3% hours then it was reasonsble
to expect that all the glucose would be consumed.

In spite of the quantitative differences between the results of the
two continuous culture experiments, they agreed with the general pattern
of the results obtained in the serial transfer experiments. Initially
there was a fall in the level of parent type and a correspomding increase
in the level of petites and orange variants. Subsequently in the first
experiment there was poor correlation with the results of the serial
transfer experiments. However, the results of the second experiment corr-
elated more accurately with the results of the serial transfer experiments.
Despite the quantitative differences between the results of the serial
transfer experiments and the continuous culture experiments, there was no
doubt that induction of petites occurred in strain X 190 during continuous
cultivation at 15°C.

Under the conditions of cultivation employed, selection undoubtedly
played an important role in these experiments. The conditions favoured
serobic respiration, and since the parent type is respiratory sufficient,
and the petite and orange variant are respiratory deficient, the parent

type should enjoy & selective advantage. However, the inductive effect



- 57 -

of temperature in producing petite and orange variants seemed to balance
this selective advantage in the first experiment. In the second experi-
nent the inductive effect apparently exceeded the selective advantage

and petites became the major component of the population.

It was decided to alter the cultural conditions by increasing the
working volume to 300 ml. and the flow rate to 75 ml. per hour. These
alterations were made for several reasons. The working volume was
increased from 200 ml. to 300 ml. because of two possible effects arising
from an aeration rate of 2 litres per minute. Firstly, volatile inter-
mediates of the glucose oxidation pathway might be removed from the cells
and this could lead to depression of the growth rate of respiratory
sufficient types of cells. Secondly, with low working volume, low flow
rate, and high aeration, the working volume might be reduced by evaporation.
As MAD medium is not selective against petites, the cultural conditions
were altered to be more selective against respiratory deficient variants.
The relationship between the flow rate and the working volume controls
the culture generation time. The generation time of petite cells of
strain X 190 at 15°C has been estimated as l..% hours, and that of strain
X 190 parent type as 3%- hours. The flow rate was adjusted to 75 ml./hr.,
to give a culture generation time of 4 hours (% = i{;%)’ which should be
selective against petites but not against the parent type.

Two cultures were set up under these modified conditions and two
features of the results (figs 154,B) were immediately apparent. Firstly,
induction of petites proceeded at a very high rate and, under conditions
which were strongly selective against petites, reached a constant value

in excess of 90%. Secondly, a feature already noted in other experiments

was highlighted, the orange variants showed a rapid increase in the first
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2), hours and, at this stage, were produced at a rate greater than that

of petites. After L8 hours cultivation, the level of petites rose to

664 in one experiment and 76% in the other experiment. Subsequently
an equilibrium was reached in both experiments with petites at a level
in excess of 90% and the level of orange variants and parent type below
Hoe

As the level of petites appeared to be falling rapidly at the end
of one of these experiments with a consequent rise in the level of parent
type (fig 15A), it was decided to repeat and extend these experiments.
The results (figs 16, 17) confirm the trend indicated in the first of the
two previous experiments. After a period of 5 days, between day 2/3 and
day 7/8, during which time there was an approximate equilibrium in the
culture population (with the petite level greater than 90% and the parent
type 5% or less), a remarkable change occured. The proportion of petites
fell rapidly with a corresponding increase in the level of the parent
type. Another equilibrium eppeared to be established from 15 days onwards,
with the level of parent type at 90% and that of petites at 6%. The
level of the orange variants showed similar changes to those already
observed, although the rise during the first 24 hours was not observed
in one of these experiments. In the later stages, when the petite level

fell and the parent type level rose, there was another small rise in the

level of orange variants with a subsequent decline.

These results were very interesting since the shape of the graphs
indicated that the rise of the parent type was based upon a selection
process. Although selection of the parent types was expected under these
conditions, it had been established that the temperature of 15°C induced

Petites in the parent type at a high rate. Consequently a population



Figure 16. Population changes during conti
of strain X 190 in MAD medium

V = 300 ml. F = 75 ml./hour

0 = parent type
A = petite
A = orange







=

Figure 17. Population changes during contin

of strain X 190 in MAD medium a

V=300 ml. F = 75 ml./hour
O = parent type
A = petite

A = orange






- 59 -
equilibrium, which included & large proportion of petites, was expected
2

and not one which was practically normal. The level of petites in the

population must reach a maximum value of less than 100% unless, like
acriflavine (Ephrussi, 1953), the temperature of 15°C caused all progeny
to be petite. If the low temperature does act in this manner, then the
entire population should become, and remain, petite. If, however, the
1ow temperature induces petites in only a proportion of the population,
then an equilibrium should eventually be established with petites form-
ing a constant proportion of the population. Since 2 low level of parent
type was always present, the results indicate that the temperature induced
petites in only & proportion of the population, although this proportion
was apparently very large. During the first 48 hours there was a fall,
from 108 cells per ml. to 106 cells per mle., in the total number of cells
in the population due to wash out of petites. After the level of petites
reached & maximum, the level of parent types increased slowly, as might
be expected because of their selective advantage. That this increase
proceeded at & slow rate can be explained by the fact that as the number
of parent types increased, the number of cells available for petite
induction increased. However after about 7 days (days 4/5 to 11/12)
during which there was a slow increase in the level of parent types,
massive selection for parent type took place and within 3 days the parent
type proportion reached 90%. The level of petites settled at about L%
which wes higher than the spontaneous rate of 1%.

Several possible explanations of these results can be considered.
It has been suggested (Luck, 1963, 1965) that the replication of mito-
chondrial DNA and mitochondrie is not synchronous with the replication

cycle of chromosomal DNA and cell division. This view has been supported
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py Smith et al., (1968) who found that in synchronous cultures of
yeasts replication of mitochondrial DNA was periodic but occurred at
jifferent times to replication of chromosomal DNA. It was also found
that the size and number of mitochondria varied during the lifetime of
g cell in response to the environmental conditions. If the rate of
replication of mitochondrial DNA and mitochondria was reduced by the
1ow temperature of 15°C by a greater factor than that of chromosomal
DNA and cell division, then an increasing proportion of the daughter
cells would be petite due to lack of mitochondria. This would explain
the rise in the proportion of petites. Subsequently, if the rate of
replication of mitochondrial DNA were to adapt to the temperature and
increase, then an increasing number of daughter cells would be respir-
atory sufficient. This explanation assumes that the decrease in temp-
erature affects differentially the rate of replication of mitochondrial
and chromosomal DNA. As yet there has been no evidence to support this
assumption and there appears no obvious reason why the rate of replica-
tion of mitochondrial DNA should be slowed more than that of chromoso-
mal DNA or, for that matter, vice versa.

Another possible explanation of these results is that not all
mitochondrial DNA need have the same sensitivity to temperature. Al-
though all mitochondrial DNA has the same basic functions, there is
evidence to suggest that it is heterogeneous (Avers, 1967). This being
80, the possibility exists that not all the mitochondrial DNA is suscep=
tible to mutation by temperature. If a fraction of the mitochondrial
DNA present in the culture was not susceptible, then variation in the
A small fraction

culture could follow the pattern shown in the results.

of the population would always be respiratory sufficient and there would
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pe selection for the fraction which contains mitochondrial DNA resistant
to the low temperature. Eventually the population would consist of
respiratory sufficient cells whose mitochondrial DNA was not temperature-
sensitive, along with a fraction of cells whose mitochondrial DNA was
sensitive. Cells of the latter fraction would show a high rate of petite
induction and petites would still appear in the population at a rate
greater than the spontaneous rate.

A further explanation which cannot be discounted is reversion of
petites to respiratory sufficiency. Reversion of petites at 23°C under
conditions of restricted growth has been reported for a strain of

Saccharomyces cerevisiae (Kraepélin, 1964). Revertants took 18 - 30

days to appear in Raut-Hebbs' medium (Raut-Hebb and Slebodnik, 1958)

and only a fraction of the population became respiratory sufficient. The
'reversion time' was shortened to 11 - 14 days when a medium of yeast
extract, glucose, and peptone, was used. This latter experiment shares
similar features of medium and low temperature with the continuous culture
experimentse During the first 24 hours of continuous cultivation of strain
X190 at 15°C, and again when the level of petites was falling rapidly
after 11 - 13 days cultivation, a rise was observed in the level of orange
variants. The orange variant, while being respiratory deficient, appears
to be an intermediate type, as its growth rate is much greater than that
of petites and only slightly inferior to that of parent type. Possibly
the orange variant is an intermediate for two processes: from respiratory
sufficient to respiratory deficient and, reversion from respiratory
deficient to respiratory sufficient parent type. These possibilities will

be considered further following the description of additional experiments.
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continuous cultivation of Strain X 490 at 18
——

Since many brewing processes are performed at, or about, a temp
N -

erature of 18°C, it was decided to investigate the continuous cultivation
of strain X 190 at this temperature. 1In order to compare the results with
those obtained under similar conditions at 15°C, a working volume of 200ml.
and & flow rate of 25ml. per hour were first used.

The results (figs 18, 19) resembled those obtained at 15°C under
conditions of larger working volume and faster flow rate (figs 16, 17).
However it should be noted that the time scale at 18°C is twice that
employed at 15°C. In essence, the results indicated that the induction
of petites was apparently much slower than at 15°C. A rise in the level
of orange variants was observed during the first 2 - 4 days of cultivation
at 18°C. This rise was, however, more marked and it reached a higher
level (56 - 82%) and laster longer (2 -~ 3 days) than at 15°C. The level
of petites reached maxima of 75% and 84% in the two experiments but fell
from these values much more quickly than at 15°C. The high level of petites
was maintained for only 2 - 3% days at 18°¢C compared with 5 - 6 days at 15°¢.
Basically, however, the pattern of changes in the population was the same
at both temperatures with the variations in the duration of each change
probably being due to a combination of temperature and culture generation
time, The ultimate fall in the level of the parent type was due to the
appearance of adenine recombinant and revertant types in the population.

The recombinants, while still requiring adenine, have been found to have
a selective advantage over the parent type (Roman, 1956). The revertants
ere adenine independent and have a selective advantage over all other

O : -
types in the population. The results showed that 18 C also induced petites

in strain X 190.



Figure 18. Population changes during contin
of strain X 190 in MAD medium
V=200 ml. F = 25 ml./hour
0 = parent type
® = adenine recombi
revertants
A = petite

A = orange
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Figure 19. Population chanzes during continuous cultivation
of strain X 190 in MAD medium at 18°C.
V = 200 mt. F = 25 ml./hour
0 = parent type
® = adenine recombinants and
revertants.
A = petite

A = orange
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For a more accurate comparison of the effect of temperature on
strain X 190 at 15°C and 180C, the experiments at 18°¢ were repeated
using a working volume of 300 ml. and a flow rate Of 75 ml. per hour.
The results (figs 20, 21) while basically similar to those abtained at
15°C under similar conditions, showed some interesting variations.
petites were induced at a rate at least equal to the rate at 15°C. After
7 days the level of petites at 18°C was 85% and 88% compared with levels
of 73% and 98% at 1500. More detailed comparisons were difficult to
pake because the origianl population varied slightly from culture to
culture, and this would undoubtedly have some effect on the subsequent
variations in the population. In general terms, the major difference
between cultures at 15°C and 18°C, was the duration of the phase in which
petites formed a major proportion of the population. At 15°C this phase
lasted for 5 - 6 days whereas at 18°C this phase lasted for 9 - 10 days.

The other major difference between the results occurred after the level
of petites dropped. Instead of the parent type increasing to a level of
90% or more, an unstable situation was observed at 1800. The level of
parent type fluctuated between 25% and 30% in one experiment and between
20% and 60% in the other. The overall level of petites tended to fall,
but fluctuations between 10% and 4O% were observed in one experiment and
between 5% and 15% in the other.

These fluctuations may have been a result of the difference in
behaviour observed in the proportion of orange variants. They showed a
rise similar to that observed in other experiments when the level of petites
began to fall. However, instead of subsequently falling to about %, the

level of orange variants continued to increase. The level varied between

3% and 7% in one experiment and between 30% and 60% in the other. The



Figure 20. Population changes during conti
of strain X 190 in MAD medium a
V =300 ml. F = 75 ml./hour
0 = parent type
A= petite

A = orange







Figure 21, Population changes during continuo
of strain X 190 in MAD medium at
V = 300 ml. F = 75 ml./hour
0 = parent type
A = petite

A = orange
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results in the later stages of one of the experiments presented a very
nstable pattern (fig 20) but the pattern of results of the other experi
jent Was considerably more stable (fig 21). 1In the latter experiment it
seened that the changes in the population were following the same peattern
s that observed in the other experiments at 45°C and 18°C, where ultimately
the parent type formed the major proportion of the populations.

By comparing the results of all the experiments at 18°C and those
per'formed at 1500 under conditions of the faster flow rate and larger
working volume, it can be seen that the same basic pattern of changes in
the population of strain X 190 were taking place. The differences observed
in the results of the experiments at 18°C under the conditions of working
oluze 300 ml. and flow rate 75 ml. per hour cannot be fully explained

until the basic mechanisms causing the variations in the population have

been fully elucidated.
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Ms cultivation of strain X 190 in glycerol medium at 18°¢

The seriel transfer of strain X 190 at 15°C in glycerol medium

jndicated that low temperature induced the production of petites in this

strain of Saccharomyces cerevisise. To determine whether a temperature
of 18°C also induced petites, strain X 190 was cultivated continuously
in glycerol medium supplemented with adenine, with a flow rate of 75 ml.
per hour and a working volume of 300 ml.

The results (figs 22, 23) confirmed that the appearance of a high
level of petites in a population of strain X 190 at 18°C was due to
induction and not selection. Petites reached & maximum between 66% and
7% after 4 days cultivation. During the same period the level of the
parent type fell to 25 = 2%%. The orange varients showed a small rise
up to 10% in the first two days and thereafter fell to a steady value of
5% for the duration of the experiments. After 4 days the level of petites
fell and there was a proportional increase in the level of parent type.

The parent type eventually reached a level of 90% and the petites a' stable
level of .

The rate at which the proportion of petites in the population increased
was much slower in glycerol medium than in MAD medium, and the maximum level
of petites was lower in glycerol medium than MAD medium under similar
cultural conditions. This was not surprising since theoretically, petites
cannot utilise glycerol as a carbon source and, therefore reproduce in
glycerol medium. In practice, however, it has been observed that newly
formed petites undergo a few divisions in sodium lactate medium before
division ceases (Ogur, St. John and Ogur, 1959). Sodium lactate medium

is similar to glycerol medium, having lactate as the sole carbon source

Which petites cannot utilise. Ogur, St. John, and Ogur suggested that



Figure 22. Population changes during conti
of strain X 190 in glycerol me
V = 300 ml. PF= 75 ml./hour
0 = parent type
A = petite

A = orange







Figure 23. Population changes during conti

of strain X 190 in glycerol medi

V =300 ml. F = 75 ml./hour
0 = parent type
A = petite

= orange







- 66 -

Jeyly forned petites underwent as many as five divisions in lactate

pediun before reproduction ceased, and suggested the reason that petites
possess residusl cytochrome activity derived from the respiratory sufficient
parent cells. This phenomenon could also take Place in glycerol medium

qnd a8 & result affect the determination of the rate of mutation of parent
type to petite, since the number of petites observed could be higher then
the actual number of petites induced. Consequently an estimated rate of
mutation based on these results would be inaccurate. It is apparent from
the results, however, that the rate of mutation is very high, since, despite
some residual division, the conditions are highly selective against petites
and yet they form over 50% of the population after 3 days of cultivation.

Under these cultural conditions an equilibrium between parent type
and petite would be expected since previous experiments have indicated
that the low temperature did not induce petites at each cell division. The
relative proportions of types in such an equilibrium would depend on the
rate at which petites were induced. The final population equilibrium
consisted of 90% parent type and 5% petite which was inconsistent with the
high rate of induction of petites observed initially. It was evident that
the temperature ceased to induce petites at high rate in strain X 190.

This could be due to several processes.

If a proportion of the mitochondrial DNA of strain X 190 was resistant
to the mutegenic effect of temperature then this proportion would be selected
for under the cultural conditions employed and eventually form the major
proportion of the population. If this were true then the latter parent
type would still be susceptible to the spontaneous (30°C) production of
petites by other means.

Similerly if reversion of petites occurred, then the parent type
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wﬁ-ﬂtivation of strain X 190 at 320%

control experiments in serial transfer at 30°¢ confirmed that
Significant induction of petites in strain X 190 gig not occur at this
sepperatures A similar control experiment at 30°C was performed in
continuous culturee

In order to compare the results at 30°C as closely as possible
yith those obtained at 15°C and 18°C, the same working volume of 300 ml.
and flow rate of 75 ml. per hour were employed. These cultural conditions
yere not selective against peties at 30°C » as they were at 15°C and 18°c,
g3 the generation time of petites at 30°C is less than 4 hours. The
results (fig 24, 25) confirmed that induction of petites d4id not occur at
3°C during continuous cultivation of strain X 190. Petites were observed
in slmost every sample but only at a level of 1% or less which confirmed
the observations of Sherman (1959). The orange variants were observed
only sporadically and the level varied between O - 4%. In general, orange
variants were not observed in at least half of the samples. The level of
parent type remained in the order of 97 = 100% for at least 5 days (see
also Thornton, Law, and Johnston, 1969). Subsequently the level of parent
type fell rapidly as the proportion of large white colonies rose rapidly.
Phenotype analysis (table 4) revealed these large white colonies were &

nixture of ade/ads recombinants and ad, revertants. These types of variants

2
have & selective advantege over the parent type (Johnston and Mackinnon,
1%6) and consequently they quickly outgrew the parent type in the pop-
uation, Because selection for the mitotic recombinants and against the
parent type took place in strain X 190 in MAD medium (Johnston and

¥ackinnon, 1966), it was not possible to estimate the rate of adg recom-

bingtion because of the indeterminate degree of selection which operated.



Figure 24. Population changes during contin
of strain X 190 in MAD medium
V =300 ml. F = 75 ml./hour
0 = parent type
®= adenine recom
revertants

D= petite .







Figure 25. Population changes during con

of strain X 190 in MAD medium a

V = 300 ml. F = 75 ml./hour

0 parent type

® = adenine reco
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TABLE L

Phenotypic analysis of large white colonies

from continuous cultures of strain X 190 at

30%.

(+) = growth on omission media.

(=) = no growth on omission media.

NUMBER OF WHITE COLONIES

FIGURE 2& FIGURE 25
Y ADTRT ADTTRT ADY DAY AD TR AD"TR®  ADY
9 2 0 0 2 0 1 Y
3 4 0 0 3 2 1 0
" 0 3 0 b L 7 0
5 1 2 0 5 37 37 4
6 5 1 ©
7 7 18 3
8 22 23 2
13 0 0 100 13 0 0 100

Two problems in estimating mitotic recombination rates by continuous
cultivation in strain X 190 were illustrated by these results. Reversion
to adenine independence occurred in strain X 190 at a significant rate and
these revertants had a selective advantage over all other types in MYGP
and MAD media. This selective advantage Wwas reduced, although not negated,
% increasing the supplement of adenine from 20 mg/litre to LO mg/litre
i.es total adenine was raised from approximately 40 mg/litre to approx-

: 4 some
inately 60 mg/litre in MYGP. Even 80 adenine revertants enjoye
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ontiguous cultivation of strain X 190 at 21°%
o

The results of experiments performed at 15°C and 18°C showed that
petites were induced by these temperature in strain X 1 90. Moreover,
experiments at 30°C confirmed that induction of petites did not occur
st this near-optimum temperature for growth, under the same cultural
conditionse Evidently induction of petites ceases at some temperature
petween 18°C and 30°C. In an attempt to determine the temperature at
shich petite induction ceases, strain X 190 was continuously cultivated
at 21°C. Generally, in yeasts, the rate of reproduction increases with
the temperature, up to an optimum temperature for growth at about 30°C.

In order to make the cultural conditions, using MAD medium, as selective

as possible against petites, and taking into account the increase in
temperature from 18°C to 21°C and the consequent increase in the growth
rate of strain X 190, the flow rate was increased to 100 ml. per hour.

This flow rate, with a working volume of 300 ml., gave a culture gener-
ation time of 3 hours, and a total of 8 generations in every 24 hour

¢ycle. These conditions were selective against petites (see later section)
and the population density of 108 cells per ml. was very similar to those
at the lower temperatures. Checks on the sugar content of the effluent
indicated that glucose was again the growth limiting nutrient.

The results at 21°C (figs 26, 27) bore a close resemblance to those
obtained at 15°C. The only differences were the rate of production of
petites and orange variants in the first 24 hours and quantitative differ-
ences in the proportion of each variant present in the population at any
specific time., Absence of a rise in the level of orange variants during

the first 2, hours of cultivation was observed in only one experiment

(tig 27) and several other experiments which were prematurely terminated



Figure 26. Population changes during contin

of strain X 190 in MAD medium at

V = 300 ml.

F = 100 ml./hour
0 = parent type
A = petite

A = orange
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Figure 27. Population changes during continuous cultivation
of strain X 190 in MAD medium at 21°C.

V = 300 ml. F = 100 ml./hour

0 = parent type
A = petite

A = orange
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%ﬁ.‘ﬂl-s—cultivation of strain X 190 at 252_(2

gince it was found that growth at 21°¢ induced petites in straj
rain

1190, it was decided to determine

produced population changes involving respiratory deficient variants

whether the temperature of 250G also

X s s}
1dent1°31 culture conditions to those at 21°¢ were used, although these

sere not &s selective against petites.

The results of four experiments (fig 28, 29) indicated that petites
yere not induced in strain X 190 to any great extent by growth at 25,

In only one case (fig 28B) did the level of petites rise above a few per-
cent. In this exceptional case petites rose to 25% of the populations,
slthough the result at 5 days indicated that there might have been a

rapid return to a low level of petites in this population. This increase,
however, did not compare either in rate or maximum level with the increase
observed at lower temperatures during the same period. In fact, the level
of petites showed no increase at all in the first 24 hours of cultivation,
in contrast to observations at lower temperatures.

In the other three experiments (fig 28A, 29A, B) the level of petites
renained effectively constant at 1 - 2% with the exception of one obser-
vation of 6% (fig 284). There were, however, marked variations in the
proportions of parent type and orange variant in all of these experiments.
In general, the level of the parent type fell in the first two days to levels
ranging between 33% and 65%. In two experiments (figs 284, 29B), the
level of parent type continued to fall and reached approximately 20% after
5-6 days. In the other two experiments (figs 28B. 294) the parent type
level fluctuated about & level of 50 - §0%. Simultaneously with the fall
after

in parent type, the orange variant rose to levels between 35 - 69%

2 dsys, and 20 - 655 after 5 - 6 days. The final populations observed



Figure 28A and B. Population changes duri

tivation of strain X 190
at 25°C.
V = 300 ml. F = 100 ml.
0 = parent type
® = adenine reco
revertants

A = petite

A = orange






Figure 29A and B. Population changes &
ivation of strain X 1
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ibly in equilibrium,

for parent .
e pOsS P type, petite and orange variant
»

the 781U€ of which was different from one experiment to the next, although
> oug

8 Populations were still dynamic because of the appearance of adeni
enine

recombinants and revertants.

Sope difficulty was encountered in running these experiments for
2 Jength of time, there being two main reasons for their premature
qrtailmente Firstly, large white colonies were observed in the population
; an early stage in the cultures, after only 3 days (fig 284, 29B) or
, deys (£ig 294). These colonies were mainly adenine revertants but
included some ade/ade recombinants. On the first occasion this problem
ms encountered it was assumed that the inoculum contained a relatively
high level (0.1%) of these white variants. However, after isolating fresh
stock cultures from a master culture and after checking that the level of
yhiite variants was less than 0.01%, the same problem was still encountered.
Te other difficulty was flocculation. This problem had occasionally
been met during experiments at lower temperatures, but was found to be a
recwrrent problem at 25°C. When flocculation occurs in yeast cultures,
the cells instead of seperating after division, remain together forming
sggregations of cells of increasing size called *flocs'e These flocs
tended to settle to the bottom of the continuous culture vessel because
of their higher density. The vigourous aeration was not sufficient to
keep the flocs in the body of the culture end they were not pushed out
mth the effluent unless very small. Once flocculation occurred in a
clture it could no longer be used for population studies since it was
wt honogeneous. The incidence of flocculation at 25°C was not reduced
% the use of fresh stock cultures. This problem of flocculation was

i . : s tione
Ivestigated in some detail and the results are given in & Iaves e
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1t was evident from these results that the temperature of 25°C aia
pot induce petites to any great extent during the growth of strain X 190

However, there was an increase in the level of orange variants, and this

increase persisted throughout the experiments, without falling as observed

in the experiments at lower temperatures. So although the temperature of

25°G did not induce respiratory deficient petites, it did induce a respir-
gtory deficient type in the orange variant.

The temperatures of 15°C, 18°C ana 21°C, induced petites at a high
rate during the growth of strain X 190 and orange variants at a much
lower rate. In contrast, the temperature of 25°C induced respiratory
deficient orange variants at a high rate but did not induce respiratory
deficient petites. Neither petites nor orange variants were induced by
the temperature of 3000. Evidently between the temperatures of 21°¢C and
25°C there was a marked change in the rate at which petites and orange
variants were induced. Although both petites and orange variants have
been shown to be respiratory deficient, the nature of this deficiency is
different since the orange variant has a much greater growth rate than
that of petites. Considering the range of temperatures studied it is
evident that, as the temperature falls below the near optimum growth
temperature of 3000, an increasing degree of respiratory deficiency was

induced in cultures of strain X 190.
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necycling of_cultures of strain X 190 at 18°¢

The population of cultures of strain X 190 after 14 - 18 days
continuous cultivetion at 18% consisted meinly of respiratory sufficient
parent type cells. These parent type cells were thought to be resistant
to the inductive effect of low temperature and therefore should not
produce respiratory deficient variants, at a high rate. On this assump-
tion, if these cells were recycled into a fresh continuous culture at
low temperature, induction of petites should not be observed. The pop-
ulation of strain X 190 after 18 days of continuous cultivation at 18°¢
did not, however, consist entirely of parent type cells but also contained
3% petite and 2% orange variant cells. To avoid recycling a mixed culture
which could complicate the results, a sample of this population was sub-
¢ultured into glycerol medium at 3000 and serial transferred for 3 days,
by which time the population consisted entirely of parent type cells. This
populatiorn was inoculated into continuous culture at 18°C which was started
immediately.

The result of sampling at intervals of 24 hours (fig 30) showed that,
although the level of petites remained at approximately 1% for 6 days, there
vas & gradual increase to 12% over the period from 7 - 10 days. The level
of orange variants, however, rose to 30% after 5 days, and to L5% after
11 days. The level of the parent type gradually fell to 50% after 11 dayse.
The results indicated that the population which formed the inoculum was
susceptible to temperature-induced mutation to intermediate respiratory
deficient orange variants and, to a lesser degree, petites. It was thought

thet tnis induction effect may have been due to the inoculum having been

gromn for a time at 3000.

To test this idea another sample was taken from a continuous culture



Figure 30. Population changes during contin

of a recycled population of strai

V=300 ml. F = 75 ml./hour
O = parent type
A = petite

A = orange
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sin X 190 at 18°C after 17 days,

o whose populations was 96% parent

ype, 2 petites and 2% orange verient. This sample was then syb.

g . 0
ltured in glycerol medium at 18°C for 3 days and subsequently inoc-

3 3 0
Jated into continuous culture at 18°C. fqpe results of samples taken

st 24 hour intervals of two continuous cultures (figs 31, 32) showed

thet no large scale induction of respiratory deficient variants was
scorring. In one case (fig 31) the level of the parent type reached

an approximate equilibrium of 85 - 90% after 3 days and stayed at thia
Jevel until the end of the experiment at 1L days. The level of the orange
yariant rose slowly over 5 days to a similar type of equilibrium around

10 - 12%. The level of petites remained low at a typical background

level of 4 = 2% throughout the experiment. Only slight quantitative
iifferences were observed in the second experiment (fig 32). The ultimate
fall in the level of the parent type was due to the appearance of adenine
recombinants and revertants which have a faster growth rate than thet of
the parent type.

The results of these recycling experiments were very interesting
since they gave some indication of the causes of the changes observed in
the continuous cultivation of strain X 190 at 18°C. In one recycling
experiment respiratory deficient variants were induced in the population
and in the other two experiments the population remained stable. The
temperature at which the sample was subcultured in glycerol, at 30°C in
the first experiment and at 18°C for the latter two experiments, was the
only difference between the experiments. If all the parent type cells in
the samples conteined the same type of mitochondrial DNA, which was not

Susceptible to temperature, then one would not expect to observe the

induction of respiratory deficient variants on recycling in continuous
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Figure 32. Population changes during conti
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qlture since 'de novo' synthesis of mitochondrial DNA has not been
jbserveds The increase in respiratory deficient variants in the first
e;periment could be explained if the original sample contained more than

one type of mitochondrial DNA. If tempe rature-sensitive mitochondrial

DA was present in some of the cells in the sample, then it would also

pe present in some of the cells following subculturing at 3000. ¥ore-
over there could be some selection for cells containing this type of
gitochondrial DNA since they apparently predominate in normal cultures
of strain X 190 at 30°C- Consequently respiratory deficient variants
could be induced on continuous cultivation at 18°C. However, if the
sample was subcultured at 18°C in glycerol, then the progeny of these
cells which contained temperature sensitive mitochondrial DNA would be
peinly petite and would not survive. Also the proportion of cells con-
taining temperature-sensitive mitochondrial DNA would be greatly reduced.
Consequently on recycling at 18°C there would be little or no induction
of respiratory deficient variants in the population.

Alternatively the results of the recycling experiments and the pop-
ulation changes in continuous cultures of strain X 190 at low temperatures
could be explained on the basis of the adaptation of the rate of replication
of mitochondrial DNA to temperature and selection for respiratory sufficient
parent type. In the samples selected for recycling, the rate of replication
of mitochondrial DNA would be adapted to the temperature of 18°C and to the

rate of cell division, and consequently petites would not be induced. 1In

the first experiment, however, on subculturing in glycerol, the respective

. o .
rates re-adapted to the temperature of 30°C. On recycling at 18°C, petites

would then be induced in the population if the rate of replication of

titochondrial DNA were reduced more than the rate of replication of chromo=
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me effect of dilution rate on petites of strain X 190 at various

tenperaturese

An important factor in all the experiments involving continuous
oulture of strain X 190 at various temperatures was that the conditions
gere selective against the petite variant.

Theoretically, during continuous culture of an organism the cell
density is & constant over a range of dilution rates, and the culture is
in a 'steady state'. It has recently been found that in fact the cell
density falls slightly as the flow rate is increased over the 'steady
state! range (R.S. Holdom, personal communication). There is a critical
gilution rate above which the organism is washed out of the culture vessel.
The criticel dilution rate is directly related to the working volume and
the ninimum generation time of the organism.. However, if the culture
generation time (%) is less than the minimum generation time then the cells
will be washed out of the culture vessel. In a mixed culture, each type
is likely to have a different minimum generation time and there should be
8 different critical dilution rate for each type. Consequently a normal
dilution rate for one type may be greater than the critical dilution rate
for enother type in the culture.

Selection against petites in cultures of strain X 190 at various
temperatures was achieved by adjusting the dilution rate so that 'steady
state' conditons for the parent type were ‘wash out' conditions for petite.

Pure cultures of petite cells of strain X 190 were grown continuously
in MAD medium in order to ascertain that the flow rates employed in ex-
periments at various temperatures were ‘wash out' rates for petites. The
culture generation time was reduced as the temperature was increased in

order to compensate for the increase in growth rates of the various types

-
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in the population.
at 15°C, with V = 200 ml., F = 25 pi. Per hour, wash out of petites
114 not oceur (fig 33)« This was not unexpected since the culture genera-
tion time was 8 hours, and the generation time of petites during batch
sovth 8t 15°C is 43 hours. At both 15°C and 18°C under these oultural
conditions, selection therefore did not operate against petites. However
vith V= 300 mle, F = 75 ml. per hour, rapid wash out of petites occurred
st 15°C (fig 33). So the experiments at 15°C under these cultural condi-
tions were highly selective against petites.
At 18°C, with V = 300 ml., F = 75 ml. per hour, 'steady state' con-
ditions were observed (f‘ig 31;), but when the flow rate was increased to
80 nl. per hour, wash out of petites occurred (f‘ig 34). Se although the
conditions employed at 18°C did not cause wash out the flow rate was very
close to critical.
At 21°C, with V = 300 ml., F = 75 ml. per hour, wash out of petites
vas not observed (fig 35), but when the flow rate was increased to 100 ml.
per hour, wash out of petites took place (fig 35). Thus the experimental
conditions at 21°C were selective against petites. The same conditions
did not, however, lead to wash out of petites in pureculture at 2500
(fig 35)e
These experiments at various temperatures showed that, when the

flow rate was sufficiently high to cause wash out of petites in pure

culture, then in experiments on strain X 190 under similar cultural con-

ditions there was strong selection against petites. The comparittive effects
of selection against petites and their temperature-induction were emph=

ssized by the continuous cultivation of artificial mixed populations of

strain X 190 at 30°C and 18°C (Tables 5, £)e
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Figure 34. The effect of dilution rate (F
of petites of strain X 490 in
culture at 18°C.
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Figure 35.

The effect of dilution rate (F)

of petites of strain X 190 in ¢
o) o

culture at 21 C and 25 C.
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TABLE 5

Population changes during continuous culture

artificial i i
of an population of strain X 190 at 30°C

V=300 ml., F = 100 ml./hour

PERCENTAGE OF POPULATION

CULTURE A CULTURE B
RED ORANGE WHITE PETITE RED ORANGE WHITE PETITE
INOCULUM  10.5 0.5 0 89 10.5 0.5 0 89
DAY: 1 4B.5 3.k 0.2 47.9 L7.7 3.3 0.7  48.3
2 87.2 5.9 0.7 6.2 86.3 Lo7 1.8 782
3 85.5 9.5 3.3 1.7 - . E =
TABLE 6

Population changes during continuous culture

of an artificial population of strain X 190 at 18°C

V = 300 ml., F = 50 ml./hour

PERCENTAGE OF POPULATION

CULTURE A CULTURE B
RED ORANGE WHITE PETITE RED ORANGE WHITE PETITE
INOCULUM 8 0.2 0 91.8 8 0.2 0 91.8
DAY 1 5.3 0 0 o7 6ot 1.6 0 92.3
2 25.8 3.6 0.6 70.0 7.7 Le9 O.k4 87.0
3 306 2.8 O 93.6 106 007 0 97.2
A Le2 3.0 0.7 91.7 1.8 0.2 Oul 97.
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At both temperatures the inoculum was an artificial population
o strain X 190 composed of 10% parent type and 90% petite. At 30°¢,
gelection took place for the parent type and within 2 days the pop-
(Jation Was reversed with 87% parent type and 7% petite. At 18°C
selection for the perent type was outweighed by induction of petites
and in four days the population was approximately 3% parent type ana
9% petites

Both selection for the parent type and the orange variant by
yirtue of their faster growth rates, and selection against petites by
the cultural conditions, were outweighed by the induction of petites in
strain X 190 by low temperature. This evidence, therefore, again empha-
sises the very high rate of induction of petites at reduced temperature.

One disquieting feature of the dilution rate experiments on pure
cultures of strain X 190 petites was the wide range of cell density
observed (103 - 107). Theoretically the cell density should be approx-
imately the same at each temperature and this phenomenon seems worthy of

further investigation.
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goyersion of petites to a respiratory deficient intermediate type
/-

The reversion of petites to respiratory sufficiency has been %
suggested
” aposs,ible explanation of the re-establishment of respiratory sufficient
icien
ot type cells during continuous cultivation of strain X 190 at 1o
w

pareé

segperaturese In general, reversion of petites in Saccharomyces has not

peen observed, and the petite mutation has been regarded as very stable.
During experiment.s to determine the wash-out rates of petite cultures , two
red colonies resulted from plating samples. Unfortunately this sample was
the last of a particular experiment and so confirmatory evidence of reversion
4as not obtained. Kraepelin (1964), however, has reported the reversion of
petites to respiratory sufficiency, and it was decided to investigate further
the possibility of reversion to respiratory sufficiency of petite mutants
of strain X 190.

It had been assumed from previous experiments that petites which
occurred spontaneously at normal growth temperatures in strain X 190 were
identical with petites of strain X 190 induced by low temperatures. Although
there was no evidence to the contrary, two stock cultures were prepared, one
from a petite colony arising spontaneously from strain X 190 at 30°C, and
the other from a petite colony induced in strain X 190 by a temperature of
18°%. Samples of these stock cultures were plated out and over 2000 col-
onies were counted for each stock culture. As all were petite it was
assumed that the entire population was petite.

Temperature induced petite cultures were inoculated into duplicate
sontinuous cultures and cultivated at 18°C, with V = 300 ml., F = 75 nl.

per hour, The results (fig 36) show that after 3 days growth in one cult-

we and after 6 days in the other, orange colonies were observed in the

sample populations (plate 8). Moreover, these orange variants apparently



Figure 36.

Population changes during cont

of temperature-induced petites

in MAD medium at 18°C.

V = 300 ml« F = 75 ml./hour

Dotted lines indicate duplica
A = petite

A = orange
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16 8 selective advantage over the petites under these cultural conditions
b pormed the major part of the population after 12 - 13 days growth.

mese OTENEE variants did not grow on glycerol agar were thus deduced to
b respiratory deficient. However, since the orange variants form con-
sijerably larger colonies on MYGP than petites and have a selective ad-

vantage in continuous culture the effect of respiratory deficiency on their

growth rate is less than for petites.

similar results (fig 37) were obtained when a population of spon-
taneous (300) petites of strain X 190 were similarly cultivated at 18°C.
(renge variants were observed in the population after 6 - 7 days and sub-
sequently formed the major part of the population after 12 - 13 days,
presumably due to selection. These orange variants were paler in colour
than those orange variants derived directly from strain X 490 and showed
no sectoring. However, both types of orange variant were of similar
colony size on MYGP and both were respiratory deficient.

Although in all these experiments there was a change in the pop-
ulation from one type of respiratory deficient variant to another, rev-
ersion to respiratory competency was not observed. Unfortunately, all
these experiments had to be terminated earlier than wished because of
flocculation, otherwise respiratory competent cells may have appeared
through time.

Although the spontaneous and temperature-induced petites showed
sinilar variations in continuous culture, it was still not certain that

these respiratory deficient types were identical. Direct genetical in-

vestigations of these petites could not be made since, like normal cells
of strain X 190, they were diploid and, being respiratory deficient, were

unsble to sporulate. Attention was therefore turned to investigation of



Figure 37,

Population changes during con

of spontaneous petites of str

medium at 18°C.

V = 300 ml. F = 75 ml./h

Dotted lines indicate duplic
A = petite

A = orange
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ploid respiratory deficient strains. Segregants S91 and S110 of

strain X 190 were used in this investigation since they were of opposite
pating tyPee Spontaneous petites of these two strains were crossed to-
gether and the resulting diploid offspring were all petite.

of compl(:,mem:e.’c:i.on showed that these spontaneous petites were

This lack

identical.

Similarly, temperature-induced petites of the two strains were crossed
ith similer results, showing that the temperature-induced petites were
glso identicals Spontaneous petites of one strain were crossed with
tenperature-induced petites of the other strain. As all diploid offspring
yere petite it was concluded that spontaneocus and temperature-induced
petites of these two haploid strains were identical. This evidence suggested
that spontaneous and temperature-induced petites of strain X 190 were also
identicale

Crosses were also made of spontaneous and temperature-induced petites
of one strain with respiratory competent cells of the other strain. All
the zygotes, their diploid offspring, and the ascospores produced on spor-
ulation of these diploid off'spring, were respiratory competent. Consequently
these petites are 'neutral' petites (Ephrussi, 1953). If a proportion of
the zygotes, diploid offspring, and ascospores, had been petite then these
petites would have been designated 'suppressive’ (Ephrussi, 1953).

Having esteblished that the spontaneous and temperature-induced
petites were identical, end that they both produced orange variants but
not apparently respiratory competent cells during continuous culture, it

wes decided to investigate these orange revertants further.
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orange variant did not produce any respiratory competant types whereas
i orange verient described earlier produced three kinds of respiratory
competent variant. On this evidence the two kinds of orange variant are
not jdenticale This second type of orange variant is, however, respiratory
geficient as estimation of respiratory quotient by the Warburg technique
showed that as no oxygen was absorbed and therefore no aerobic respiratory
process Was taking place.

The orange revertant from petite was continuously cultivated at 18°C
4ith V= 300 ml., and F = 75 ml. per hour. Samples were taken on ten
successive days and with two exceptions all the colonies observed were
orange variant type. A colony which was half orange and half red was
observed in the sample taken after 2 days cultivation. 1In the sample teken
after 3 days cultivation, two red colonies were observed. In a total of
approximately 6000 colonies, only 2% red colonies were therefore detected.

These two red colonies were subcultured and found to grow on glycerol
pediun and hence were respiratory competent. Upon sporulation and tetrad
analysis, segregations typical of strain X 490 were observed. On this
evidence it was evident that reversion of respiratory deficient petite to
respiratory competent parent type had taken place via the respiratory
deficient orange variant, but at an extremely low rate. Surprisingly there
was no evidence of selection of the red revertant since further red colonies
vere not detected after the third day of continuous cultivation of the
orange revertant.

. o e 10118
These red respiratory-competent revertants were grown 1n continuou

culture, V = 300 ml., F = 75 ml., per hour, at 18°C. The results (fig 38)

shoved that induction of petites by temperature did not occur, aipce they

. ,1so0 observed
never reached a level greater than 2%. Orange variants were £130



Figure 38.

Population changes during continuous cultivation
of the strain X 190 parent type revertant (isol-
ated from the stable orange variant) in MAD
medium at 18°C.
V = 300 ml. F = 75 ml./hour

0 = parent type

@ = adenine recombinants and

revertants
A= petite

A = orange
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onies of these orange variants containe
3 ol d red sectors, and were

jperefore of the type which arise directly from strain X% 190. White
glenine revertant and recombinant colonies were also observed. Frop
ese results it was concluded that the red revertant was identical
pith parent type cells of strain X 490 in every respect except the
susceptibility to induction of petites by low temperatures.

Reversion of strain X 190 petites is in agreement with the ob-
crvations of Kraepelin (4964). The media and cultural conditions in
poth cases Were very similar. The temperature in both cases was below
the optimum growth temperature, 18°C and 2300 respectively. Kraepelin
ezpLoyed 1conditions of restricted proliferation' though these were not
specifiede The continuous culture conditions of this work were also
restrictive to the extent that the dilution rates used did not permit
optimal growthe

Reversion of petites to respiratory competency has several implica-
tionse Mitochondrial DNA might rarely be synthesized tde novo', but, if
s0, it would be controlled by the nuclear genetic material, which is
contrary to much other evidence. Alternatively, mitochondrial DNA could
be present in petites in a ‘missense' form and reversion could result

fron either a repair mechanism or by rare mistranslation of ‘migsense’

DNA resulting in functional mitochondrial DNA.
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eeffect of temperature on other strains of veast

Th
ogur, Ogur and St. John (1960) reported that the induction of

o
ites by low temperatures of 15 C and 18°C was strain dependent

pet To

investigate whether or not petite induction in continuous culture by
ov temperature was strain dependent, three more strains of yeast were
oyaainede Diploid strain X TS5 was bred in the laboratory at 30°c and

sas homozygous for the ad2 mutation and heterozygous for the adﬁ’ ad6

and 8dg nutations and consequently formed red colonies on MYGP agar.

Strains A end B of Saccharomyces cerevisiae were both non-flocculent

comercial strains of yeast received from Allied Breweries.

Strain X TS5 was grown in continuous culture, with V = 200 ml. and
§ - 25 ml. per hour, at 45°C. The results (fig 39, 4LO) showed that
petites were induced in the population of strain X T5 during continuous
cultivation at 15°C. In one experiment (fig 39) the rate of increase in
the level of petites was slow in comparison with strain X 190, taking
7 days to reach a level of 97%. The proportion of the orange variant
rose slowly during the first 3 days to a level of 55% and subsequently
fell to a level of &% in the next 6 days. The proportion of petites
reached & maximum after 7 days and subsequently fell to 30% after 9 days.
The proportion of the parent type fell rapidly during the first 3 days to
10%, and no parent types were observed on the fourth and fifth days.
The proportion, however, rose to 68% after 9 days. In the other experi=

nent (fig 40) the results were similar to those obtained with strain X 190.

The level of petites reached 60% after 2 hours and 9%% after 48 hours and

thereafter remained at a level in excess of 90% for the remeining 6 days.

The level of orange variants rose to a maximum of 18% after 2L hours =

fell to0 & level of less than 1% during the remainder of the experiment.



Figure 39. Population changes during conti

of strain X T5 in MAD medium

V = 200 ml.

F = 25 ml./hour
O = parent type
A = petite

A= orange
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Figure 4O. Population changes during co
of strain X T5 in MAD medium
V=200 ml. F=25ml./h
0 = parent tﬂle
A = petite

A= orange
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me level of the parent type fell rapidly in the first 2 hours ang
parﬁﬂt type colonies were observed only intermittently thereafter,
Tes6 experiments had to be prematurely terminated because of contap-
izationy and in order to ascertain whether or not strain X T5 populations
pollowed the same pattern of changes as observed in strain X 190, the
experiment had to be repeated and extended in time.

e results (fig 41) confirmed that population changes similar to
those observed in strain X 190 took place. The proportion of petites
rose to & level of 93% in three days and remained in excess of 90% for
the following 7 days. Thereafter the proportion of petites fell, and
ofter some fluctuations, reached a steady level of 6. After an initial
sarp decline, the level of parent type increased from L% after 10 days
to 75 after 18 days, and, after a second decrease, reached 93% after
2 days. The final fall in the proportion of the parent type over the
last 3 days of the experiment was due to the appearance and increase in
proportion of adenine recombinants. The proportion of the orange variant
#id not rise until the period of 12 - 24 days when it reached a maximum
level of 32% after 17 days. There appears little doubt that these results
ere the consequence of similar events to those which occurred in strain
1190 under the same conditions.

The two commercial strains A and B were grown in continuous culture

wder sipilar conditions to those employed for strain X T5. These strains

bad 'wild-type' genotypes and consequently formed white colonies om MYGE

sgar. There was some variation of colony size in strain B, suggesting

that perhaps this strain was not homogeneouse. The cultures were run for

: = 1an
10 days each and petites were detected by the tetrazolium salt overlay

technique, An average of two petites were detected in every sample of



Figure 41. Population changes during con
of strain X T5 in MAD medium at

V = 200 ml. F = 25 ml./h
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parent type
adenine re
revertants
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) colonies, and it was concluded that petites were not induced in th
n these

e strains of Saccharomyces cerevisiae by the temperature of 1500. e
cultivated ot BOOC’ even fewer petites were detected. In strain o
iites gere detected among 7280 colonies, counted in samples. TIn strain
5 sone small colonies were detected among samples totalling L882 colonies
it these Were not identified as petites by the tetrazoluim overlay
techniquee

These results confirm the observations of Ogur, St. John and Ogur
that temperature induction of petites in yeast is strain dependent. One
iifference between these yeasts was that strain X T5 was bred at 30°C for
ipvestigations at §0°C, whereas comiaercial strains A and B were selected,
probably over & large number of years, for their efficiency at temperatures
close to 1800. Consequently one would expect that petites might be induced
in strain X T5 at 15°C since it was adapted to 3000. However, as brewing
tekes place over a range of temperatures it was not surprising that petites
were not induced at 18°C and BOOC in the commercial strains of yeast as

one would expect them to have been selected for stability over a range of

temperatures.
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: _ in X 190 in continuous culture.

.l :

slled iflocs’, 18 of considerable importance in the investigation of
population stability and in the brewing industry. The population of

%0, which is non-flocculent,

ain B is in effect a mixed culture at

v teaperature, with several types of cell present. Spontanecous floccula-
tion of one OT more types in the population renders it useless for further
sudies of population stability since one cell type is maintained at an
rtificial level in the population. Flocculation is very important in
prewing, where non-flocculent yeasts are generally used in lager fermen-
istion and flocculent yeasts are used in the production of ales (Rainbow,
1966). Flocculent strains of yeast are also important in the continuous
rermentation of beer.

Flocculation is a genetically controlled characteristic in
Sagcharomyces cerevisiae. Thorne (1951) concluded that flocculence in
several yeast strains was under the control of 3 chromosomal genes, and
tat flocculence was dominent to non-flocculence. Gilliland (1951), how-
ever, showed that flocculence was under the control of one recessive gene
in the strain examined. Flocculation cen also be affected by a number of
environmental factors which are reviewed by Rainbow (1966).

Under normal cultural conditions at 30°C, strain X 190 is non-
flocculent, and usually remained non-flocculent in continuous culture at
this temperature. However during continuous culture experiments on strain
X190 at lower temperatures, flocculation was a recurring problem. Once
they reached a certain size, flocs settled out and Were selectively

i istinguish
rtained in the continuous culture vessel. & gimple way to distingu

es on
wrphologically between flocculent and non-flocculent yeast coloni
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g discovered. Non-

15 e e flocculent cells of strain X 190 formed
e gooth colonies 4 = 5 mn. in diameter after 3 days incubation at 30°¢
) -
— of flocculent cells of strain X 190 formed rough peaked coloni f
ties o

, -3 . diameter and 1 - 2 mm. high., These two types of colony were

sy to 1dentify and made an excellent diagnostic guide to flocculence
j_nstrainx 190. Sanples from a continuous culture of strain X 190 above
the layer of flocculent yeast y consisted mainly of non-flocculent
yeasts

rlocculence was not confined to parent type cells of strain X 190.
flocculent petites were also distinguished by their colony morphology.
Spontaneous orange variants of strain X 190 did not give flocculent type
wlonies, but orange revertants from petites did. TFlocculation was con-
firned by culturing colonies ir MAD medium at 30°C on an orbital shaker
for 24 hours. By the end of this period large pellets of cells were formed
ip cultures from flocculent rough colonies whereas smooth colonies formed
s miform suspension of cells.

In view of the dmportance of flocculation to the brewing industry
ad its relevance in continuous culture, a preliminary investigation of
its genetical control in strain X 190 was made. Red, respiratory competent,
rough colonies of strain X 190 were sporulated. Sporulation was good but
the spore viability of most colonies was poor. The best gave 7 complete
tetrads from the dissection of 12 asci plus 5 single ascospore colonies,
8 total of 33 segregants. All segregant colonies were red and rough, &nd

govth in 1iquid media showed them to be flocculent. ALl segregant strains

gev in the absence of tryptophan, threonine, tyrosine, uracil, and lysine,

tt not in the absence of adenine. These results suggested that the major=

i i + o sulent
1ty of the segregants were not haploid. Thus it appeesred that floccule
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e variation in strain X T5 during growth by serial transf
er

cenetic varietion in populations of Saccharomyces strains 4
8 during

stended growth can be due to a variety of causes, the most likely bei
eing

gutatione Variation in diploid heterozygous yeasts due to mitotic re
com-

sinstion of genes might be regarded as negligible when compared with ti
e

large number of variations due to mutation.

However, the rate of mitotic
reconbination is probably much greater than the mutation rate for many
loci, and consequently may be an important mechanism in causing particular

qriations in populations.

The adenine synthetic pathway of Saccharomyces cerevisiae has proved

; fruitful system for the examination of meiotic, and to a lesser extent,
pitotic recombination (Roman, 4955; Mortimer and Hawthorne, 1960; Johnston

i Yackinnon, 1966). Diploid strain X T5 of Saccharomyces cerevisise was

neterozygous for the adj, ad, and ada mutations and homozygous for the
ad, mutation. Consequently strain X T5 formed red colonies after 3 days

growth at 30°C on MYGP agar. Recombination at any of the ad,, ad6, and

3

ad8 loci, producing homozygosis for the mutant alleles, results in cells
forning white colonies on MYGP which were easily distinguished from the

parent type (plate 1).

Six cultures of strain X T5 derived from a common stock culture were
cultivated by 24 hour serial transfers at 30°C. Samples were plated out
on ¥YGP agar every 24 hours, incubated at 3000 and examined after 3 days.

The numbers of red and white colonies observed in each daily sample from

all the cultures were pooled. The results (fig 12) showed that white

tolonies were observed after 48 hours cultivation, _and increased to 99«35

of the population in 22 days. These white colonies were confirmed as

. . o 1 ediume
reconbinants by replica plating onto AD omission medium and glycerol m



Figure 42. Population changes during seri
shaking cultures of strain X T
0 = parent type

® = adenine rec
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jpsence of growth on AD omission medium indicated that the cells required
sdenine for growth and therefore that the white Phenotype was due to

recombination of one, or more, of the adj, ad6 and ad

8 mutations. Growth

indicated r i i ;
qould have in eversion of the a.d2 mutation resulting in adenine

independence. Growth on glycerol medium showed that the white colonies
were not respiratory deficient. These results (fig 42) also show that
selection for recombinants took place since the rate of increase in the
proportion of recombinants was greater than linear, the graph curving
steeply upwards. There would have been an initial linear increase in the
proportion of recombinants with the increase in generations and a sub-
sequent concave curve if no selection of recombinants had taken place.

The relationship between the proportion of mutants and the number
of generations was approximately linear for 5 days (65 generations)

(fig 43), and from the slope of the line of this graph an overall rate
of recombination at the three loci was calculated. This combined rate
vas estimated as 4.8 = 1.4 X 10-{-. per cell per generation.

The white colonies were also tested on TRY omission medium since it
was found that the tryb_ mutation was linked to the ada mutation (Hawthorne
and Mortimer, 1960). Recombination of the a.d8 mutation was frequently
accompanied by recombination of the tryl* mutation (Johnston and Mackinnon,
1966), the resulting deaughter cells being unable to grow on either AD or
TRY omission media. Approximately half the white colonies tested from
platings of strain X T5 did not grow on TRY omission medium (fig 44) and

. - da
were therefore classified as e.c'i8 recombinants. Similar tests for the a %,

and ad. mutations could not be made since there were no linked markers

5

: ies which
for these mutations in this strain of yeast. Twenty white colegzy

c ross=
4id not grow on TRY omission medium were genetically analysed by the c



Figure 43. Estimation of the rate of re
genes in strain X T5 at 3000
regression' method.
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Figure 4. Adenine recombinants of strai
Tryptophan omission medium.
0 = growth

® = no growth
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treaking technique. Seven of thes i
; € were found to be ad3 recombinants

Since approximately L5% of all the white

colonies grew on TRY omission medium and approximately one third of these

and 13 were ad8 recombinants.

yere gdj recombinaents, then aa.d3 recombinants constituted approximately

1% of all the white colonies. On this basis the respective rates of

pitotic recombination at the ad8 and ad.3 loci were estimated as 4.0 %
L

142107 and 7.2 £ 4.8 X 1077 per cell per generation respectively.
The accuracy of these rates was only moderate since there was linearity
for only five points of the graph. It can be seen from the errors that
the estimates are accurate to only 25%.

In order to estimate the rate of recombination more accurately,
the conditions of cultivation were closely scrutinised in an attempt to
reduce or nullify selection for recombinants. The basic requirement in
the estimation of recombination rates by the serial transfer technigue
is that the culture be maintained in an exponential state of growth. The
possibility that a period of 'early stationary' phase growth was occurring
during every 24 hour cycle was suggested by the observation of selection
for recombinants. Because of the dilutions employed in the serial transfer
technique, strain X TS completed 13 generations every 24 hours, with a
generation time of just under 2 hours, if all the growth was exponential.
In the growth medium (MAD) two nutrients, glucose and adenine, could have
been growth limiting factors. If glucose was the limiting factor then it
should have had the same effect on all cells in the culture if they had
similar growth rates. If adenine was the limiting factor, then both

parent type and recombinants would have been expected to have been affected

in the same way since they both require adenine for growth. However it

has been suggested (Roman, 1956; Johnston and Mackinnon, 1966) that the
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formetion of the red pigment in the parent type cells has an inhibitory

effect on the growth of these cells, in which case the selection of re

combinants would take place.

To ensure that the cultures were always in an exponential state of
growth, the growth medium and the serial transfer technique were altered.
The edenine supplement was doubled from 20 mg./litre to 40 mg./litre,
and the size of the daily inoculum/transfer was reduced from 6 X 1-0)+ cells
to1 X 103, cells. Under these conditions strain X T5 completed 19 gen—
erations every 24 hours, with a generation time of Jjust over 112 hours.

The pooled results of five cultures of strain X T5 (fig 45) grown
under these modified cultural conditions showed that although selection
for recombinants still operated, it was much less than that previously
observed, and so, departure from linearity occurred after many more gen-
erations of growth. The relationship between the proportion of recombinants
and the number of generations gave a good approximation to a straight line
for 14 days (fig 46), three times as long as in the original experiments.
The *line of regression' for these observations gave an overall rate of
recombination for ads, ad6 and adB mutations in strain X T5 of 3.9 X ‘IO"'J“F
per cell per generation. This estimate was 20% less than the original
estimate for the overall rate of recombination. The white colonies were
again replica plated onto AD and TRY omission media and glycerol medium.

The relative proportions of growth to non-growth on TRY omission medium

was 35 : 45 (fig 47). Forty colonies which did not require tryptophan

for growth were analysed by sporulation, tetrad analysis and cross streaking,

i tation. None of
and thirteen were found to be recombinants for the ad3 mutatio

these 40 were recombinants for the ad6 mutation. Consequently 10% of the

i i d. mutation
overall rate of recombination was due to recombination of the a 3 m
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Figure 46. Estimation of the rate of re
genes in strain X TS5 at 30°C
regression' method.
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Figure 47. Adenine recombinants of strain
Tryptophan omission medium.
0 = growth

® = no growth
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d the remaining 90% was due t i ; .
ol 0% O recombination of the ad8 mutation. The

ecombinati -
rates of recom ion of the ad8 and a.d3 mutations respectively in strain

X T5 were estimated as 3.5 ¥ 0.7 X 107 ang 4.0 £ 0.8 x 1072 per cell per

generation. It can be seen from the errors that the estimates are
accurate to only 20% an improvement in accuracy over the previous estimates
of only .

The different degrees of selection pressure in the two series was

clearly seen when the proportion of recombinants were plotted against

number of generations on the same graph (fig 48). After 4O generations

the proportion of recombinants in the population was 1% in the first
series of experiments and 0.6% in the second series, but this difference
videned after 100 generations to 7.9% for the first series and 1.1% for
the second. The extent of the linear relationship is also shown, 14
observations being in a close approximation to a straight line in the
second series, compared to only 5 in the first series (figs 43, 46). It
is obvious from this comparison that selection interfered with the accurate
determination of the rate of recombination, and caused the estimated value
to be too high under the conditions employed in the first series of experi-
ments. This was emphasized when the estimated rates of recombination are
compared. The estimated rates for the ad8 mutation differed by 12% in the
two series of experiments (4 X 107 : 3.5X 10-‘!‘) and the rate for the
tetd.3 mutation in the first series (7 X 10-5) was nearly twice that of the
second series (4 X 10_5).

The rate of mitotic recombination of the ad, mutation could not be

N ; tation
estimated by these experiments since recombinants for the a.d6 muta

+ B . This observation
were not observed among the 60 TRY" colonies snalyeey

- = 3 i 's
indicates that the rate of mitotic recombination for the ad6 mutation 1



Pigure 48. Comparison of the proportion of
observed in the two series of

ments.
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lower order of magnitude than that i
of 8 at of the ad3 mutation. The results
that the rate of i
slso show recombination for the ad8 mutation was ten

tiges greater than that of the ad3 mutation.

These observations are consistent with the hypothesis that the further
a locus is from a centromere the greater the probability of mitotic recom-
pination. It has been found (Roman, 1956) that the ad, locus is fairly
closely linked to a centromere, the meiotic map distance being 30 centimorgans
(Hawthorne and Mortimer, 1966). From mitotic recombination analysis, Roman
(1956) concluded that the a.d3 mutation is linked to the ad6 locus but distal
to ite Mortimer and Hawthorne (4966) showed that the a-d3 locus was much
further from the centromere than the a(16 locus but no meiotic linkage of
the two loci was detecteds The ade locus was found to be unlinked, although
loosely, to the try’+ locus, and there has been no evidence to suggest that
the .acl8 locus is on the same chromosome arm as the other two adenine
mutations (Mortimer and Hawthorne, 1966). It was assumed that the appearance
of white colonies of genotype ade/ad8 or ad}/a.c.‘l.3 was the result of mitotic

recombination and not forward mutetion in view of the very high rates at

vhich they appeared.
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pate of mitotic recombination for the ad

—

57 mutation

Strain X T1L of Saccharomyces cerevisiae was bred in order to

ine the mitotic recombi ,
determ combination rate of the ad5_7 mutation. This

sTaiEERRp Ty fous for the ad, mutation and heterozygous for the

8.7 mutation and linked markers 1)'5’ tYy met

139 and ac;. Strain

IT1, normally formed red colonies after 4 days growth on MYGP agar at
5000. Recombinants for the ad5_7 mutation gave white colonies, and
these recombinants would also be expected to be homozygous for one or
more of the linked markers.

Three cultures of strain X T14 derived from a common stock culture,
were cultivated by 24 hour seriasl transfers at 30°C. Strain X T4 was
found to have a slower growth rate than either strain X 190 or strain
X T5 and only 13 generations were completed in every 24 hour cycle of
gorwth. The pooled results (fig 49) showed that white colonies were
observed after 48 hours cultivation and increased to a level of 7.5%
after 12 days. Testing on AD omission medium showed that the white
colonies were recombinants for the ad5_7 mutation as they could not grow
in the absence of adenine. The rate of mitotic recombination for the
ad.5_7 mutation was estimated by the 'line of regression' method over the
first nine days®' results. After nine days the proportion of recombinants
curved steeply upwards and selection was suspected as the cause, although
the reason for this was not apparent since the growth medium was supple-
mented with 40 mg./litre adenine. The rate of mitotic recombination of
=L

+
the ad5 7 mutation was estimated from these results as 1.4 - 0.8 X 10

per cell per generation, although it can be seen from the error that the

accuracy of this estimate was only moderate.

The white colonies were also replica plated onto LY, TY, and ME

i . The
omission media and Actidione agar, to test for the linked markers



Figure 49. Estimation of the rate of reco
eu:'if’_;7 mutation observed in str
by the Nine of regression' m
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results were surprising since it was found that recombination for all

the linked markers either d4id, or did not, occur. In no case was the

recombination of only part of the linkage group observed in conjunction

with the recombination for the ad mutation.

5-7

puzzlins and one would wish to confirm them with more data before drawing

These results were rather

any firm conclusions. However they suggest that crossover followed by

segregation was only occurring between either the ad5-'/' mutation and the
iy
1y5 locus, or, between the a.02 locus and the centromere. Moreover although
i i been clearl
peiotic linkage between ad5_7 and the other markers has bee y

established (Mortimer and Hawthorne, 1946) only 10% of the ad;_, recom-

binants showed mitotic recombination for the linked markers.
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The stability of strain X 490 of Seccharomyces cerevisiae during

o . )
growth at 15 C was investigated. Respiratory deficient petite mutants

were found to be induced at a high rate in this strain at this temperature
Respiratory deficient orange variants were also induced, but at & much

lower rate than petites. The increased frequency of both variants was

shown to be due to induction and not to selection when these variants
were observed at increased frequencies during cultivation in glycerol
nedium, which is selective against respiratory deficient types.
Temperature-induction of respiratory deficient variants and longer
term effects during continuous cultivation of strain X 190 were invest-
igated over a range of temperatures. The results showed that temper-
atures of 1500, 18°C and 21°C, induced both petites and orange variants
in strain X 190, and it may be assumed that all temperatures intermediate
between 15°C and 21°C would do likewise. Moreover, a similar pattern of
changes in the population of strain X 190 were observed at all three temp-
eratures. Petites were induced at a high rate in the first three days of
continuous culture, and after four days composed about 90% of the pop-
ulation. Orange variants were induced during the first two days of cult-
ivation, reaching & level between 30% and 60%. Subsequently the level of
orange variants fell, but still remained at a relatively high level petween
5 = 10%. The population, composed of approximately 90% petite and 5 - 10%
orange variant, remained stable for a few days, between L4 and 10 days
depending on the temperature, after which the proportion of petites de-
creased over a number of days with a concurrent increase in the proportion
of parent type. At the time when the proportion of petites began to fall,
a small, but temporary, rise in the proportion of orange variants to 10 =

. . B a
2%% was observed. Eventually the proportion of petites was 1 2% an



that of the orange variants 4 - 5% and the remainder of the population

vas parent type. This latter population is very similar to that op.

served in strain X 190 during early stages of continuous cultivation at

the optimum growth temperature of 3000. Induction of petites was o

observed at 25°C although the orange variant was induced at a high rate
at this temperature.

The orange variant was grown at 30°C and was found to be very
unstable. This instability was due principally to a high rate of reversion
to respiratory competent parent type, although a relatively high frequency
(4 - 5%) of petites was also produced. An approximately normal rate of

nitotic recombination for the ad8 mutation was observed.

Reversion of respiratory deficient petites to respiratory competent
parent types was observed, although indirectly. A stable type of respira-
tory deficient orange variant appeared when temperature-induced and spon-
taneous (}00) petites were grown in continuous culture at 18°C. This
orange variant had a greater growth rate than the petite and consequently,
in time, formed the major part of the population. When this orange variant
was, in turn, continuously cultivated at 18°C, a few respiratory competent
types were isolated. However, the proportion of respiratory competent
types did not increese in the population, and it appears that there must
be selection against them in competition with the stable orange variant.
Genetic analysis of the respiratory competent colonies showed them to be
similar to the parent type of strain X %90. Unlike stock cultures of
strain X 190, however, respiratory deficient variants were not induced
when this 'revertant' parent type was grown in continuous culture at 18°¢.
Therefore this 'revertant' was a temperature-stable type of strain X 190

with regard to petite induction. The orange variant isolated from petite
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cltures was found to be very stable when grown at 30°C in that, un-
like the orange variant derived directly from strain X 190, significant
proportions of other types were not observed.

Ephrussi (1953) suggested that petites arose by the loss, inacti
» =
vation, or mutation of a cytoplasmic determinant which controls the

formation of cytochromes a + a_, and b.

These cytochromes are associated

3

vith the mitochondria, which are the centres of respiratory activity in

the celle Since it has also been shown that mitochondria of petite cells
hsve malformed inner membranes (Yotsuyanagi, 1962; Smith et al., 1959),

it has been concluded that the cytoplasmic determinant also controls the
formation of the inner membranes of mitochondria. It has also been sug=-
gested that the cytoplasmic determinant, referred to as the rho (o)
factor (Shermen, 1964), might be mitochondrial DNA (Raut and Simpson, 1955).
Subsequent studies have revealed that mitochondrial DNA is present in
normel yeast cells (Corneo et al., 1966; Moustacchi and Williamson, 1966;
Tewari et al., 1965). Although some workers (Corneo et al., 1966;
Moustacchi and Williamson, 1966) have reported that petite cells do not
contain mitochondrial DNA, there is an increasing amount of evidence which
supports the arguement that mitochondrial DNA is present in petite cells
in an altered form (Mounolou et al., 19663 Tewari et al., 1966; Smith

et al., 1968). Despite this dispute it has now been generally accepted
that mitochondrial DNA is the rho (o) factor.

There has been no evidence that replication of mitochondrial DNA

is controlled directly be chromosomal DNA, and it has therefore been

suggested that mitochondrial DNA replicates autonomously. Once & cell

to be
has lost its respiratory capability, the chormosomal DNA appears to

i i th b
incapable of initiating the synthesis of new mitochondrial DNA, therebdy



restoring 1ts respiratory ability and consequently, the cell remsins

respiratory deficient. However, respiratory deficiency in a yeast cell

cannot be equated with absence of mitochondrial DNA, which is commonly
found in respiratory deficient petites and which, although remaining
non-functional, has been shown to replicate in a normal manner (Rabinowitz
et al., 1969). The effects of temperatures less than the optimum growth
temperature of 30°C, and the changes in the population during continuous
cultivation of strain X 190, can be considered in +he light of three
possible mechanisms, each connected with mitochondrial DNA.

(1) It has been proposed that mutation or loss of yeast mito-
chondrial DNA results in the formation of respiratory dificient petites.
A large number of agents can induce petites, although the precise muta-
genic action of each has not been fully explained. In these experiments,
reduced “emperature in the range 15 - 21°C has been established as the
inducing agent. Temperature, unlike acriflavine (Ephrussi, 1953),
induced petites in only a proportion of the progeny, consequently some
respiratory competent parent types should always be present in the pop-
ulation. In these circumstances, an equilibrium, with fixed proportions
of each type being present in the population, and based upon the mutation
rate to petite and the degree of selection in favour of normal cells,
should occur during continuous cultivation. Such an equilibrium appar-
ently occurred in all of these experiments, although it was temporary
and applied for periods of time. In view of the high rate of induction
of petites observed initially it would be expected that the petites would
form a considerable proportion of the population, even in the selective
conditons employed. However, the level of petites fell to 1 - 27 which

is the same as the rate at which petites occur spontaneously at the
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optimum growth temperature.
Originally, it was assumed that all vegetative petites were identical
?

pbut analysis of acriflevine-induced petites revealed that there were bio-

chemical differences between petites, and at least four classes were es-

tablished (Avers, Pfeffer, and Rancourt, 1965). These different classes

could result from the mode of action of acriflavine. It was found that

scriflavine binds preferentially with mitochondrial DNA rather than chrom-
osomal DNA. The acriflavine could either prevent replication of mitochon-
drial DNA or alter the replica (Lerman, 1963; Tewari et al., 1966), or

it could interfere with the function of specific RNA polymerase (Richara-
son, 1966). Unlike vertebrates in which the length of mitochondrial DNA

is uniform, the length of yeast mitochondrial DNA was found to be variable
(Avers, 1967). Yeast mitochondrial DNA consisted of both linear and cir-
cular forms in normel cells (Avers et al., 1968). Mitochondrial DNA from
petites consisted mainly of double ended rods (Avers, 1967) although some
circular forms were also observed (Avers et al., 1968). Acriflavine-induced
haploid petites, containing morphologically different mitochondria, were
crossed to form a diploid petite. When the mitochondria of this diploid
were examined after many generations, they were identical with the mito-
chondria of the two parents (Avers et al., 1965; Federman and Avers, 1967).
The evidence suggest that (a) a mutagen such as acriflavine does not give
identical mutants and (b) yeast mitochondrial DNA is heterogeneous. If
yeast mitochondrial DNA were heterogeneous, then it is possible that it
will not have a uniform response to the mutagenic action of temperature.
Some of the mitochondrial DNA may be insensitive to the action of temp-

erature. In this case, if only a small proportion of the population of

strain X 190 contained non-sensitive mitochondrial DNA, then initially
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there would be induction of petites at & high rate There would al
3 also

pe selection for cells containing non-sensitive mitochondrial DNA since

the cultural conditions are selsctive for respiratory competant types

Eventually, during extended cultivation, the population would consist

entirely of cells which would contain non-sensitive mitochondrial DNA

This scheme would explain the changes in the population during continuous

cultivation of strain X 190 at temperatures between 15°C and 21°C. The

crange variant is also respiratory deficient, but it different to petite,
and could also arise from the mutagenic effect of temperature. However,
these proposals are not supported by the results of the recycling experi-
nents. When the sample was subcultured in glycerol at 3000 and then re-
cycled at a lower temperature one would not expect to find petites or orange
variants induced to any considerable extent. In practice, however, con-
siderable proportions of petite and orange variants were observed. The
nmitochondrial DNA should be homogeneous in its response to temperature in
this culture, since 'de novo' synthesis of mitochondrial DNA has not been
observed, and non-sensitive mitochondrial DNA is the only template for
replication of functional mitochondrial DNA. Thus, although this scheme
does explain the population changes during continuous cultivation of strain
X 190 at reduced temperatures, considerable doubt is cast on its validity
by the results of the recycling experiments.

(2) The possibility exists that the population changes observed in

these continuous cultures of strain X 190 are the result of the forward and

back mutation (reversion) of the cytoplasmic determinant, mitochondrial

3 ]
DNA. The temeprature effect could be mutagenic and cause ‘nonsense’ or

: . The
'‘missense' mitochondrisl DNA, and consequently petites, to be formed

. . rent
ultimate fall in the level of petites in the population, with the concur
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rise in the level of respiratory competent parent type, could be the

result of reversion to functional mitochondrial DNA and respiratory co
=3 =

petency. Many attempts have been made to detect reversion in respiratory
geficient diploid (Ephrussi, 1953) and haploid petites (Raut, 1954) but

all but one have failed. Kraepelin (496L4) reported reversion of stable

petites of Saccharomyces cerevisiae to respiratory competency.

Reversion

of some petites of other Saccharomyces species has also been reported

(Nagad, 1969), but apparently these petites were unstable anywaye
It was found that both spontaneous and temperature-induced petites

of strain X 190 gave rise to respiratory deficient orange veriants when

cultivated for 8 - 10 days in a Chemostat at 18°C. This orange variant,

when similarly cultivated at 18°C, gave rise to a few red colonies. How-
ever, only one half-sectored and two complete red colonies were detected

in a total of 600 colonies from over 10 days' samples. These colonies,
when subcultured, were found to be respiratory competent, and on sporulation
and dissection gave typical segregation of marker genes of strain X 190.
Thus, there aprears little doubt that reversion of petite to respiratory
competent parent type took place, for even in the unlikely event that the
two red X 190 type colonies appeared on the plates by contamination, firm
evidence of reversion was provided by the half-sectored colony. Moreover,
the process seems to take place in two steps, reversion from petite to a
stable orange variant, and reversion from the stable orange variant to
parent type. Assuming that reduced temperature has a progressive mutagenic
effect on mitochondrial DNA the lower the temperature, mutagenesis and

reversion of mitochondrial DNA would explain the population changes during

o
d
continuous cultivation of strain X 190 at temperatures between 15 C an

. . P
2500, and also possibly the origin of the orange variant. Mutation o
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of mitochondrial DNA could result in the formation of the unstable type
of orange variant which, although respiratory deficient, has growth rate

much greater than that of petite ana only slightly less than that of the

respiratory competent parent type. It was not possible to obtain this

orangé variant in pure culture as, on cultivation at 3000, S s
petites, ad8 recombinants and ad2 revertants were all isolated. The orange
variant isolated from petite strains of X 190 was very stable when cultivated
at 30°C and the only variants isolated were a few petites. This stable
orange variant could have arisen as the result of the partial repair of
mitochondrial DNA which gave a variant which, although respiratory deficient,
had a greater growth rate than the petite and was stable in the same manner
a8 the petite. The characteristics of colour, colony size, and respiratory
deficiency were common to both types of orange variant. The results suggest
that both types of orange variant are intermediate, although different so,
between, parent type and petite. If the mutation which results in petite
mitochonrial DNA is ‘'missense' rather than 'nonsense' then there seems to

be no reason why reversion of mitochondrial DNA, similar to reversion of
chromosomal DNA, should not occur. A ‘'missense’'mutation is the result of
the replacement of a codon, specifying one amino acid, with a codon spec-
ifying another amino acid. The result of a 'missense' mutation is the
synthesis of an altered protein which may retain some biological activity.

A 'nonsense' mutation is the result of a change to a codon which does not
specify any amino acid. A 'nonsense'’ mutation caused the reading of mRNA

to cease and results in an incomplete polypetide being released. It has
been assumed that the mutation to the petite state is the result of &

'nonsense' mutation, because petites are so stable and because the buoyant

density of mitochondrial DNA 1is altered (Mounolou et al., 1966). However,
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it bas been suggested that only part of yesst mitochondrial DNA i

concerned with respiration (Slonimski et al., 1968) and an analysis

of similar respiratory deficiency (mi mutants( in Neurospera species
has shown that the ultimate effect is the replacement of a single amino

acid in @ structural protein (named MSP) produced by mitochondrial DNA

(Woodward and Munkres, 1966). Hence the evidence of Kraepelin (1964)

and these results, suggest that the petite mutation may be & 'missense!
mutation and that reversion to a respiratory competent state, although
rare, is possible.

Reversion of petites, coupled with selection, could explain the
ultimate rise in the level of parent type, and would also explain the
rise in the proportion of orange variants when these changes were taking
place. Since the ‘revertants' arose at 48°C they were stable at this
temperature and hence stability of the populations recycled at one temp-
erature (1800) would be explained. But the instability of recycling
populations at 30°C and then at 18°C is not explained. Further doubt is
cast on these proposals by the population changes observed in strain X 190
when grown in glycerol medium at 18°C. One would expect to find an equil-
ibrium formed between parent type, petite, and orange variants in this
medium. However, no such equilibrium was observed and, moreover, the rise
in the level of parent type occurred after only 4 days. Since reversion
from petite via orange variant to parent type was found to be a rare event
and occurred only after a considerable period of cultivation, it seems
unlikely that the rise in the level of strain X 190 parent type in glycerol
medium can be attributed to reversion alone. Moreover, selection for parent

type 'revertants' against stable orange variants was not observed during

i i against
continuous cultivation. This evidence provides strong arguement ag
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R o L te e a5 the explanation of the population changes

continuous cultivation of strain X 190.

(3) The third possible explanation of the population chances in
continuous cultivation of strain X 190 is concerned with the rate of

replication of mitochondrial DNA. Studies on a number of organisms have

suggested that replication of mitochondrial DNA does not occur synchronously

with replication of nuclear DNA. This view has been supported by similar

investigations in Saccharomyces lactis (Smith et al., 1968) and Secchar-

omyces cerevisiae (Williamson and Moustacchi, unpublished).

In a syn-

chronised culture of Saccharomyces lactis it was found that replication of

mitochondrial DNA was periodic but was not concurrent with the replication
of chromosomal DNA. The rate of cell division and thus chromosomal DNA
decreases in strain X 190 as the temperature falls below the optimum growth
temperature of BOOC. Similarly one would expect the rate of replication of
nitochondrial DNA to fall. However, the temperature may act differentially
on the two rates of replication, and the rate of replication of mitochon-
drial DNA could be reduced more than the rate of replication of chromo-
somal DNA. If this were true, then one would expect to find that an
increasing proportion of the population would be respiratory deficient the
lower the temperature because fewer of the daughter cells would contain
functional mitochondria and mitochondrial DNA. The precise relationship
between structure and function of mitochondria and mitochondrial DNA has
not yet been clearly extablished. Although it has not been clearly dem~
onstrated that mitochondria cannot function in the absence of mitochondrial

DNA, it seems unlikely as mitochondrial DNA carries information for the

formation of cytochromes a + 25 and b, which are an integral part of the

inner membranes of the mitochonrion. (Prezbindowski et al., 1968).
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However, there may not be a one mitochondrion to one mitochonrial DNA

molecule relationship and, indeed, there is evidence to suggest that the

number of mitochondria in a cell is considerably greater than the number

of molecules of mitochondrial DNA (Maroudas and Wilkie, 1968; Allen and

MacQuillan, 1959).

if the rate of replication of mitochondrial DNA subsequently adapted

to the rate of cell division at the lower temperatures, then the proportion

of petite daughter cells would decrease. This scheme would explain the

population changes in strein X 190 during continuous cultivation at temp-

eratures between 1500 and 21°C. It is similar to that proposed by Sherman

(1959) to explain somewhat similar observations at elevated temperatures.
Sherman suggested that at supraoptimum temperatures the self-replicating
particles, now considered to be mitochondrial DNA,either cease to reproduce,
or, reproduce at a slower rate in relation to cell division. The studies
at elevated temperatures were not pursued beyond 5 days cultivation, how-
ever, and consequently it was not observed whether the rate of replication
of mitochondrial DNA adapted to the higher temperature.

This relatively simple scheme appears to offer the best explanation
for the population changes in strain X 190 during continuous cultivation
at temperatures between 15°C and 21°C. With the rate of replication of
mitochondrial DNA slower than cell division at these temperatures a pro-
portion of petites would be induced in the population initially. Subse-
quently replication of mitochondrial DNA increases as the result of some
adaption process and the proportion of petites induced decreases. More=
over, selection for respiratory competent cells is taking place and con=
sequently the proportion of petites already present in the population

decreases. The results of the recycling experiments are also explained,
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gs adaptation to different temperatures was not necessary in one case and
petites were not induced. In the other case,

where subcul turing took

o
place at 30°C followed by recycling at 18°¢c, replication of mitochondrial

DNA had to adapt to two temperatures, and cansequently petites were induced

in the population on recycling at 18°C. These proposals do not, however,

explain the origin of' the two types of orange variant, nor do they explain

the population changes observed at 25°C.

The complete explanation of these results could involve a combination

of these three schemes. The effect of infra-optimum temperatures may be

two-fold, (1) a mutagenic effect which results in 'missense' mutation

of mitochondrial DNA, resulting in the production of the unstable orange
variant and the petite mutant, and (2) a differential effect on the rates
of replication of mitochondrial DNA and chromosomal DNA resulting in a
proportion of the progeny being respiratory deficient, the rate of repli-
cation of mitochondrial DNA subsequently adapting to the temperature and
the rate of cell division.

The recycling experiments showed that cultures of strain X 190 could
be stabilised with respect to petite production at a specific temperature
if they were always maintained at that temperature. If a culture was sub-
cultured at another (higher) temperature during a recycling experiment and
was subsequently recycled at a lower temperature, it again became unstable.
This was supported by the observations that temperatures of 18°C and BOUC
did not induce petites in cultures of commercial strains of yeast. This
result, however, is not surprising since these yeasts would have been
selected for their stability at brewing temperatures close to 18°C, while

o
still having an optimum growth temperature about 30 C.

. . : 5 £
A recurring problem encountered during continuous cultivation o
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strain I 190 was flocculation. Strain X 190 is a non-flocculent straj
strain

of yeast but on many occasions, particularly at 2‘>°C, continuous cult
ures
of strain X 130 became flocculent. At all temperatures cultures of strain

I 190 were, in effect, mixed cultures with parent type, orange variant
9y

and petites, present in the population. Both parent type and petite became

flocculent spontaneously, although simultaneous flocculation of both types

was not observed. The unstable orange variant arising directly from parent

type did not flocoulate, but spontaneous flocculation of the stable orange

variant arising from petite was observed. The direct consequence of

flocculation in strain X 190 was that population studies could no longer
bes performed, since selection occurred for the flocculent type in the pop-

ulation and since the proportion of cells in the population involved in the

flocs could not be determined. The whole basis of these population studies

was that the sample plated out reflected accurately the population com-
position of the culture. Once flocculation occurred this was no longer
true. Although flocculence is genetically controlled (Thorne, 1951;
Gilliland, 1951), changes in the environmental conditions can also cause
flocculation (Rainbow, 1966). In a preliminary genetic investigation of
flocculence in strain X 190, sporulation and dissection gave tetrads, in
which, all segregants were red, flocculent, and adenine-requiring, and had
no other growth requirements. These segregants were, in turn, sporulated
and dissected and, although spore viability was poor and no complete tetrads
were obtained, all the viasble segregants were non-flocculent. Since sim-
ultaneous flooculation of all types in the population was not observed,

and since flocculation did not occur in all the experiments, flocculation
due to environmental conditioms, although they were constant, was unlikely.

The results of tetrad analysis suggest that flocculence in strain X 190 is
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associated with aneuploidy although any firm conclusions would require

further data for confirmation.

Genetical stability of microorganisms is desirable in the vast ma j=-

ority of experiments and processes, especlally in those which are extended

over considerable periods of vegetative growth. Although gene mutation is

the main source of genetic variation in microorganisms, in some fungi such

as Saocharomyces cerevisiae, Aspergillus nidulans, and Ustilago maydis,

there is another process which gives rise to comparable or greater variation

during vegetative growth. Mitotic segregation of genes has been observed

in these organisms and several mechanisms have been proposed to explain a
variety of results (James and Lee-Whiting, 1955; Pontecorvo et al., 1954;
Wilkie and Lewis, 1953; Hurst and Fogel, 1964; Holliday, 1964). However,
practically all the investigations of mitotic segregation have been studies
of induced segregation. The spontaneous rate of mitotic segregation and

its importance in genetic stability of cultures during extended growth has
been largely neglected. The spontaneous rate of mitotic recombination was
estimated for the adi, 366 and ad8 mutations in strain X TS5, and for the
ad5_7 mutation in strain X Ti4. These rates were, for adj, 4.0 £ 0.8X 10-5,
for adg_, 1.4 0.8 X 107%, and for adg 3.5 * 0.7 X 107" per cell per gen-
eration. The spontaneous rate for the a66 mutation was apparently in the
order of less than 10-5 per cell per generation. There are no published
forward mutation rates (Ad ad) for these genes, but some evidence from
other studies (Roman, 1956) suggest that the mutation rates are much lower
than the mitotic recombination rates given above. These ralatively high
rates means that the probability of genetic variation due to mitotic re-

i i d cul-
combination is much higher than that due to mutation during extende

. . . . tes
tivation. It is significant that these relatively high recombination ra
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were for non centromere-linked genes and, in the case of the ad, and ad

3 8
mutations especially, genes probebly near the extremity of their respective

chromosome arms. On the other hend the ad6 mutation is an example of a

centromere-linked gene, and the lower rate of recombination is consistent
with the 1dea that, the rate increases as the distance from the centromere
increases.

Selection plays an important role in determining the extent of var-
iation due to mitotic recombination during extended cultivation. It was
seen during extended cultivation of strain X T5 that there was selection
for adenine recombinants, and ultimately they formed 99% of the population.
Selection against these recombinants would have meant that they probably
would not have been detected and would have had little effect on the stability

of the population. The exact mechanism of spontaneous mitotic segregation

of genes has not been elucidated but in some of the suggested mechanisms
reciprocal recombinants are produced, e.g. recombination at the hetero-
Zygous Ade/ad8 locus would result in the homozygous recombinants AdB/AdS
and ada/ada. Without selection, and neglecting effects of mutations
resulting in the homozygous condition being converted into the heterozygous
condition, each recombinant should ultimately form 50% of the population.
However, selection for either recombinant would result in the population
becoming increasingly uniform, since only through further mutation would
variation due to recombination at the Ada/ad8 locus be possible.

Mitotic chromosomal mechanisms do not result in recombination if the
genes are homozygous. However, there may well be a fair degree of hetero-
zgygosis in most laboratory and commercial strains of yeast. Moreover, it
may be beneficial to hybridise new strains of yeast for laboratory and

commercial processes, and since hybridisation is likely to increase the
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The genetic stability of several strains of yeast during extended

cultivation at temperatures between 15°C and 30°c was examined

Respiratory deficient petite mutants were induced in diploid strain

I 190 by temperatures between 15°C and 21%.

Similar mutants were
induced by a temp-

o
rature of 15 C in a second diploid strain, X T5,

and in two haploid strains, S 91 and S 110. Use of glycerol medium

selective against petite mutants showed the effect to be due to

induction and not selection. Petite mutants were not induced by

o
temperatures of 18 C and 30°C in two commercial strains of brewers'

yeoast.

A respiratory deficient (non-petite) orange variant was induced in

strain X 190 by temperatures between 15°C and 25°C. This orange

variant wes found to be very unstable, with a high rate of reversion
to respiratory-competent parent type.

During continuous cultivation of strain X 190 at temperatures of
15°C, 18°C, and 21°C, petites were induced at a high rate and quickly
formed approximately 90% of the population. Subsequently, however,
the proportion of parent type cells increased end ultimately formed
over 90% of the population. In recycling this population at the

same temperature, e.g. 18°C, it was found to be stable. If, however,
the sample was subcultured for a short time at 30°C and then recycled
petite mutants and orange variants were again induced in the population.
When spontaneous and temperature-induced petites of strain X 190 were
continuously cultivated at 18°C, a stable respiratory deficient orange
variant (unlike the unstable orange variant obtained directly from
strain X 190) appeared. Selection for this orange variant occurred

! 8
and it quickly became predominant in the population. Its continuou



(6)

(7

(8)
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. o
cultivation at 18°C led to the isolation of a few respiratory

competent colonies of X 190 genotype. This suggested that

reversion from respiratory deficient petite mutant to respiratory
competent parent type had taken place

Three models were proposed to explain the population changes
observed during continuous culture of strain X 190 at temperatures
between 15°C and 21°c.

(a) Mitochondrial DNA is heterogeneous and & small fraction is
not susceptible to the inductive effect of these temperatures.
Consequently there is a high rate of petite induction initially,
followed by selection for the fraction of cells which contain

temperature-stable mitochondrial DNA. Eventually these respiratory

competent cells form the major proportion of the population.

(b) The rate of replication of mitochondrial DNA is decreased more
than that of nuclear DNA by reduced temperature. Consequently
petites are induced in the population, subsequent adaptation of
replication of mitochondrial DNA to the same rate as nuclear DNA,
leads to more respiratory competent cells being produced.

(c) After initial induction of petites in the population, reversion
to respiratory competency takes place. These respiratory competent
revertants are selected for in the culture.

A preliminary genetic investigation of flocculence in strain X 190
in continuous culture suggested that this property was associated
with polyploidy or aneuploidy in this strain.

The rates of mitotic recombination for the adB, ad5_7 and ads loci

i i i ded
were estimated in two Saccharomyces hybrid strains during exten

+
i ° for ad, 4.0 -
serial transfer cultivation at 30 C. The rates were 3
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0.8 X 1072, for ad._, 1.4 ¥ 0.8 X 107, for agy 3.5 % 0.7 x 107

per cell per generation.
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PLATES



Plate 1.

Plate 2.

Strain X 190 population; showing red, parent type
colonies, and white, adenine recombinant colonies,

after 4 days growth at 30°C on MYGP agar.

Tetrazolium salt overlay technigue for detecting
respiratory deficient colonies. Respiratory
sufficient colonies are red, and the single res-
piratory deficient colony shown (far right of

plate) is white.






Plate 3. Continous culture apparatus. From left to right
the apparatus consists of: reservoir, peristaltic
metering pump, culture vessel, effluent vessel,

air pump.

Plate L. Continuous culture vessel. The sintered glass
air inlet, and the end of the overflow tube, can
be seen below the clamp. The inlet connections,
which are sealed during operation, can be seen
above the clamp as can be the spring clip which

holds the two parts of the vessel together.



PLATE 4



Plate 5.

Plate 6.

Population of strain X 190 after 2 days cultiva-
tion at 18°C. Clearly visible are red parent
type colonies, orange colonies, sectored red/

orange colonies, and petite white colonies.

Normal strain X 190 population on MYGP agar

after 4 days growth at BOOC.



PLATE 5




Plate 7.

Plate 8.

Tetrazolium salt overlay of a strain X 190 pop-
ulation. Respiratory sufficient colonies and
sectors are clearly distinguished by their bright
red appearance. Respiratory deficient petite col-
onies are white. The reaction of orange colonies

and sectors is not clear.

Population of strain X 190 temperature induced
petites after continuous cultivation at 18°C for
10 days. The stable orange variants can be
clearly distinguished, by colour and larger
colony size, from the petite colonies. Note
also that these orange colonies are paler in
colour than those which arise directly from

strain X 190 parent type.
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