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' ABSTRACT
.75 -

. A culture procedure was established to obtain
uniformly high yields of yeast spores with high desiccation
resistance, and this was used to study the following
parameters during both the sporulation phase and spore
germination process of a yeast strain: changes in heat
resistgnce, desiccation resistance, cellular free proline
content and alpha~amino acid content. fhe effect on
desiccation resiétance of supplying exégenoué proline was
studied, and this is the first work to report that

exogenous proline can increase desiccation resistance of

'weast ve?etative cells or sporulating cells. Small-celled

colonies found after vegetative or sporulating cells were
desiccated or treated with proline solutions are concluded

to be possibly a mutant or a symbiont of the yeast cells.
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INTRODUCTION

Yeasts have beenh widely used as experimental
organisms in various aspects of biological research. The
common commercial yeast, éaccharomycea cerevisiae, a
single ~célled organism, is the most popular. Yeasts can

be cultured, maintained and manipulated with standard

microbiological techniques, like many prokaryotic organisms.

THeir life cycle is relatively short and cell divisions
are rapid. Different stages of their life cycle can be
reproduced in the.;aboratory under given conditions and
with known nutrient media. Although the yeasts are one
of the simplest eukaryotes, their cells possess many
structures common to higher eukaryotic cells, such as é
definite membraﬁe—bouhd nucieus, mitochondria, plasma
membfane, vacuoles; riboéomes, centriole and mitotic
spindle (Guth et al., 1972). Macromolecular syntheses,
chromosome replication and segregation in yeasts are
homologous to those in higher eukaryotic cells. So, the
yeast Saccharomyces is a useful experimental subject for
developing models for differentiation and development in

unicellular eukaryogés.

In many ecological niches, organisms may encounter

adverse environmmental conditions. Drying is a common

1
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physical stress experienced by living cells. In the work
presented here, the resistﬂnqe to desiccation of a strain
of the yeast Saccharomyces cerevisiae was studied. 1Its
resistance to another physical stress, high temperature,
which may not be so frequently experienced in the

natural environment was also investigated.

The majority of the published work on heat
resistance of living cells has been carried out with
prokaryotes, especially the spore-forming an; thermophilic
bacteria. Among th; most recent publications on this
topic was the study of heat resistance of spores of
Clostridium sporogenes by Anema and Geers (1973), of
Clostridium perfringens by Nakamura and Nishida (1974),
and of Clostridium putrefaciens by Roberts and Derrick
(1975). Repslts on heat resistance of germinated spores
of Bacillus cereus (Dring and Gould, 1975), and on the
thermal profile of an extremely heat resistant Bacillus
species (Bond and Favero, 1975) represent some of the
reéent résearch on heat resistance of aerobic spore-formers.
Investigations have been made on the nature of heat
tesistance of Bacillus stearotheimophilys, which is a
thermophilic bacterium (Ljunger, 1970; Ljungexr, 1973).
Papers have appeared on the heat resistance of bacteria
related to food industry, such as Salmonella (Corry, 1974).
Ebner and Frea (1970) investigated the heat resistance

of the exospores and vegetative cells of the actinomycete

Streptomyces fradiae.
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The heat resgsistance of fungi has received much
less attention. Warcup (1951) recorded some ascomycetes
in soil including Aspergillus fischeri, Penicillium
luteum, Penicillium baarnense which had spores resistant
to a short partial sterilization treatment by steam applied
to the soil. Changes in the heét resistance of ascospores
of Neurospora upon germination were followed (Lingappa and
Sussman, 1959). PNeurospora ascospores were activated to
germinate by a short heat-shock at 60°C, followed by
incubation at 27°C. When activated, ascospores after
5 minutes incubation at 27°C were given a heat treatment
at 65°C for 5 minutes; only 30% of the spores survived
and germinated. If thg same heat treatment was given after
25 minutes incubation at 27°C, all the ascospores were
killed. So there was a rapid loss in heat resistance of
Neurospora ascospores accompanying germination. Heat
resistance of a number of xerophilic fungi, such as
Aspergillus chevalieri was studied and it was found that
some spores remained viable after 10 minutes at 80°c

(Pitt and Christian, 1970). Heat resistant moulds

including species of Byssochlamys, Paecilomyces, Aspergillus,

" Penicillium were isolated from New York orchards and

vineyards, and their spores could survive 1 hour at 70°¢
(Splittstoesser et al., 1971). Byssochlamys ascospores
were chosen for heat resistance studies because the

funqus causes spoilage of canned fruit and fruit juicew
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i and the decimal reduction time at 66°C of the spores was
i found to be 13 minutes (Michener and King, 1974). Eleutherascus
tuberculatus, a new heat resisfant ascomycete, was isolated
from Dutch soil after moist heat treatment at 70°C for
30 minutes (Samson and Luiten, 1975).

Hansen (1883) was the first to demonstrate that

spores and vegetative cells of Saccharomyces were different

in their resistance to elevated temperatures. Young

; vegetative cells of Saccharomyces cerevisiae were killed
: ’

by five minutes heating at 54°C, and the spores after

e e

five minutes at 62°c. o01d vegetative cells were more heat

W
%
5
&
7

resistant than young cells. Chudyk et al. (1969) investigated
the survival of yeast ascospores and vegétative cells at-

high and low temperatures. They showed that the yeast

ascospores were more heat resistant than vegetative cells,

and found that with a 5 minute exposure the lethal

temperature for vegetative cells was within the range of

51-52°C, and that for ascospores was within 57-58°¢.

o e gt 4 s ™ o M

Fowell (1966) described a selective heat treétment procedure
for {%@ in yeast genetics research to obtain populations
of haploid spores free of the diploid vegetative stage.

Heating aqueous suspensions of cells and spores at 58°¢

for 5 minutes killed about 95% of the vegetative cells
but the spores survived.
The desiccation resistance of microorganisms has

been less investigated than their response to heat. 1In
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general, spores are more resistant‘than vegetative cells.
Pgeudomonas aeruginosa was tested for its sensitivity to
desiccation and it was found that cells in the exponential
growth phase were more susceptible than cells in the
stationary phase (Skaliy and Eagon, 1972). Yamamoto

(1975) found that akinetes of Anabaena eylindrieca, a blue-

green alga, were more tolerant to desiccation than vegetative':

cells. Desiccated akinetes were still able to germinate

after 5 vears of storage in dark, whereas desiccated

vegetative cells lost their viability after storage of

only 15 days.

There have been many records of survival of fungi

under prolonged desiccation. As examples, air-dried

‘conidia of Aspergillus oryzae, which had been kept in a

sealed test tube at room temperature in the dark for 22
years, grew on every -medium tried when plated (McCrea,
1923). McKay (1935) observed germination of oospores of
the onion mildew, Peronospora schleideni, at the end of
four years of storage in dry condition. Cultures of
Allomyces arbuscula dried by evaporation on filter paper
strips and stored in this way survived for more than 14
years (Fennell, 1960). Cultures of Candida aﬁbicana dried
in a vacuum over calcium chloride at room témperature and
stored at 10 C survived after 21 years in tﬁis condition

(Miller and Simons, 1962). Three fungus séecies pathogenic

to insects were shown to retain viability aAnd pathogenicity
f
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after three years storage of their spor}s on silica gel
crystals at -20°¢ (Bell and Hamalle, 1974). Rathaiah
and Pavgi (1971) reported that germinated conidia of
Cerospora carthami and Ramularia carthami, which were
desiccation-tolerant fungi, could withstand adverse dry
conditions prevalent in the field during host infection.

Reess (1870) noted that yeast spores could survive
drying for months. Hansen (18981‘maintained yeast
vegetative cells and spores in a desiccator over concentrated
sulfuric acid. It was found' that desiccated spores
remained viable much longer than desiccated vegetative
éells. This also was true of spores and vegetative cells
dried at ambient humidity. Miller (1974) in guantitative
experiments reported that the percentage of yeast ascospores
that survived drying was far greater than vegetative cells
from growth medium and that some yeast spores germinated
and produced normal colonies after ten years over silica
gel at laboratory temperature. ¥

There has been no report in the literature in
which the variation in desiccation resistance or heat b
resistance during the sﬁccessi&e stages of the life cycle
of a fungus has been followed. ‘Also litfle attention
has been given to the mechanism of heat resistance and
desiccation resistance in fungi. 1In éhis present work,
the acquisition of heat resistance and desiccation resistance

by yeast cells during sporulation and the loss of these
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resistances durinq germination areJtraced. The phenomenon
that some living cells are to a certain degree resistant

to desiccation and heat presents interesting and fundamental
problems for investigation. The p;ésent work represents

an effort to contribute to an understanding of the
resistance.mechanism of yeast cells to these environmental .
stresses.

Heat and desiccation are two possible means to
control yeasts. Since yeasts are present in many natural
foods and food ingredients,and are microbial agents
affecting food pxocessing and fermentation industry,
information about development and loss of heat and desiccation

resistance in yeasts may have industrial application.

In sporulation, resistance to these stresses may be

‘acquired through structural or biochemical changes. An

electron microécopic study could attempt to correlate changes
in structure with acquisition of resistance. In this

present work, an attempt is made to relate resistance to
internal chemical changes, in particular, to changes in
proline content. The choice of proline as a subject to
study was’prompted by the previous finding of Ramirez and
ﬁiller (1963; 1964) that the amount of free proline in
Saccharomyces cerevigiae cells increased greatly during
sporulation and decreased during spore germination. All

the other free amino acids, on the contrary, diminished

during sporulation and increased during germination.
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Rousseau and Halvorson (1973) confirmed thig finding and
they also observed that proline was excret?d into the
medium from the spores during germination.

Bathurst (1954) studied pollen from grass species
and reported that of the free amino acids in the pollen
the most abundant was proline. Britikov and Musatova (1964)
analyzed the pollen and pistils of a large numser of plants
(about 200 species from 63 families) and found that the
pollen differed from other plant organs in its unusually
high content of free proline, reaching 1.5% or ‘even more
per fresh weight in many species. Britikov et al. (1964)
concluded that the high content of free proline in pollen
and the considerable excess over its content in pistil
tissues is consistent fact which, apparently, has no
exceptions. A number\of other workers have reported high
proline content in pollen (see: Stanley and Linskens, 1974).
Pollen would be expected to have adaptations to desiccation
stress, but it is interesting that there are many reports
describing increases in proline content of other plant
tissues wheﬁrsubjected to desiccation stress. When there
was water deficiency in the soil,vthere was an increase
in the level of proline in barley (Savitskaya, 1965). Under
water stress, there was a ten-fold to a hundred-fold
accumulation of free'proline in shoots of Bermuda grass

and the turnover of free proline was much slower than that

‘of any other free amino acid (Barnett and Naylor, 1966).
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Non-protein proline was also found to accumulate.in wilted,
excised turnip leaves while such accumulation was not
apparent in unwilted leave; (Thompson et al., 1966; Stewart
et al., 1966). Protsenko et al. (1968) compared the amino
acid composition of drought resistant and less drought
resistant varieties of winter wheat. It was demonstrated
that during drought, proline accumulation was greater in
the drought resistant varieties. Palfi (1969) showed

that the proline content of the leaves increased several
times after 2-3 days of water insufficiency. Even when
there was enough water in the root medium, there was still
a significant increase of proline in the leaves if the
water uptake was hindered. Pﬁysiological drought éourﬂ

be induced artificially in the leaves by increasing E;e
salt content of the irrigation wate£ or by chilling the
root system (Palfi and Juhasz, 1970). Water deficiency
induced artificially in the leaves was also accompanied

by great increase in the proline content. ‘Routley (1971)
worked with wilting detached Ladino clover leaves and
similarly found accumulation of proline. According to
Palfi et al. (1973) the conteﬁflof free proline in plants
optimally. supplied with water was usually extremely low
(0.2-0.6 mg/gm dry matter).and during slow dehydration

of plant tissues, the quantity of free proline rose sharply
and could reach 40-50 mg/gm.§ Waldren and Teare (1974)

demonstrated that free proline did not accumulate markedly
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in intact sorghum and soybean leaves until the plants were
severely water-stressed ;nd they suggested that proline
accumulation might be an indicator of drought resistance
or susceptibility. Dr. C. Ramirez (personal communication,
1975) found large accumulation of proline under severe
conditions of dryness in the most drought-resistant species
of the clover Trifolium in Spain. The less resistant
species did not accumulate proline. Hence it seemg well
establ;shed that the content of free proline in plants
increases under conditions of insufficient meisture. Palfi
et al. (1973), based on this fact, even proposed the
proline test as an index of water deficit in plant tissues.

The accumulation of proline under conditions of
drought has been attributed to protective, adaptive
reactions (Startseva, 1964). Britikov et al. (1965)
suggested that for plants with a high content of proline
in the pollen, the free proline could serve as a protective
and stabilizing factor for the pollen. Slukhai and
Opanasenko (1974) worked on winter wheat and also proposed
that proline might play a protective role in water deficits.

Thus in many higher plants, proline content is
increased by drying and there is a suggestion that it may
have a protective function.

In bacteria, a striking chemical change associated

with spore formation is the synthesis, in large amounts,

of a low molecular weight compound, dipicolinic acid
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(pyridine-2:6~dicarboxylic acid). This substance constituted

approximately 15% of the dry weight of the Bacillus
megatherium spore (Powell and Strange, 1953), But was
undetectable in bacterial vegetative cells. It was shown

that the acquisition by the Bacillus spore of heat

resistance followed very closely the formation of dipicolinic

acid during the maturation process (Hashimoto 5% al., 1960).
Day and Costilow (1964) did similar work on Clostridium
and also found that dipicolinic acid syntﬁesis paralleled
the development of heat resistance. They determined that
the spores of Clostridium botulinum contained dipicolinic
acid at concentrations from 3-4% of their dry weight.
Extreme resistances to heat and desiccation are two of the
characteristic properties of the bacteriai spores, and
the appearance of these types of resistance at different
stages during sporulation and their loss during germination
makes it clear that they are due to the particular
physicochemical composition of the dormant spbre
(Halvorson and Szulmajster, 1973).

' i Such information on dipicolinic acid renders it
meaningful to investigate whether free prolige may play
a similar role in the yeast spore, since both substances
increase greatly duriné sporulation and are excreted

1

into the medium during spore germination.
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The life cycle of a typical Saccharomyces yeast
is shown in Figure la. The majority of the strains of
Sascharomycees are four-gspored, and undergo meiosis
during sporulation and show conjugation at the time of
germination.

The life cycle of the 2-spored yeast 19el studied
here (Figure 1lb) differs in that there is only one nuclear
division in the developing ascus, and germinating spores
do not conjugate. From this and other evidence, Grewal
and Miller (1972) concluded that the 19el vegetative cells
and spores were all diploid and that nuclear division in
the ascus was not reductional. In an electron microscopic
study of this strain, Moens (1974) found evidence that the
first division of meiosis was absent and that the nuclear
division in the ascus had the morphological characteristics
of meiosis II.

There are several reasons why strain l9el was
chosen as the experimental organism in this project: (1)
plating was the method used to determine viability of
spores. A germinating ascus will give rise to one visible
colony irrespective of how many ascospores encased in it
germinate. Killing by hegiing or by desiccation is
assessed by colony counting. If there are more spores
in an ascus, there will be more chance for one spore to
survive the harsh treatment and hence for the ascus to

give rise to a colony. A two-spored strain in this case
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Figure 1. - Life cycles of Saoaharomyéee veasts.

L4
(a) The typical life cycle of Sacacharomyces cerevisiae:

(1) & (2) mitotic nuclear division of diploid nucleus
during budding;

(3) mature bud ready to separate from parent cell;
(between 3 and 4 the yeast is transferred from a growth
to a sporulating medium;

(4) & (5) as a result of meiosis, the diploid nucleus
of a vegetative cell divides into 4 haploid nuclei;

(6) a spore wall forms around each of the 4 haploid
nuclei, and the cell becomes the ascus containing 4
haploid ascospores;

(7) & (8) the ascus wall usually disintegrates, the
spores germinate, and pairs of germinating spores of
opposite mating types conjugate to form diploid
vegetative cells. ¢

(b) The life cycle of strain 1l9el: N

This life cycle differs from the one in (a) in that
there is only one nuclear division in the developing
ascus, and germinating spores do not conjugate.
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is clearly better than a four-spored strain; (2) a very
high percentage of 19el vegetative cells sporulate when
placed in an appropriate sporulating medium. The percentage
of sporulation can be as high as 97%. The advantages of
7; working with almost pure ascus populations for viabilit
plating and chemical analyses are obvious. JL\\\
The approach to the present study is in three
phases. PFirstly, the acquisition of heat resistance and
desiccation resistance by 1%el cells during sporulation and
the loss of these two resistances during germination are 5

followed. Secondly, an attempt is made to correlate the

)
content of free proline of the cells or spores with
resistance. Thirdly, the effect on desiccation resistance Q\-

of exogenously-—-supplied proline is determined.
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MATERIALS AND METHODS

Organism and Maintenance

The strain (19el) of Saccharomyces cerevisiae
Hansen used in this work was obtained from Station Agronomigque
et Oenologique de Bordeaux, France.

Stock cultures of the yeast strain were maintained
on slants of malt extract-yeast extract-peptone-glucose
medium (MYPG) containing 2.5% agar. The ﬁomposition of

MYPG is as follows:

Difco malt extract 3 g
Difco yeast extréct 3 g
pifco peptone ‘ 5g
gluéose 20 ¢

potassium dihydrogen
phosphate (KH,PO,) lg
distilled water 1 liter

This medium was devised by Wickerham (1951) and

modified by Patel and Miller (1972) who increased the

glucose content to 2% and added KH2PO; to adjust the pH

to 5.4.+ 0.2. -
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Vegetative Growth

To obtain the growth phase, cells from a one day
old slantlgulture on MYPG were inoculated into 50 ml
liquid MYPG medium in a 250 Erlenmeyer flask at a density
of 1 x 10" cells per ml. The cells were incubated with
shaking (100 strokes per minute) at 27°C in a Warner-Chilcott
Laboratories model 2156 water-bath shaker. Unless otherwise

stated, the vegetative cells used for experiments in this

work had been grown for 22 hrs in liquid MYPG.

Sporulation

The sporulation medium used was 2% potassium acetate
(Steele and Miller, 1974a). Yeast sporulation can be
initiated by transfer of cells to a nitrogen-free medium
containing a non-fermentable carbon source (Millex, and
Hoffman-Ostenhof, 1964-.

The vegetative cells were harvested from the
growth (pre-sporulation) medium by cen;rifugation in a
Sorvall RC-2 refrigerated centrifugekat'3,020 g aﬁ% at 4%
for 15 mins. The cells harvested were washed twicewwith
sterilized distilled water, and then resuspended in 50 ml
of 2% potassium acetate at a cell density of 1 x 107

3

cells per ml in a 250 ml Erlenmeyer flask. The cells

were incubated at 27°C in the water-bath shaker. The
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spores used in this work were harvested after 48 hrs of
incubation in the acetate sporulation medium, unless

otherwise stated.

Spore Germination

The germination medium used was a chemically

defined medium of the following composition:

Difco Yeast Nitrogen Base

(without amino acids or

ammonium sulfate)* 0.078 g
' glucose * 0.50 g

ammonium sulfate 0.05 g

glass—distilled%water 50 ml

This medium was sterilized by filtration through
an autoclaved Sartorius GmbH Sm 16510 membrane-filtration
holder with a Gelman GN-6 0.45 p pore diameter Metricel

membrane filter (47 mm diameter).

The spores, harvested from the sporulation medium

by centrifugation, were washed twice with sterilized
distilled water, inoculated into 50 ml of germination
medium in a 250 ml Erlénmeyer flask at a density of

1 x 107 asci per ml, and incubated at 27°C in the water-

bath shaker.
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Determination of Heat Resistance

One ml samples were withdLawn from the cell
suspension during the course of development of spores 'in
sporulation medium or from the spore suspension during
the spore germination process in germination medium.

L4 il
Each one ml sample, containing approximately

o
1 x 107 cells, was mixed with 100 ml sterilized distilled
water and then passed through a membrane filter. The cells
retained on the membrane filter were washed twice by

passing 50 ml sterilized distilled water through the filter.
Then the whole filter was sh;ken in 7 ml sterilized
distilled water in a 50 ml Erlenmeyer flask. The cell
density of the resulting cell suspension was determ}ned

with an American Optical Co. Bright Line haemacytometer
counting chamber. At least 8 counting chamber fields were
counted. The cell suspension was diluted to 1.0 x 10"
cells/ml and 1.0 ml of it was added to 49.0 ml of_sterilized
distilled water in a 250 ml Erlenmeyer flask preheated

for at least 1 hr in a water-bath shaker at 55°C. The

flask was immediately placed back in the 55°C water-bath
shaker. After a heating of 5.0 mins, about 10 ml of the
cell suspension was quickly transferred to a 125 ml
Erlenmeyer flask at room temperature. One ml volumes of ’
the cooled suspension were pipetted into plastic petri

dishes (100 x 15 mm) and immediately approximately 20 ml
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of MYPG agar (with 2% agar) at 52 # 19¢c was poured into
each dish. After tilting and mixing the agar in each

dish thoroughly, the dishes were incubated at 27°Cc. There
were always siﬁ replicate plates for each sample. After

three days of incubation, the colonies in each plate were

scored using an American Optical Co. darkfield colony counter.

Determination of Desiccation Resistance

Two ml samples were withdrawn from the cell suspension

durfng the course of development of spores in sporulation
medium or from the spore suspension during the spore
germination process in germination medium.

Each 2 ml sample, containing approximately 2 x 107
cells, was mixed with 100 ml sterilized distilled water and
then passed through a membrane filter. It was calculated
that 2 x 107 yeast cells, whether as vegetative cells or
asci, when filtered through the membrane filter of 47 mm.
diameter would be spread so thinly on the membrane surface
that seldom would any two be in contact, thus mutual
protection against desiccation due to crowding of cells
on the membrane surface waé avoided. The cells rééained
on £he membrane filter were washed twice by passing 50 ml

sterilized distilled water through the filter. After

washing, the membrane filter with cells was placed in a

glass desiccator (11 cms in diameter) containing approximately
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250 g anhydrous silica gel, with a Whatman number 3 filter
paper (9.0 cm diameter) between the membrane filter and

the silica gel. The membrane filter was handled with 1
sterilized Millipore forceps. The desiccator, sealed

with Fisher petrolatum, was kept in the dark in a 27%
incubator for 24 hrs. After 24 hrs in the desiccator, an
approximately one-quarter sector of the membrane filter
bearing the desiccated cells was cut out with a sterilized
razor blade and the sector wgs shaken vigorously, using a
Vortex mixer, for 2 mins in 2.5 ml sterilized distilled
water in a 50 ml Erlenmeyer flask. The density of the
resulting cell suspension was determined by cqunting at
least 8 fields of the haemacytometer counting chamber.

By appropriate dilutions, the density of the cell suspension
was adjusted finally to 200 cells per ml and plated in
MYPG agar as in the procedure for determining heat
resistance. Six replicate petri dishes containing 1 ml

of suspension were poured for each sample. The plates

were scored after 3 days of incubation at 27%.

Determination of Free Proline and Free Alpha Amino Acids

in Yeast Cells Fﬁ
i) Extraction. Sporulating cells (or germinating spores)

were separated from the sporulation medium (or germination

medium) and then washed with water by centrifugation. A
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50 ml cell suspension containing 5 x 108 cells was placed

in two centrifuge tubes, 25'ml per tube, and centrifuged

at 23,500 g at 4°c for 30 mins in a Beckman J-21 centrifuge.

After centrifugation, about 12 ml of the supernatant was

carefully pipetted out from the top portion of the liquid

in each centrifuge tube, without disturbing the cell pellet

at the bottom. The remaining supernatant and the cells
of the two tubes were pooled and centrifuged at 23,500 g
at 4°C for 60 mins. Immediately after this second

centrifugation, all the supernatant was poured out very

carefully. The cell pellet remaining was washed once with

‘30 ml distilled water, and the cells were separated from

the water by centrifugation for 60 mins, The cell pellet
obtained after the third centrifugation was suspended in
10 ml distilled water. The supernéfants of each of the
three centrifugg&ions were saved and combined. The cell
density of this combined supernatant was determined and
its volume was measured, so that the amount of cell loss
during these three centrifugations was known and hence a
correction factor could be added to the final yield of
amino acid.

The cells 'in the 10 ml suspension were extracted
by adding 40 ml of 95% ethanol and warming at 70°C for
20 mins. The cell debris waé then recovered by
centrifugation at 9,750 g at 4°¢ for 40 mins, and the

alcohol supernatant was kept. The cell debris recovered
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was extracted with 40 ml of 95% ethanol at 70°C for 20
mins. This second volume of alcohol was separated from

the cell debris by filtration through a membrane filter and
the two alcohol extracts were pooled.

The pH value of the total alcohol extract was
adjusted to 7.0 with 0.0l N hydrochloric acid and a Beckman
Zeromatic pH meter. The total alcohol extract was then
reduced in volume to less than 5 ml in a 125 ml round-
bottomed Pyrex flask connected to partial vacuum and
simultaneously heated in a boiling water bath.

The concentrated alcohol extract was extracted with
10 ml chloroform. After shaking vigorously for 5 mins, the
mixture was centrifuged at 10,800 g at 4°c for 30 mins.

The alcohol-watex (top) layer was separated from the
chloroform (bottom) layer, with a Pasteur pipette and kept.
The chloroform layer was shaken with 3 ml distilled water
for 5 mins and centrifuged at 10,800 for 30 mins. The
aqueous layer separated was pooled with the alcohol-water
layer obtained above. &his pooled extract was finally
extracted with 5 ml of chloroform for 5 mins. The alcohol-

~
water and chloroform layers were again separated by

. centrifugation at 10,800 at 4°é for 30 mins. The final

solution obtained was made up to 10.0 ml exactly with
distilled water. (As a result of the chloroform extraction,
proteins and lipid were removed from the alcohol-water

extract.)
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FPive ml of the final alcohol-water extract was

then treated with acidic ninhydrin (for proline determination),

and 1.0 ml of the remaining alcohol-water extract was
treated Qith acetate-cyanide~ninhydrin (for alpha amino
acid determination).

The extraction procedure described above was that
of Sutherland and Wilkinson (1971).

) 4
The ninhydrin method for

determination of proline in this work was based on Troll
and Lindsley (1955).

Acidic ninhydrin reagent was prepared as follows:
0.125 g of triketohydrindene hydrate (ninhydrin) was
dissolved in 3 ml of-glacial acetic acid and 2 ml of 6 M
phosphoric hcid (H;PO,) with heating to 70°C. This
ninhydrin reagent was stable for at least 24 hours after
preparation.

Five ml of the final alcohol-water extract was
shaken with approximately one~tenth of its weight of
Permutit for 5 mins. The Permutit served to remove the
interfering amino acids lysine, hydroxyproline and
ornithine.

The §<0 ml of Permutit-treated extract were then
heated with 5,51 of glacial acetic acid and 5 ml of acidic
ninhydrin reagent in a boiling water bath for 1 hr in

a 30 ml Kimax test tube with plastic screw cap. The
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solution was cooled to room temperature and extracted with
5.0 ml of benzene by shaking the mixture vigorously for

5 mins. The phases were allowed to separate using a 60 ml
separatory funnel, and the benzene phase was obtained and
kept. The benzene phase was diluted appropriately with
pure benzene, if necessary. About 5 ml of the diluted
benzene phase, at the suitable range of absorbance, was
transferred to a Spectronic 20 colorimeter tube and the
optical density was determined at 515 nm with a Bausch
and Lomb model 340 codorimeter. The standarization curve
was prepared using L-proline (Calbiochem A grade;
hydroxyproline-free; chromatographically homogeneous).

To test the reliability of the extraction and
analytical procedure, 2.9 x 10~% g of proline in 1 ml
distilled water was added to a preparation of 5 x 108 *
asci after the initial centr;fugation step and prior to
alcohol extraction. It was determined th;t the recovery

of the exogenously added proline was 93%.

method for determination of free alpha amino acids in
this project was based on Rosen (1957).

Acetate buffer (pH 5.3-5.4) was prepared by
dissolving 135 g sodium acetate (CH3COONa.3H,0) in 100 ml
distilled water and 25 ml glacial acetic acid, and then

the solution was made up to 375 ml with distilled water.

The ninhydrin
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The acetate-cyanide buffer used in the_zzﬁlysis was 2 x 107% M
sodium cyanide in acetate buffer. Three percent ninhydrin
solution was prepared by dissolving 3 g of ninhydrin in
100 ml Methyl Cellosolve (ethylene glycol monomethyl ether).
Both the acetate-cyanide buffer and the 3% ninhydrin
solution were stable indefinitely at room temperature.
One ml of the final alcohol-water extract was

heated with 0.5 ml cyanide-acetate buffer and* 0.5 ml 3%
ninhydrin solution in Methyl Cellosolve in a boiling water
bath for 15 mins in a screw-capped test tube. Immediately
after removal from the water bath, 5.0 ml of diluent

\,/(1:1 isopropyl alcohol-water) was added rapidly to the
boiling solution. The mixture was shaken vigorously. The
resulting solution was allowed to cool to room temperature,
and read in a colorimeter tube at 570 nm. If the color
density was too high, more isopropanol-water diluent was
added until the optical density was within the suitable
range for measurement.

The standardization curve for determination of

alpha amino acids was prepared with L-alanine (Calbiochem

.~

A grade; chromatographically homogeneous).

]
e

Materials
The following were analyticai grade chemicals
(unless otherwise stated) supplied by the Fisher Scientific

Conmpany:
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ammonium sulfate
ammonium oxalate
crystal violet (bacteriological)
ethylene glycol monomethyl ether 1y
glacial acetic acid
hydrochloric acid
iodine
methylene blue (bacteriological)
Permutit (Folin)
potassium acetate
potassium dihydrogen phosphate
potassium iodide
safranin O (bacteriological)
sodium acetate
triketohydrindene hydrate
The following were analytical grade chemicals

(except silica gel) obtained from British Drug Houses Limited:

chloroform
phosphoric acid
propan-2-ol
silica gel (self-indicating, 6-20 mesh)
sodium cyanide
Basic fuchsinh (91% dye content) was supplied by
the Matheson Company; benzene (thiophene free; analytical

grade) by Mallinckrodt Chemical Works Limited; glucose
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(anhydrous dextrose, analytical grade) and phenol (analytical
grade) by the J.T. Baker Chemical Company.

The alanine and proline used throughout this work
were L-alanine (A grade; chromatographically homogeneous)
and L-proline (A grade; hydroxyproline-fgee; chromato-
graphically homogeneous) supplied by the Calbiochem Company.

The agar used was Difco Bacto-agar.
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RESULTS

Relationship Between Length of Pre-sporulation Vegetative

Growth, Subsequent Sporulation, and Acquisition of Desiccation

Resistance

The growth curve of 19%el vegetative cells in liquid
MYPG is shown in Figure 2. The stationary phase was reached

after about 24 hours of growth. Cell samples were withdrawn

from the growing culture at four different times in the latter

part of the exponentiél phase and transferred to sporulation
medium. Aftgr 24 hours and 48 hours in sporulation medium,
samples were withdrawn, examined for production of asci, and
tested for dgsiccation resistance {(Table 1).

There were striking differences in sporulation
percentage and desiccation resistance (after both 24 hours
and 48 hours in sporulation medium) between the cells taﬁen
out after 16 hours growth in liquid MYPG and after 18 hours.
The latter had a much higher percentage qf sporulation and
more of' them survived desiccation. Sporulaiion percentage
and desiccation resistance were even greater with cells that
had been grown 20 and 22 hours.

Twenty two hours in liquid MYPG was chosen as the

standard pre-sporulation growth time. A longer time in
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Figure 2: Growth curve of vegetative cells in
liquid MYPG at 27°C.

One day old vegetative cells from MYPG slant were
inoculated into 50 ml liquid MYPG to a density of
1.0 x 10* cells per ml. The cells were grown at
27°C in water-bath shaker. One ml samples were
withdrawn at intervals from the growing liquid
culture. Each sample wasssdiluted appropriately
before the cell density was determined with a
haemacytometer counting chamber.
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pre-sporulation medium might give cells capable of even
higher sporulation percentages than 22 hour cells, but the
writer has noted that after 2 days in MYPG medium, some
cells contain spores. That is, this strain can sporulate
in growth medium, though not so frequently as in acetate
sporulation medium. By choosing cells from the end of the
logarithmic growth phase one should obtain a population
which, unlike stationary phase cells, will not have begun
to sporulate yet will be capable of high sporulation after

transfer to sporulation medium.

Development of Spores and Germination of Spores

G The acid-fastness, (i.e., the ability to retain
stains such as basic fuchsin despite washing with 3% HC1

in 95% ethanol) of the yeast spore provides a useful
criterion for determining the production of spores in yeast
cells (Phaff and Mrak, 1948). Similarly, Seigel and Miller
(1971) found loss of acid-fastness to be a useful criterion
when quantitating yeast spore germination. So, in this

work, the property of acid-fastness was employed in

estimating the percentage of spores formed during the course

of sporulation (Figure 3) and that of spores not yet
germinated in germination experiment (Figure 4). It was
found that entities which morphologically looked like

mature spores retained the red basic fuchsin stain, whereas
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Figure 3: Development of spores in the acetate
sporulation medium as determined by the
acid-fast staining technique.

One ml samples were withdrawn at intervals from the
sporulation medium. The cells of each sample were
separated from the acetgte medium and washed twice
with distilled watex by filtration with a 0.45 g
membrane filter before a smear was made on a slide.
The dried smear was stained by acid-fast staining
technique (see Appendix II) and the percentage of
acid-fast entities in the stained smear was scored.
In estimating the percentage acid-fastness of a
given preparation, at’least 400 randomly selected
entities were counted. -
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Figure 4: Loss of acid-fastness by spores in
"“germination medium.

One ml samples were witqprawn at intervals from the
germination medium. The.cells of each sample were
separated from the germination medium and washed
twice with distilled water by filtration with a
0.45 4 membrane filter before a smear was made on a
slide.- The dried smear was stained by acid-fast
staining technique and the percentage of acid-fast
entities in the stained smear was scored. In
estimating the ‘percentage acid-fastness of a given
preparation, least 400 randomly selected entities

were counted.
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morphologically immature spores or vegetative cells showed

e Ty g

the methylene blue counterstain. Unlike bacterial spores,
yeast spores are large enough to observe in unstained

, mounts, e.g. in the haemacytometer counting chamber. But
A while these experiments were in progress there was usually
not enough time to make counts, and the permanent slides
obtained by the acid-fast staining procedure (Appendix II)

¢ could be counted when convenient. The sporulation percentages

A scored were similar, whether or not unstained or acid-fast
! preparations were examined. For example, the sporulation

percentages after 12 hours and 24 hours in sporulation

medium in one experiment were 64.0% and 92.2% as determined

3

PN

'S
b

i,

%

DAY

by haemacytometer counting, and 63.2% and 90.5% by acid-fast

by
PR

staining.

Figure 3 shows the results of a typical sporulation

experiment. Spores first appeared between 6 and 8 hours in

sporulation medium. They increased in abundance up to 24

e A

hours, and a slight further increase in the following 24

hours. A very high percentage of the cells (95.8%)
. sporulated.
Figure 4 shows the results of a typical spore

germination experiment. Some spores lost their acid-fastness

during the first 2 hours, but the greatest rate of loss
was between 2 and 3 hours. By the 6th hour almost all the

spores had lost their acid-fastness. By this time also

most of the spores had produced a germination bud.
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It is obvious that when viability is to be estimated
by a qﬁantitative plating technique as i% the experiments to
follow, an increase in cell population density through
release of mature buds by germinating spores would affect
the results. Table 2 shows the cell counts obtained with
a germinating culture during a 6 hour period. When each
2-spored ascus plus the spore bud was counted as a single
entity, there was no increase iz-cell population density
during 6 hours. However, it Qas observed that germinating
spores began to clump at 5 hours of germination,and large
clumps were detected at 6 hours. But by agitation of the

germination culture with a Vortex mixer, for 2 minutes,

all clumps could be separated into the single entities.

Comparxison of Heat Resistance of Vegetative Cells and Spores

From the work of Hansen, Chudyk and others
described in the Introduction, it is evident that exposure
to a temperature of 55°C should give clear distinction in
the heat resistance of yéast vegetative cellé and spores,
but this must, of course, be checked with the strain used
here, and the best length of exposure determined. Figure
5 shows that spores of 19el survived a much longer
exposure to this temperature than vegetative cells, and
that a 5 minute exposure killed almost all vegetative cells
but only about 10% of the spores. This time of exposufe

at 55°C was, therefore, adopted for the subsequent heat

resistance experiments.

Semd AR VLR BN T P T A« o

S



e s

;
%;

g i

i

P

Torten
BCHP Nt

36

Table 2

Determination of Cell Population Density During the Course

of Germination of Spores

Time in germination Cell population
medium density?*
(hours) (cells/ml) x 107

0 1.09 + 0.14
1 1.08 £+ 0.13
2 ' 1.06 ¢ 0.13
3 1.08 = 0.17
4 1.02 + 0.08
5 ‘ 1.04 £ 0.15
6 1.07 & 0.15

* Determined by haemacytometer counting; each number is
an average based on 10 haemacytometer counting chamber
fields counted in the determination, with.one standard
deviation shown. The figures represent cell groups,
i.e., each 2-spored ascus plus the spore bud if present
was counted as one entity.
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Figure 5: Heat sensitivity of vegetative cells and

spores determined by exposure to temperature
of 55°C.

Vegetative cells (or asci) were inoculated at 1.0 x 10"

cells per ml into 50 ml sterilized distilled water in N
a 250 ml Erlenmeyer flask preheated at 55°C. The cell

suspension was shaken at 55°C and at each of the desired

time intervals 7 ml of the cell suspension was withdrawn

and allowed tq cool to room temperature. The

withdrawals were done as rapidly as possible and the v

.flask was immediately placed back into the hot water

bath after each withdrawal. Five 1.0 ml volumes (each
containing 200 cells per ml) of each sample withdrawn

were plated, using the pour plate method. The plates

were scored after 3 days of incubation at 27°C.

o—o0 vegetative cells

A—A spores Y



37

BRI M bR R 25" S b e WIST Gl e, S

100

- TYAIAYNS

IN3D

¥id

{MINUTES)

TIME OF MHEATING

R

N e O D S SIS




e Ao

-t

o

™ ,:',{4
305 fas

38

Acquisition of Heat Resistance During Sporulation

Figure 6 shows the increase in ability of sporulating
yeast cells to survive a temperature of 55°C for 5 minutes.
The capacityeto resist this treatment was not appareﬁt until
they had been in sporulation medium for 14 hours. There
was ,a rapid inéreasé in heat resistance from 20 to 24 hours.
During the second 24 hours in the sporulation medium the
proport;on of resistant individuals in the population

increased still more.

.
~” )
1L8ss of Heat Resistance During Germination

’ vaﬁ

Figure 7 shows the loss of the ability, by the

gexrminating spores, to staﬁd 5 minutes he;£ treatment at
55°C. There was not much loss of heat resistance during
_the first hour of germination. But the loss was brecipitous
during the second and third hours. By the sixth hour,

very few were still heat resistant.

~ +

Comparison of Desiccation Resistance of-Vegetaiive cells”’

and Ség;es

The relative sensitivity to desicqation stress ofes
vegetative cells and spores was determined as described in

¢ . .
Materials and Methods by exposins vegetative cells and spores

/ -
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Figure 6: Acquisition of heat resistance during
sporulation.

Sporulating cell samples, withdrawn at intervals
from the sporulation medium, were washed by membrane-

‘filtration. The cell density was determined and the

cells were then inoculated at 1.0 x 10* cells per ml
into 49.0 ml of preheated sterilized distilled water.
After 5 minutes heating at 55°C, part of the cell
suspension was withdrawn and six 1.0 nl volumes were
plated. The petri.dishes, each with 200 cells plated,
were incubated for 3 days before they were scored

for colonies.

The total length of each error bar represents the
standard deviation.
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Figure 7: Loss of heat resistance during spore
germination.

Germinating cell samples, withdrawn at intervals

from the germination medium, were washed by
membrane-filtration. The cell density was

determined and the cells were then inoculated at

1.0 x 10" cells per ml into 49.0 ml of preheated
sterilized distilled water. After 5 minutes heating
at 55°C, part of the cell suspension was.withdrawn
and six 1.0 ml volumes were plated. The petri dishes,
each with 200 cells plated, wexe incubated for 3 days
before they were scored for colonies.

The total length of each erxror bar repfeéents the
standard deviation.
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on the surface of membrane filters to the atmosphere in

a desiccator containing anhydrous silica gel for periods

of up to 24 hours. Figure 8 shows the percentage survival
of yeast in these two states. The vegetative cells were
killed within one hour, whereas the viability of the spores
was not appreciably altered after 24 hours.

An important factor in selecting a standard
exposure time was that £he exposures with some treatments
should be completed in the morning so that the rest of the
day could be available for prepariny suspensions of all
the treated cells and plating them in MYPG agar. One hour
O;Fglée a full day (24 hours). would meet this requiréﬁent.
Another factor-was that the yeast should be in equilibrium
with the dxy aif for most of the period. . An expdriment
was therefore done to determine how long it would take for
the moist membraneé filter bearing the cells to dry to

constant weight'in the presence of anhydrous silica gel.

- A Whatman number 1 filter paper 7.0 cm in diameter, bearing

a membrane filter was dried in an oven at'100°c overnight
and then transferred to the weighing pan of a negtler'
analytical balance (type B6) for 2 hours. The balance
chambexr Eontained 250 gG;nhydrous silica géi in four watch
glasses. The filter paper plus membrane filter were

then weighed. The filter was removed gﬂd used to filter

2 x 107 vegetative cells érom 100 ml distilled water in

the filter holder. The membrane filter was removed from the

A e P
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Figure 8: Survival of vegetative cells and spores
in desiccator in presence of anhydrous
silica gel at 279C.

Vegetative cells (or asci) (2 x 107) were filtered
with a 0.45 u membrane filtexr. The membrane filter
with the cells was put into a glass desiccator
(containing about 250 g anhydrous silica gel) and
desiccated in the dark at 27°C. After the desired
time of desiccation, the membrane filter was taken
out, and a quarter of the membrane was cut out.

The desiccated cells on the cut-out sector were
resuspended in 2.5 ml sterilized distilled water.
The density of the resulting cell suspension was
counted by haemacytometer, and the suspension was
diluted appropriately to 200 cells per ml. Five
1.0 ml volumes of the final suspension were plated
in MYPG agar. After '3 days incubation at 270C, the
plates were scored.

o-0 vegetative cells

A—A spores




s onss

T T T—y TT eyt PP
“ o e Pyt e 2 et

T T e e e o e e T o avioms iy watron, - i, ey aror onnre e )

42

(HOURS)

"

ODESICCATION

TIME OF

(=3
<

_— TVAIAHNS  IN3D Y3y




.y

P

Vs g

PR N

43

holder and placed on the filter paper on the weighing pan.
Weighings were made periodically for 135 minutes. The
results, shown in Figure 9, indicate that at least 2 hours
was required for the membrane filter bearing the cells to
reach equilibrium with the dry air in the balance chamber.

On the basis of this experiment, 24 hours rather
than one hour was adopted as the standard period of exposure
to silica gel in the desiccator in the desiccation

resistance experiments.

Acquisition of Desiccation Resistance During Sporulation

Figure 10 follows the acquisition of resistance to
desiccation during sporulation. Some sporulating cells
acquired desiccétion resistance within 2 hqprs in sporulation
medium, but large numbers of resistant delis were not
present until 10 to 12 hours. At 24 -hours, 76% of the
population of sporulating cells had acquired desiccation
resistance. Within 48 hours almost all had become

resistant.

Loss of Dasiccation Resistance During Germination

Figure 11 shows the decrease in the capacity of
germinaﬁing spores to survive the desiccation treatment.
! N N

There was a gradual loss of desiccation resistance during
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Figure 9: Determination of rate of lpss of moisture
from vegqgetative cells and membrane filter
in Mettler Balance weighing chamber.

About 250 g anhydrous silica gel in four watch glasses
was placed in the weighing chamber for 2 hours. 2 x

107 vegetative cells in 100 ml water were filtered
through a Gelman GN-6 0.45 umembrane filter. The

noist membrane filter bearing the cells was immediately
placed on a dry Whatman number 1 filter paper (7.0 cms),
laid on the weighing pan of the balance, and the slide
doors of the weighing chamber were closed tightly. At
intervals, the weight of the filter paper and the
membrane with cells was read. The total weight of the
dry membrane filter (without cells) + dry Whatman filter
paper was determined to be 0.4043% g before the experiment.
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Figure 10: Acquisition of desiccation resistance
during sporulation.

Two ml sporulating cell samples, withdrawn at intervals
from the sporulating medium, were retained and washed

by membrane filtration. The membrane filter with cells
was put into desiccator with silica gel. After 24 hours
of desiccation, the membrane filter was taken out, and
the desiccated cells on the membrane were resuspended in
sterilized distilled water. The cell density of the
resulting cell suspension was counted, and the suspension
was diluted to 20&,cells per ml. Six 1.0 ml volumes of
the final suspension were plated in MYPG agar. After

3 days incubation, the plates were scored.

The total length of each error bar represents the
standard deviation.

R




- ) m")i r

100

SURVIVAL

CENT

PER

B e Y R i i g

TIME

IN

.SPORULATION MEDIUM

(HOURS)

45




- p—

Figure ,ll: Loss of desiccation resistance during
spore dgermination.

Two ml germinating cel) samples, withdrawn at intervals
from the germination wydium, were retained and washed

by membrane-filtration. The membrane filter with cells
was put into desiccator with silica gel. After 24 hours
of desiccation, the membrane filter was taken out, and.
the desiccated cells on the membrane were resuspended in
sterilized distilled water. The cell density of the
resulting cell suspension was counted, and the suspension
was diluted to 200 cells per ml. Six 1.0 ml volumes of
the final suspension were plated in MYPG agar. After 3
days inoculation, the plates were scored. .

The total length of each exror bar repxesents the
standard &viation, *
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the first three hours of germination. However, there was
a, large decline in deszcation resistance in the population
between the third and fourth hours in germination medium.
At the end of 6 houfs. almast the Yhola population of

gexrninating spores were sensitive ﬁo the desiccation
;

'
I

treatment.

Changes in Content of Free Proline During Sporulation and

Spore Garmination

The standardization curve (Figure 12) confirms that
the method of Troll and Lindsley (1955) will measure
prolin§ concontrations of the order of 10™5 M.

The free proline content in vegetative cells
grown in the MYPG medium was 6.1 % 10" 5 g per 5 x 108 cells.
But when these vegetative cells were placed in sporulation
medium, the proliné content dropped, cspecially during
the first hour (Figure 1l3) and‘roachod a nminimum at’4 hours.
Later the proline éontcnt.began %o rise and the increase

was more rapid after 16 houra. Aftor 48 hours aporailation,

the froa prolino content was 2.9 x 10~% g por 5 x 10° asdl.

Tho‘chﬁnge in fxoe prolino contont with time

during gormination is shown in Figure 14. The prolihe

contont docreased continually and tho loss was most
rapid botween one and two hours. By tha sixth howr,
intrécollular proline was almost unqpt?etabldm
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Figure 12: Standardization curve for absorbance by
proline golutions at 515 nm.

A series of proline solutions of known molarities was
propared. Five ml of cach of thase was heated with

5 ml of glacial acetic acid and 5 ml of acidic
ninhydrin in a boiling watexr bath for 1 hour in a 30 ml
scraw-cappaed test-tube. The solution was cooled and
oxtracted with 5.0 ml of benzenc for 5 minutes. The
optical density of the benzeno phagse separated was
daetermined at 515 nm with a Bausch and Lomb model 340
colorimoter. . Pure benzene was used as the blank.
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Figure 13: Change in amount of free proline in
yeast cella during sporulation.

Fifty ml gamples of sporulation mediun ‘each containing
5 x 108 cells, were subjocted to centrifugation and
washing. The calXls separated wara extracted twice with
95% othanol at 70°C. Tho combined alecohol extract was
concantrated by hoiling under partial vacuum. The
concentrated extract wag thon extracted twice with
chloroform. The final aqueoous extract, aftexr. chlorofoxrm
axtractian, was.made up to 10.0 ml, with distilled -
watox, 5.0 ml of which wasa treated with Pormutit and
then heated with'5 nml glacial acetigc acid and 5 ml
acidic ninhydrin for 1 hour at 100°C. Thae solution was
then oxtracted with 5.0 ml bonzone. The optical density
of tha benzene phasc waa-mnasuxed at 515 .
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Figure l4: Change in amount of free prolina in yeast
ceIls _during spoXe gexrmination.

Fifty ml samples of germination medium, each containing
5 x 108 cells, were subjected to ¢entrifugation and
washing. The cells gseparatad wexe extracted twice with

95% ethanol at 70°C. The combincd alcohol extract was

concentrated by boiling under partial vacuum. The
concentrated extract was then extracted twice with
chlorofoxm. The final aqueous extract, after chloroform
extraction, was made up to 10.0 ml with distilled water,
5.0 mlI of which was treated with Parmutit and then heated
with 5 ml glacial acetic acid and 5 ml acidic ninhydrin
for 1 hour at 100°C. Tho solution was thon extracted
with 5.0 ml banzone. Tho optical density of the banzene
phase was measured at 515 nm.
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Detection of Proline in Germination Medium

The decline in proline content in germinating
spores could result froi' its excretion into the germination
nmedium or through its metabolic conversion to other
substances. Figure 15 shows that the germination medium,
which initially contained only ammonium sulfate as source
of nitrogen, acquired an appreciable content of proline
in one hour. A comparison with Figure 14 indicates that

not all the free proline originally in the spores was

excreted and presumably some of it was metabolized by the

germinﬁting spores. The amount of proline in the medium
increased togd‘maximhm of 8.9 x 10”5 ¢ ?n 2 hours and this
was equivaleﬂt to 46% of the intracellular free proline
logt. After 2 hours germination, the proline in the medium
declines, which indicates that part of the,éroline which
had been excreted into the mediun was reabsorbed and

utilized by the ‘germinating spores.

Changes in Contont of Alpha Amino Acids During Sporulation

and Spore Gormination

. Rosen's mathod (1952) for amino acid datormination
wag used to 6stimgte changas in intracollulax contont of
alpha-amino acids usigg L-alanine as tho standaxd
(d%andagdiaation ourve, Fiéuxe 56).' Within the firat hoﬁr

-
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Figure 15: Change in amount of free proline in the

gexmination medium during spore germination.

Spores (5 x 10%) were allowed to germinate in 50 ml
germination medium. After the desired time of germination,
the cells ware separated from the germination medium by
filtration with a 0.45 u membrane filter. The filtrate
obtained was rediced in volume to 5 ml in a 125 ml round-~
bottomed Pyrex flask connected to a partial vacuum and
simultaneously heated in a boiling bath. The concentrated
germination medium was treated with Permutit and then
heated with 5 ml glacial acetic acid and 5 ml acidic
ninhydrin for 1 hour at 100°C. The solution was then
aextracted with 5.0 ml benzene. The optical density of the

_benzeno phase was measured at 515 nm.
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Figure 16: Standardization curve for absorbance by
alanine solutions at 570 nm.

. A series of alanine solutions of known molarities were
& prepared. One ml of each of these was heated with 0.5

XY ml cyanide-acetate buffer and 0.5 ml 3% ninhydrin

5 solution in Methyl Cellosolve in a screw-cappod test-

tube 2n a boiling water bath for 15 minutes. Immediately
aftoxr removal from the water bath, 5.0 ml of 1l:l .
isopropyl alcohol-water was added rapidly to the boiling
solution. The resulting solution was shaken, cooled and

Y its optical density'was read at 570 nm in a Bausch and

‘ Lomb model 340 colormimeter. 1l:l isopropanol-water

was used as the blank.
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of sporulation, theore was a sharp decrecaseo in alpha-amino
acids (Figure 17). After 10 hours gporxrulation, an increaso
was evident, which continuod up to 24 hours, and decreaged
somowhat by 48 héurn.’ ? —

Thore waa no markod change jin alpha-amino acid
content in the gorminating spores during the first four
hours of gormination (Figuro 18). By fivo hours, there was
an obvioua declino to about 208 of tho initial coritent in
the aporoa.

[y

Proline Contart of Vegotativa Colls and Speros Exproased as

Paxcantage of Dry Woiyht

- Tho total woight of a mombrana filtex and a Whatman
nubor 1 filtox papoer (7.0 emg in lamotor) was detormined
by a Nottlox an&lytical ba;ance. The nombrana and the
filtoxr papoxr wara first dricd everniéhh in the silica gol
daajiccator. Tho mombrana filtor was placed in a mombirana=
filtration holdar and a known numpor ef yoaat colla wore
rotainod, by tho membrane filtox. The mombrana with colls
wag placad on the £11toxr papor and put in tho deéiecatax
with ailica gel for 24 houra. Tho'ﬁetal wéigh§ ot‘m@mbrano
pfha calle ané £iltox gapgi aftor ao&igeation wao detoxminod.
The manbrane boaring the délln‘wao thon placed in an oven |
at 100°% ovornight. Pinally, tha total yoight of dried

callé?‘mmmbranc giltor and f£iltex papor waa dotarmined.

PN . e ... . g e ea &
LA RN NE LA TN W

- oo L. e
W e At o T

- —— -

pppe g e

s

A i 1 i o2 et o



L

<}

Figura 17: Chango in contont of froa alpha amino acids
' ig xeaﬂE coliy Euring agorgiaiien.

Fifty ml samples of aporulation medium, cach containing
5 % 10% colls, wore subjeuteod to contrifugation and
washing. Thoe colls goparatad wore oxtracted twico with
95% othanol ak 70°C. Tho combinod aleohol oxtract waa
congantrated by boiling undor partial vacuum. Theo
congontratad oxtract was thon extractod twice with
chloroform. Tha final agueous oxtract, aftor chlorofoxm
oxtraction, was made up to 10.0 ml with distilled watex,
1.0 ml of which waa hoatad with Q.5 ml cianide-acctate.
bufifor and 0.5 ml 3% ninhydrin golution in Mothyl
Collogolvo at 100°C. After 15 minutoa boiling, 5.0 md
of 11l isopropyl alcohol-water was added to tho solution,
and tho optieal donaity of tho rogulting solution was '
dotormined at 570 nm. °
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Figurec 18: change in content of froe alpha amino acids

, In yoast colls during spore gormination.
Fifty ml samples of gormination modium, oach containing
.8 x 100 colls, worao subjoctad to contrifugation and
washing. The col&a soparatod wore oxtracted twico with
95% othanol at 70°C. Tho eonbined alechol oxtract wao
doncantratod by beiling under partial vacuum. The
concontratod extract was thon oxtractod twico with
chloroform. Tho f£final aquoous oxtract, aftor ahloroform
dxtraction, wags made up to 10.0 ml with diatilled watex,
1.0 ml of which was hcatod with 0.5 ml oyanido=acotata
buffor and 0,8 ml_3% ninhydrin solution in Mothyl
Collogolvo at 100°C. Aftor 15 minutes boiling, S.0 m
of lil ioopropyl alcohol~wator was added to tho solution,
and tho optical donsoity of the:ronulting solution waa

-

detarmined at 570 nn. /.

‘.
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The woight of calls aftoxr doaicoation and tho dry
waight woro dotorminad for both vagotative colls and spores.
Tha wolght of 5 x 10% desiccatod vegetativae collu was 1.30
% 102 g and tho ovon-driod woight was 1.21 x 10™% g. 5 % 108
asei woighod 2.00 x 10”2 g aftor dosicocation and the oven
driod woight was 1.91 x 10”2 g, Thus, the dry wolght of
an ascua is groater than that of tho vegotative cell from
which it dovoloped, agd this has boon obsorved by othara
(e.g., Roth, 1970). It should also ba notod that the "bound"
water! contont of asei (4.7% of the dxy wéight) wag loss
than that of vagatative cclls (7.4% of the Ary weight). But
on a cVll to eall basip, vogotativo colla and agel contained
approximatoly tha same amount of “buund" wator.

It was culeulateg that froo proline constituted
0.5% gnd.l.SQ o{)thn dry wqight of vagotativa calls and

apoxea, roaspoctiveoly.

Bffocts of Dxogonounly Suppliod Prolino on Sonsitivity of

Yoagt Colls te Boniceation

’ 4 o
AA) vggutativn anlla _ . //

Ao ‘noted in tﬁa‘xnyieduch&cn.-thexc ic ovidence of ‘
a corrolation botwoon Qosiqdation =au&atqnaa\e£ gortain '
colls and thoir prolinc contont. It io, 4horafora of
1ntaront to ougply nan-:eaintané yuaﬂt colls with exoqaneuu

! Tho concopt of “bound" wditor in miqeoorganiams oo d&acuuaua by
hamang a4 and Mallotte (1965) io difficult to dafino, Dut in

‘tho odnoa used horo it moana tho amount of ‘wator d¥dvon ofE£ by
the dry hcat leas the amnunt rcm@ﬁmd hy tha niliea qa& deaiecanh.

b A A+ ot + | SR $r i s Rl M b 7, st
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proline nﬁﬂ obaofvahﬁhothor thia affocted their roasistance

to deaiocation. (
Végetntiva ocl%avwere inoculated at a. donaity of

4 x 109 coilazml into 50 ml volumos of distilled wator

containing 0,0.1,0.5 and 1.0 M proiine. Thase coll

gugponaions in 250 ml Erlonmoyor flaska wore incubatoed in

the water-bath shaker at 27°C for ona hour. Then, the -

calla woro rocoverod by filtration through membrano £iltexa.

Without waahing, the membrqpe filtora woro put in tho

dosicoator for 24 houra. Then approxiﬁatcly ona=-quartoxn,

goctor of cach membranc Eiltor was out out and thon shaken

_ vigorously for 2 minutes in 2.5 ml atorilized distilled

wator in a 50 ml Erlonméyer flask. Tho denaoity of tho
resulting coll suaponsion &ua dotorminad with tho |
haomacytemator cuuntinq ahambo:. Ton Siolda waro countod
for cach trcatmsgt.. @he call gusponasion was diluted to

4.0 x 109 calla/nl, and oix 1.0 ml velumon of this £inal

‘uunpanuien wora platcd in NYRG m@dium. The platon wora

aaercﬁsattnr 3 aonye- gt tnaubatiaﬁ at 27%.

Toble. 3 nhawa thn affcot of thana grol&nc traatmgntu
on tho danigeation :cnigtanea of vagatct&va colla. P:eline i
at a Qencant:ae&en of 0,1 B £nﬂ:canoﬁ the nnm§ar of
uuxvivera. but nuve:thelcun ﬁu&v&val was low, 2.3 calln 4

pa: 4 000. an.aehpasod wihh 0.6 pox 4 600 dn the~abaenca v {
of arq;&nu. ' his &na:eaaa in éauiceatien.:caiatqnea‘ |
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with 0.5 and 1.0 M prolino did not increaac the survival
of tho vogotative calla.

Whon tho platos wero scorod,a fow tiny, whito,
compact colonias, which appoarod quite difrorcnt from
normal colonioca wore found. Colla from thoso tiny colonles
woro transforrod to MYPG slanta. After 2 daya growth on
tho alants, oxamination undor the light microascopa ravoaled
that the cells wara vory small and sphorical (Plato 1).
Thefr diamotor waas 0.8l ¢ 0.12 microns, bagsed on 50 colls
maasured, whareas tho dimangionu of tha normal, oval
vagotativa colls wore 5.1 ¢ 0.8 microna (major axis) and
3.3 ¢ 0,3 micxons (minor axis), bamed on 50 colla moasurod.
Tho tigy colla had a astrong tnndency to romain togothor
in amall groupa or tatrads, and ofton adhoarod in laxrge
clumps. Budding was not obvious among tha'cell
populations. Howovar, faw dotaila of the collular atructure
could bo soon by light m&crohaopy. Theoe calls wore

gugpocted to bo mutant.

(B) 8gcrulating calla‘

Froin tho forogoing thoxo wag, 10 strong inorodse in
ragiatance indicod by exoganoﬁu prolino. - 19 toot whothaﬁ
colls lator in tho oporalation procoag axo protoctod to
a groator m&tcn’t" by 'oxogenoﬁu gml{nﬁ. oxpoﬂmantq wora
deone in .which colls ware rewovod Srém’tha oéérulatien
ﬁbaipm aftar 7 1/2 ﬁourq. ., Fxom F{éund 30, aelld‘ht.hhia'

&

LD e R

P e T



Plato 1l: Photonmicrographa of 19%9al noxmal voaatative
colla anaaaﬁggi collg dorlivod.

Tha colls had boon stained with anmonium oxalate
oxystal violot, using tho bactoriological dry smeoar
tochniquo. Magnification X 4000.

(A) normal vaogatativa cells.

(B) omall colls. -
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stago would not bo vory rosistant to dosiccation but would
ba oxpoctod to increase considerably in rosistance shortly
aftorwaxd. Tho colls wore froed of potassium acotato by
washing with storilizod distilled wator, and inoculatod
at a donsity of 4 x 105 cells/ml into 50 ml volumos distilled
wator contafining 0,0.1,0.5 and 2.0 M proline, and 0.1 M *
alanino. Thesa cell susponaions in 250 ml Erlenmoyer
flasks wore incubated in wator-bath shaker at 27°c for one
hour. Tho subgaquont procodure was the anﬁp as that for
tho exporimont on tho offcot of oxogenously supplied proline
on depniccation resistance of vogotativae cells, oxcopt that
thoe final cell susponsion for plating was 500 calla/ml
instead of 4,000 cells/ml. Fowor calls wore plated hero
oo that the expected groater survival would not ovorcrowd
the platos.

Thore wao an obvioup inc£§apﬁ in auxvivul:pt tho
7 1/2 hour sporulating colls, as a raosult of treatmont witﬁ
0.1 M prolino baforo dcaiccation (Tablos 5 and 6). But
troatmants with 0.5 M and 2.0 M proline baforo desicocation
roduced tho feeulting gurvival. Troatmant with 0.1 ﬁ
" alanine, on the othor hand, 4id not attuag tha survival
aftor deaslcoation. '

The oamo sugpoated muﬁnnt as iu.&@bla 3 wan aqain
-‘£ound. Thay wore falrly froquont aftor pha‘técatmant with
0.8 M prolina (Tablo ). | ; ' '

S

W
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(C) Effect of treatment with proline on viability of

non-desiccéted vegetative cells

Th; foregoing experiments indicate a toxic effect
of the more concentrated proline solutions; To determine
whether proline- treatment alone would kill the cells, an
experiment wag therefore done in which vegetative cells
were exposed té su¢h concentrations for ope hour and then
plated without desiccation. The results, as shown in
Table 7, indicate‘that 0.1 M proline solution did not affect
the viability of the vegetati@b cells. About 20% of the
cells were killed as a result of the one hour suapension'
in 0.5 M proline. 1.0 M and 2.0 M proline treatmeﬁts were
very harmful to the yeast cells, few of which survived the
exposure to these concentrations.

The séspected mutant compriséd 4.1% of the ‘ ’
survivors after treatment with 1.0 M proline: Only one
of the 200 cells Qlated grew after treatment with 2.0 M

proline, and it qaée a small colony.

»

(D) Are the tiny colonies contaminants? °

The slowly~growing colonies found ébov€ were
strikingly different from normal even for a mutant. This
suggests that these tiny cells might be a contaminant.

.

There were .several possible sources of contam?pation in
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the oxperiments: (1) air, ({i) chemicals and (iii) stock
culture. \\/

It ié highly improbable that thoisource is a
random contamination from the air. The tiny cells appeared
in several experiments and they wére never found unless
the cells were first subjected to treatment with proline
or with desiccation or with both. If the cells that gave
rise to the small colonies had come from the laboratory air,
they should have appé&red randomly in the earlier experiments,
e.g. those illustrated in Tables 3, 5, 7. (Also, in Table
9 the dishes in which the vegetative cells plated were
sugpended in distilled water wiphout other treatment did
not yleld small colonies.)

. The second possibility is that it is a very hegtJ
resistant organism present in one of the chemicals used,
e.g. proline, which survived autoclaving. An experiment
was therefore done to see if thg suspected mutant could
survive heat treatment in the autoclave and also to test
if the chemicals might be the source of the oréanism.
Substances or cells were added or inoculated into sterilized
slants of‘MQPG agar and then these slants were either
steamed or autoclaved for 15 minutes in an American
Sterilizer Co. Type L8-1726 autoclave. Each treatment was
done in duplicate. After the heat treatment, the tubes
were sloped again until the agar had set and then incubated

at 27°c. The slants were examined for signs of any
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microbial growth after 2 days and 7 days incubation. Table
8 shows that no—coloniaa grow on the slants with the added
chomicals after steaming orx autoclaving/and that the
suspected mutant, like the normal strain, was killed as a
result of 15 minutes nteaming, a less severe treatment

than autoclavgpg. In all previous plating experiments, all
media, solutions and glassware used had been sterilized

by 15 minutes autoclaving at a temperature of at least 110°C
and at 15 lbg per oquare inch~pre§sufe, as routine practices,
. Thus the possibility that the suspected mutant was a
contaminant that originated from the proline or the
ingredients of the MYPG agar and survived the routine heat
”sterilization treatment is ruled out. It should also be
mentioned that plates or slants of this medium not inoculaéqd
could be kept for months at room temperature without
development of contaminants. ‘

An experimént wag done to chack the third possible

gource of‘contaminatipn,.i.e. that the organish was'carrigd

in the stock cultures of the 19el strain at a low population

level and was selected out by the desiccation and proline
treatments because it happened to be more resistant to
these stresses. If this were go, then purification of the
stock should yield a culture from which thg tiny colonies
could not be obtained. The‘19el stock culture was purified
as follows: A smalllloopful of culture was streaked on

the surface of a plate of MYPG agar. The plate was

~
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incubatod at 27°c, for a day. Thon a typical yeast colony
growlng well away from othoxr colonies was picked off with

a bo;ntod inoculating needle &nd transfoerred to a MYPG

agar slant. Whoen tho élant culturc had grown for a day,

it was octroaked on a frosh MYPG agar plata. Thig streaking
and transferring process was ropoated two morc times. An

oxparimont was thon done in which vegetative cells of the

three timos purified culture were oxposced to three treatments

that, from the data shewn in Tables 3 and 7, caused small~
celled colonies to appcar among survivors of vegetative
cells of the stock culture. Table 9 shows that trecatment
with 0.5 M proline followadrby desiccation or treatment
‘with 1.0 and 2.0 M prglinclwithout desiccation caused the
small colonies té appcar. Tho appeararice of the tiny cells
when purified 19¢l Vegetative colls wore subjected to
proline troatment and desiccation treatment is strong
evidence that these Qerb not contaminants present in the
stock cultufa of 19¢l. Conceivably, it could‘be a vory
unusual mutant or an organiom living in or on the yeast
cells, Miéroscopié examination shows no evidence of séch

‘cells on the surface of the normal cells. \ \\

Characteristics of the Small Cclls

(A) Cell volumo

From the measurement of cell diameters given on

%
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73 :
page 61, the average voluma of the small cells was calculated ‘ :
to‘bc 0.28 y 3, whoreas that‘of the normal vegetative cells N
was 29.7 u 2. The small caolls were taken éb be opheras /
and thus tho formula used for estimating volumo ip %.wr3 ,
whore r 1o the radius. The formula adopted for calculating -
the volume of normal vegetative qqlla io that of a
prolate cllipooids; % na b?, whoro a iu tho major axis and

b i tho minor axis (Woast and Sclby, 1967). The difforoenco

in volume betweon the small colls and the -normal vegotative

v - . f
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cell is approximately a hundred-fold.

(B) Stability

Tho small cells were noever obsoxrved to revort
back to thé normal during over 10 successive transfeors on

MYPG slants over a period of 6 months.

It wao of interest to sce if the small cells
could be induced to raevert back to the norﬁal by mixing |
separate isolates. Cells from 6 differont isqlates were
mixed thoroughly ﬁogether‘énd then mixed cells were . .-

streaked on a MYPG slant. No reversion could bo observed

after 6 days of incubation at 27%%.

(C) Gram staining propertics

Smears of 1 day old cultures of small cells and of

normal 19el vegotative cells were made. They werc stained o
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with the Gram procodurc (scoc Appondix III). Tho omall collso
acquired tho pink counterstain aftor 10 soconds g} alcohol
dostaining, whorecas tho normal vegotative colls still rotained
the initial orystal violet stain aftor 30 seconds of
:jklcqhol docolorization. Thus, the omall cells are Gram

. ]
ncgat#xo, unlike ‘normal yoast cella which are Gram positive.

(DY Roopiration deficioncy test

Growth on MYPG slants was slower than that.of normal
vegotative colls. Thin_suggcntu Eho possibility that the
small cells might bo rospiration~doficient. 8o the
‘totrazolium ovorlay tachniquo of Ogur et al.(1957) was used

to test for rospiration deficioncy.

The composition of the Fishor TTC overlay agar i

triphenyl totrazolium chloride (T7C) 0.5 g
glucose 5.0 ¢
agar " . 15.0 ¢
distilled water , 1000 ml

The TTC overlaflicchniquo is basod on the use of
a relatively high concontration of TTC at a pH which
yioids doeop rgd color developmont in rospiration-sufficient
yeast colonies in a test period sufficiently short so
that respiration-deficient colonies are white. T&C is

a rodox dyec which is red when rodueced and colorless when‘f

oxidized.
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One day o0ld cultures of normal 1l9%el vagotative
colls and small collo on MYPG slants woro stroaked on the
surfaco of MYPG plates (with®2.5% agar). Two duplicato
platos werc. stroaked with normal vogaéﬁtiva colls only.

Two duplicatd platos wore stroaked with small cells only.
Four/jgplioata plataos wore stroaked with both normal and
omall colls, but tho streoaks of normal and small colls

wore woll soparated on the samo plate. Thoso 8 platas wore
incubatod at 27°C for ono day.

TTC ovorlay agar powder (4.1 g) was addod to 200 ml
of d%otilled wator, mixed thoroughly and hoated to boiling
to dissolvo complotoly. The agar solution was cooled to

}

50°C and then pourcd gontly ovor the yocast colonies on the

‘surfaco of tho ono day old plates. When the overlald agar

was sot, the plates wore incubated at 27°C for 2 hours.

It wag thon found that the "mutant" stroaks wore all pale
pink throughout in coler, whorocas the odges of the stroaks
of normal vogotative colls wore distinctly doo§ rod.

Thig indicated that tho normal vegotative colls were
roopiration~-pufficiont and tho small colls were respiration

doficiont.

(E) Nutrition
NSRS

The small colls grew woll in MYPG, but d4id not

show approciable growth in the yeast nitrogen baso

R .

Y

. .
T A, St S, JECE T

-

i




N

76

gormination mcdiuh. MYPG containg yoast extract, malt oxtract
\

and poptono but tho dofined gormination medium must ocontain

lfar fowar varicties of nutrionts. This indicates nutritional

doficioncy in the small cellns. That is{ thoy require a
substance or substances predont in MYPG but absent in YNB.
The composition of MYPG is givan in tho Materials and
Methodo, and that of YNB in Appondix I. The normal optrain

f grow well on both media.
»

(F) Foxrmontation

Thoe small colls wore inoculated into a test-tubo of
liquid MYPG, with an inverted Durham tube immorsed in
the modium. Thore was nodovolution of gas obsorved within
5 days. For normal vagotativo colls, gas production
could be dotocted aftor 1 day incubation. This indicates

that the omall colls do not have tho typical yoast alcoholice

foxrmentation.

(Glm—ﬁETd”§§g§uction
>

Since small cells do not produce gas from glucose,
they may be converting glucose to somo othor substance or
subgtances, inaoteoad of to carbon dioxide and othanol.
fhis alternative was 6hockqﬁ by me&suring the pH of tho
MYPG modium after gfbwth. It was found that after 1 day

growth in liquid MYPG, normal vegetative cells loworod

+
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tho pH of tho modium from 5.4 to approximatoly 5.1. On
the othar hand, tho small cells lowored tha pH to about
4.0 aftor 1 day growth. This indlocatos that the lattor
aro produoing an acid as a reoult of glucose utilization,

_ 25
(H) 8porulation ability

It wao of interaast to test if the omall colls
could sporulato. Thay wore inoculated onto 2% potassium
acatato slanto. Smoars of the colle woro made aftor 2 days
and 7 dayo of inocubation in sporulation slants. The
smoars woro stained by acid-fant gtaining technique
(Appondix IXI), but no acid~fast colls could be noon. This

indicates that if thay do sporulate, the spores are not
acid fast.

(1) o) [o13

~—

Bince tho small cellod colonios wore found among
tho survivors aftor desiccation troatmont, it is intoresting
td sao whothor theso colls wore dasicoation-rosistant,

Colls grown two days on MYPG slants woro susponded in .
2.5 mi gtorilized distillod wator. The cell population
donoity was vory roughly datormined by haomacytomotor
counting. Bocaugse clumping of thase colls ig vory
frequent, it was impoasible to count accuratoly tho number

of colls in a haaomacytomeotor counting chambor ficld.
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About 5 x 107 cells were suspended in 50 ml sterilized

distilled water and then filtered out with a membrane filter.

The filtexr bearing
for 24 hours. The
diluted to about 5
diluted suspension

agar). Six pieces

the cells was placed in the desiccator
initial small cell suspendgion was also
x 10% cells/ml and one loopful of this
was streaked on a MYPG plate (with 4%

of autoclaved coverglass were put on the

agar surface, covering some of the streaks. The agar

plate, with its 1id closed, was incubated at 27%.

After 24 hours desiccation, the membrane filter

was taken out from

the desiccator and the desiccated cells

were suspended in 2.5 ml sterxilized distilled water. The

cell concentration

was approximately determined by

haemacytometer counting, and the cell suspension was

diluted to about 5

diluted suspension

x 108 cells/ml. One loopful of this

was streakéd on a MYPG plate (with 4%

agar) and then incubated as in the case of undesiccated

cells.

The non-desiccated small cells were found to\

grow more rapidly than the desiccated ones on the agar

plate. The plate streaked with non-desiccated cells was

examined microscopically using the 40X objective after

one day incubation, but the plate witﬁ desiccated cells

was examined after

the non-desiccated

2 days incubation. At least 95% of

cells were seen to form colonies.

About 21% of the desiccated cells developed colonies.
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is a very high survival percentage as comﬁared with
of desiccated normal vegetative cells (see Table 3).
the small cells are much more resistant to desiccation

normal vegetative cells.
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DISCUSSION

Relationship Between Length of Pre-~Sporulation Vegetative

Growth and Subsequent Sporulation

The state of vegetative cells in the pre~sporulation
medium is important in determining the percehtage of

sporulation when the' vegetative cells are transferred to

,‘sporulation medium (Table 1). Vegetative cells harvested

at the end of the logarithmic growth phase produced far
more spores when transferred to sporulation medium than
those harvested a few hours earlier in the logarithmic
phase.

Cfges (1967b) pointed out thaé several factérs
are important in the induction of sporulation in yeasts.
These factors include the exposure of vegetative cells to
acetate, the change of carbohydrate metabolism from
fermentation to respiration and hence the ability to
utilize acetate. The acetate is oxidized and the major
metabolic pathway of acetate oxidation is the tricarboxylic
acid (TCA) cycle (DeMoss and Swim, 1957). Eaton and
Klein (1954) noted that yeast cells harvested in the late
logarithmic or stationary phase of growth can oxidize

glucose, ethanol and acetate rapidly, but cells harvested
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in the eariy logarithmic phase can only utilize glucose.
Eaton and Klein accounted for the inability of young
vegetative cells to utilize acetate by a deficiency of
certain enzymes in the TCA cycle. The enzymes of the TCA
pathway are repressed by glucose, but they are derepressed
towards the end of the logarithmic phase when the glucose
level is running low (Polakis and Bartley, 1965). Miyake
et al. (1971) observed that the activities of the TCA
cycle enzymes increase during early sporulation. Kuenzi
et al. (1974) showed that extensive derepression of the
respiratory system is required for sporulation. Therefore,
cells in logarithmic phase are unable to metabolize acetate
and, as a result, cannot undergo sporogenesis. The change
over to ofidative metabolism which occurs at the end of
the logarithmic phase is an important preparation for
sporulation. Only those vegetative cells which aré
prepared can utilize acetate and sporulate in the acetate
medium. Croes (1967a) proposed that the acetate is
a trigger rather than an inducer of sporulation, and
that it promotes a development already started during
the late logarithmic growth phasé.

Esposito et al. (1969) observed that vegetative
cells grown at the appropriate physiological age f?r
sporulation (at early statioﬁary phase) readily take up

acetate after transfer to .the sporulationémedium. They
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found that during sporulation in acetate mediuﬁ about 62%
of the acetate consumed is respired, 22% remains in the
soluble pool, and 16% is incorporated into proteins,
nucleic acids, lipids and other cell components. Gorts
(L975) based on observations on incorporation of acetate,
suggested that the acetate consumed is not only a source
of energy but is also an‘important source of intermediates
for biosynthetic processes occurring during sporulation.
During sporulation, there is great turnover of cellular
macromolecular components, and utiliéation bf an extra-~
cellular carbon source is required for this purpose.

The writer has confirmed the observation of_
Esposito et al. that time in pre-sporulation medium has
an important effect on subsequent sporulation in acetate
medium, and has shown further that time in pre-sporulation
medium affects the degree of desiccation resistance that
develops in the sporulation medium.

Uptake of acetate during sporulation accounts for
the greater dry weight of spores than vegetative cells
observed in this present work. Roth (1970) estimated
that’%7% of the dry weight increase during sporulation
is due to the increase in carbohydrate content and found
that trehalose and insoluble carbohydrates were the

o

cellular carbohydrates synthesized.
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The Acquisition and Loss of Resistance to Heé% and Desiccation

The acquisition and loss of heat resistance did not

coincide with that of desiccation resistance (Figures 6 and

10, 7 and 11). Desiccation resistance was apparent even
in the early phase of sporulation whereas heat resistance
was undetectable in the first 12 hrs of the sporulation -

phase. After 14 hrs % sporulation medium, 50% of the

sporulating cells survive¥ the desiccation treatment, but
it required approximately andther 10 hrs for 50% of the
sporulating cells to acquire ability to resist the heat
treatment. During gefm;nation a‘large decline in heag
resistance preceded the loss of desiccation resistance.
Thus after nearly 2 hrs in germination medium, 50% of the"*
germinating population lost their ability to survive the
heat treatment, but it took aboué 3 1/2 hrs for the same
proportion of the population to lose their ability so/

survive desiccation. Thus the population acquired heat

resistance later than desiccation resistance during sporulation

/
and lost heat resistance earlier during germination. , These

observations suggest that the mechanisms underlying heat
resistance and desiccation resistance are different,
In correlating resistance to heat and desiccation

with sporulation, it is obvious that spores are more

resistant to these factors than vegetative cells. However,

this correlation is not a direct one, be¢ause there are
instances where sporulated cells are still not resistant.
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For instance, comparing Figures 3 and 10,some cells became
desiccation-resistant before spores appeared. Moreover,
after 10 hrs, for example, approximately 60% of the cells
hgd sporulated but less than one-fifth were resistant to
desiccation, and none survived the heat treatment. As
another example, in Table 1, the cells grown for 18 hrs

in MYPG yielded 72.2% asci after 24 hrs in sporulation
medium, but only about 50% of th? population survived the
drying. On the other hand, after 16 hrs in the MYPG and
48 hrs in sporulation medium only 7.5% of cells sporulated,
but nearly one-quarter survived desiccation. That is,

the cells can become desiccation-resistant without
sporulating.

This lack of correlation between presence of

visible spores and resistance indicates that the morphological

structure of the spore is not the sole basis of resistance.
It suggests that chemical composition may be important,
and this makes the following studies of proline dontent

relevant.

Changes in Content of Free Proline During Sporulation and

Spore Germination

The difference in free proline content between
the mature spores and the germinated spores at 6 hrs in

germination medium was striking (Fiqure 14). This is
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consistent with similar findings of Ramirez and Miller
(1964) and Rousseau and Halvorson (1973). Ramirez and
Miller (1964) noted that vegetative cells harvested from
a pre-gporulation medium consisting of Yeast Nitrogen
Base and glucose contained no detectable amount of free
proline, whereas the cells after exposure to 1% sodium
acetate for 6 days contained a high level of free proline.
Rougseau and Halvorson (1973) also found that the spores
were rich in free proline but during the course of
germination the free proline level dropped dramatically.
Ramirez and Miller (1964) showed that there was a
considerable prot:ln breakdown during sporogenesis and
suggested that proline accumulated in the sporulating cells
because it is not lost through the cell walls into the
medium like many other amino acids and there is a
metabolic block which limits the consﬁmption of proline
by the endogenous respiratory system during sporulation.
The vegetative cells harvested from MYPG pre-
sporulation medium had an appreciable amount of fxree
proline compared to the germinated cells at 6 hrs in Yeast
Nitrogen Base germination medium (Figures 13 and 14).
This may be due to the difference in nutrient content
of the two media which may affect the free proline content
in the growing cells. When the‘vegetative cells from
MYPG were placed in acetate, the proline content dropped

rather sharply during the first hour in sporulation medium
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and then decreased to a minimﬁm at about 4 hrs. This
indicates that free proline can be utilized early in
sporulation, a point that has not been noted by earlier
investigators. However, between 4 and 10 hrs in
sporulation medium, intracellular proline content started
to rise. \

From a comparison‘éf Figures 14 and 15, it is
evident that the amount of proline lost from the germinating
spores was dgreater than that which accumulated in the

medium, which indicates that gsome was utilized by the

germinating spores.

Proline and Desiccation Resistance of the Yeast Ascospore

: A

No close parallel was found between the ac&iisitiom

and loss of desiccation resistance and the change in

cellular free proline content (Figures 10 and 13, 11 and 14).
However, desiccation-sensitive vegetative cells are low

in proline and desiccation-resistant spores are high in
proline, Jﬁich suggests a protective role for proline.
Moreover, the observation that suspension qf vegetative
cells and sporulating cells in 0.1 M'proline solution

before desiccation resulted in significant increase in

the number of sur;ivors after desiccation treatment ‘

(Tables 3 and 5) is strong evidence that proline is

involved in increasing desiccation resistance of sporulating

.
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yeast cells. A very specific transport system for uptake
of exogenous proline has been reported for the yeast
Saccharomyces chevalieri (Magana-Schwencke and Schwencke,
1969). 8o, presumably, the 19el cells could take up the
proline from the exogenous solution, enabling the cells

to resist desiccation better. Increased desiccation
resistance was not conferred by exogenously added alanine,
although alanine, like proline, is a small amino acid with

a nonpolar R group and of relatively low molecular weight.

Hubac and Guerrier (1972) reported that the drought-resistant

plant species Carex pachystylis accumulated a higher

proline content than the non-resistant species (. setifolia,

and that they could increase the drought-resistanc? in
C. setifolia by exogenous application of proline. Thus
this similar result reported for plants gives support to
the finding in this present work that enhancement in
desiccation resistance by exogenous proline is possible.
Hubac and Guerrier suggested that proline is a resistance
factor and not a simple consequence of water stress.
Végetative cells harvested from liquid MYPG
contained an appreciable quantity of free proline and
yet they were sensitive to desiccation stress (Figures 13
and 10). It seems that besides the amount of
intracellular free proline, the physical state or the
structure of the cell are important in determining the

resistande of the yeast cell to desiccation. As a
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vegetative cell sporulates, it becomes receptive to the
increase of desiccation resistance by proline. The
sporﬁlating cells at 7 1/2 hrs in qporulation medium were
more receptive to help by exogenous proline than the
vegetative cells (Tables 3 and 5).

How does proline increase desicc&%ion resistance
of yeast spores and sporulating cells? As water is
withdrawn from the cells during desiccation, the osmotic
pressu;e in the cells is affected. Thus this hinzz a
possibility that proline may protect the yeast spores by
involvmentbin ogsmotic adjustment. There ha;; been
numerous papers published, reporting the accumulation of
free proline in plants under water stress, examples of
which have been referred to in the Introduction. But it
has also been noted that free proline is accumulated in
algae (Schobert, 1974), higher plants (Singh et al., 1973;
* Hanower and Brzozwska, 1975), higher plant halophytes
”(Treichel, 1975; Stewart and Lee, 1974) when they are
subjected to osmotic stress, e.g. treating the plants with
sodipm chloride soldtion. These observations suggest that
there may be some effect on living cells common to
desiccation stress and osmotic stress. Britikov et al.

(1965) pointed out that thé properties of proline seem to
.enable it to meet the requirements for being a cellular

osmotic factor and physicochemical stabilizing factor

under severe water stress. Besides being a compound of
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comparatively low molecula;\:;:&ht (115.1), it is highily

hydrophilic and extremely soluble. 1620 g L-proline

is soluble in 1 liter of water at 25°C (Merck Index, 1960).

Of the common amino acids encountered in proteins, the
other very soluble ones are glycine, threonine, serine
and alanine, but they are at least 6.5 times less soluble
than proline. (The solubility of sodium chlo;%ae in water

at 25°C is only 357 g/1.) Britikov et al. mentioned that

in resting cells like pollen, free proline has only limited

metabolic activity and that when demanded by appropriate
circumstances, proline can be drawn into the main stream
of metabolism through the actions of enzymes specific for
proline. They showed that it can be utilized as a source
of energy and as a source of nitrogen. Stewart and Lee
(1974) found that in~higher plant halophytes proline at
high concentrations had little effect on enzyme activity.
Some enzymes involved in amino acid metabolism or with
their activity modulated by amino acids, and some enzymes
not related to amino acid metagblism were studied, but

in every case prolihe did not affect the enzyme actlvity.
Palfi et al. (1973) mentioned the ability of proline to
stabiiize plant cell colloids. They also commented that
the special prope;ties of proline can be of considerable
significance during unfavorable conditions of desiccation,

as well as for the success of reparational processes on

rehydration.

- -

PR
———

e = T o e
s




< 90

Applying the ideas of Britikov et al. (1965) as
to how proline protects the pollen from desiccation stress
to the present case of the yeast spore, possibly as water
is extracted from the yeast spore during desiccation, the
amount of cellular water diminishes, but since the
solubility of proline is so high, it would remain in
solution in the small amount of water remaining. This
concentrated proline solution inside the cell then could
act as an osmotic factor, preventing further loss of water
from the cell, thereby preventing damage, to.the cellular
structures. But the writer in this present work, on
comparing the"bound"water content of asci with~that of
vegetative cells, showed that the asci are drier than
vegetative cells after desiccation. So this indicates
that Britikov's hypothetical mechanism of protection by
proline is not applicable to the case of the yeast spore.

Proline is one of the amino acids in proteins.
It is well known that when proline occurs in a peptide
chain, it interrupts the a-helix and creates a kink in
the helix. Possibly proline could protect the yeast
spore from Aesiccation stress by modifying the conformation
of proteins. But the wﬁ?ter thinks this possibility is
not very likely. Ramirez and Miller (1964) found no
difference in proline content of the protein of yeast
spores and vegetative cells. Apparently all reports on

proline in Eblation to desiccation are centred on free
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(non-protein) proline, and there has been no mention of
a high proline content in proteins in desiccation-resistant
cells. On the contrary, Britikov and Musatova (1964)
performed labelled-proline feeding experiments on plants’
and concluded that the selectiveiaccumulatxpn of free
broline in the pollen is a result of its relafively small
incorporation into the proteins (about 50%) in comparison
with the pistils, where over 90% of éhe proline entering
is ;néorporated.

So the basis for the protection of the yeast spore
against desiccation stress by proline still remains obscure.

The reason that‘congentrated exogenous proline
solutions are harmful to yeast cells (Tables 3, 5 and 7)
ma&fbe that the osmotic pressure of the conﬁfntrated proline
solution is éo great that a large amount of cellular water
is suddenly extracted from the cells as soon as they are
suspended in proline solution, before sufficient proline
can enter the cells to reduce the osmotic gradient between
the cell and the medium. The proline concentration in
the spore may become very high, but sinceuthis concentration
builds up grédually, no harm is done to the developing
spore.

The finding in this present work that proline
plays a role in conferring desiccation resistance on yeast
spores and developing spores ddes not exclude the

4

possibility that other factors are also involved in giving

'

them resistance to desiccation. Desiccation registance
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in yeast spores may be rather complex. This present
finding is a beginning effort to a thorough understanding
of the mechanism behind desiccation resistance im the
yeast spore. Besides proline, the structure of the spore
is probably';f importance. Protective substances against
desiccation have been suggested for some other organisms.
For example, mannitol and trehalose appear in high
concentrations in some fungus spores and they may play a
part in helping the spores to offset the detrimental
effects of drying (Sussman and Halvorson, 1966). Trehalose
is a major carbohydrate reserve in yeast cells and increases
during sporulation (Roth, 1970; Banerjee, 1971) and it is
quite possible that it may contribute to desiccation
resistance.

To recapitulate, based on the data in this present
work, it can be concluded that free proline plays at least
two roles in the yeast spore. Firstly, proline in some
manner gives desiccation resistance to sporulating cells
and spores. Secondly, proline is utilized metabolically,
at least during very early sporulation and during

germination.

Changes in Alpha Amino Acid Content During Sporulation and

-

Spore Germination

Ramirez and Miller (1964) noted that at the end

of the sporulation phase the total free amino acid content

M L




N v

93

decreased to about one-third of that of vegetative cells
and that transfer of sporulated cells to growth medium led
to an increase in the pool of total free amino acids.
Rousseau and Halvorson (1973) found that during germination,
with the exception of proline and cysteine, most amino acid
pool components significantly increased. But in this
present work,' the alpha amino acid content declined sharply
within the first hour of suspension of vegetative cells

in sporulation medium, then between 4 and 10 hours it
started to rise, and it continued to increase up to 24 hrs
and finally showed a decrease within the last 24 hrs in
sporulation medium (Figure 17). At the end of the
germination phase, the alpha amino acid content was only
about one-fifth of that of the spores (Figure 18). So

there is an apparent inconsistency between these data in

P IREEN Ve <.
R N N N

this present work and that of Ramirez and Miller, and of

Rousseau and Halvorson. Ramirez and Miller subjected the

R SIS

extract of free amino acids to separation by chromatography
before the individual amino acids were assayed. The total
free amino acid content they referred to is the sum of

the common amino acids only. Rousseau and Halvorson used

an amino acid analyzer for their work and again they only
included the common amino acids as the components of the v

free amino acid pool. The ethanol extraction procedure

on

(Sutherland and Wilkinson, 1971), adopted in this work,

extracts free amino acids as well as other low molecular
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weight intermediary metabolites from microbial cells. So
in this present work, some small peptides may have been
extracted which would give the ninhydrin reaction. This
might explain why the data in Figures 17 and 18 were not
in accord with the previous documented findings. Dr. S.D.
Steele (personal communication, 1975) estimated the free
amino acid composition in 19el vegetative cells and spores
with a Beckman 120C amino acid analyzer. He found that the
free common amino acids were less abundant in 19el spores
than in vegetative cells, as previous workers had found.
However, he also detected large amounts of some unknown
ninhydrin-positive substances in spores not corresponding
to any of the common amino acids known to occur in yeast
cells, 1If, in this present work, the alcohol extract had
been subjected tp chromatographie separation and each of
the common amino acids estimated individually, the
combined result might be consistent with previously
documented observations. ‘

It is possible that the unknown ninhydrin-positive
substances detected by Steele are responsible for the
high content of a-amino nitrogen found in spores in this
study. The writer's work also indicates that they
accumulate steadily during sporulation and do not diminish
until late in germination. Possibly\they may be involved
in giving the spores resistance to desiccation. This
obviously opens up an important problem for further

investigation.
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The Small Cells

What is the origin of the small-celled colonies that
were foun%,in certain of the plating experiments? Strong
evidence has been presented in the Results that these small
cells are not contaminants. Two other possibilities can be
suggested.

The first possibility is that the small cells
originated through mutation of the 19el strain. The size
difference between yeas£ cells and their mutants is not
normally large. For example, the well-known respiratory
deficient "petite” mutants, characterized by very slow
growth rate and small colony size, which occur in natural
populations of some Saccharomyces cerevisiae strains are
not distinguishable in cell size from normal cells (Ephrussi
and Hottinguer, 1951). The fact that the cell volume of
the small cells found in this work is only about ome-hundredth
of that of a normal vegetative cell is not in favour of
the idea of the small cell being a mutant. However, the
possibility has not been excludgd. I1f the small cell is
indeed a mutant, it must be a very unusual mutant/

The second 'possibility is that the small?cells are
a symbiont of the 19el cells. Tﬁe normal 19el cultures
were examined under the light microscope as haemacytometer
counting chamber preparations and as smears stained with

crystal violet, and also with the acid-fast staining
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procedure. Ng small cells were observed either in the
culture among the normal cells or adhering to the side of
normal 19el cells. Thus the possibility that the small
cells are an ectosymbiont seems not very likely. In some
of the electron micrographs presented by Grewal and Miller
(1972; Figures 9 and 10), Steele and Miller (1974a; Figures
10, 1974b; Fiqures 1 and 3), there are seen spherical
structures in the 19el cells and asci, whose shape and
size are not unlike the small cells. These sphgrical
structures were labelled as "globules"”, "vacuoles” or
"cytoplasmic bodies”. 1Is it possible that these bodies are
in fact endosymbiotic bacteria inhabiting the yeast cells?
Conceivably the desiccation or proline treatments might
have killed the yeast cells and liberated the symbionts.
Against this suggestion is the fact that no bacteria have
been described inhabiting the cells of yeasts, or of any
funqus. However, previous to 1962 when Stolp discovered
Bdellovibrico, no bacteria endoparasitic on other bacteria
had been described, yet Bdellovibrio is now known to be
very common in soil, water and sewage (Stolp, 1973).

The writer believes that an interestingfprohlem
may have been opened up by the isolation of the small cells,
and suggests the following approach for a future
investigation. (1) The treatments of the 19el strain
that yielded the small cells should be repeated and if the
organism is again isolated the following program should

be undertaken. (2) Other selective treatments should be

.
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tried which may yield the small cells. As examples, some
antibiotics which inhibit only fungi would be applied to

the 19el cultures. Alkaline pH, which does not favor the
growth of yeasts, may select out the small cells if they

are bacteria. Sonication followed by filtration using

membrane filters of 2.0 uy pore size may retain the yeast

cells and allow the small cells to pass 'through. Separation

of the yeast cells from the small cells by centrifugation
may also be possible, as the yeast cells should sediment

to the bottom of the centrifuge tube faster than the small
cells. (3) Electron microscopic studies should be carried
out on the small cells. This may solve the problem of
whether the small cells are mutant or not. High resolution
electron micrographs should decide whether the small cells
are mutants or symbionts. If the small cells are mutants,
then they should possess some eukaryotic characteristics.
(4) Other yeast strains should be studied to see if they

will yield the small cells.
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SUMMARY

1. The length of time that vegetative yeast cells were
grown in pre-sporulation medium had an important effect on
both subsequent percentage of sporulation and the degree

of desiccation resistance that developed in the sporulation

medium.

2. The dry weight of sporulated cells was greater than that
of vegetative cells but the spores contained a lower

percentage of "bound" water.

3. The acquisition of heat resistance during sporulation

’
and its loss during spore germination did not coincide with
that of desiccation resistance. The population acquired
heat resistance later than desiccation resistance during

sporulation and lost heat resistance earlier during

germination.

4. With the exception of the first few hours in sporulation
medium when proline appeared to be utilized, the intracellular
free prpline content increased during sporulation’Phase.
During germination the proline content decreased and

evidence was obtained that the decline was partly due to
excretion into the germination medium and partly to

metabolic utilization.
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5. Exogenous proline added to vegetative cells or sporulating

cells before they were desiccated significantly increased
their survival, indicating that the high proline content
found in the spores has a protective function. However, a
close parallel was not apparent between the changes in
cellular free proline content duflng sporulation or
germination and the acquisition or loss of desiccation
resistance. This implies that other factors in addition
to a high free proline content are involved in the ability
of spores to survive desiccation.
6. Dormant spores had a higher free alpha-amino acid

‘
content than germinated spores. During the major part of
the sporulation process, the free alpha-amino acid content
gradually increased. An attempt was made to explain these

data in terms of the results of previous workers.

7. Small-celled colonies were found after vegetative
cells or sporulating cells were desiccated, or suspended
in proline solutions or treated with both. These cells
were very small when compared to normal 19el vegetative
cells and some of their physiological properties appeared
to be very different from those of 19elﬁiells. It was
suggested that these small cells might possibly be a

mutant or -a symbiont of the 19el cells.
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Appendix I

Difco Yeast Nitrogen Base Medium

(without amino acids or ammonium sulfate)

biotin

2 mcg
calcium pantothenate 400 mcg
folic acid 2 mcg
inositol 2000 mcg
niacin 400 mcg
p-aminobenzoic acid 200 mcqg
pyridoxine hydrochloride 400 mcg
riboflavin 200 mcg
thiamine hydrochloride 400 mcg
boric acid 500 mcg
copper sulfate 40 mcg
potassium iodide 100 mcg
ferric chloride 200 mcg
manganese sulfate 400 mcg
sodium molybdate 200 mcg
zinc sulfate 400 mcg
potassium phosphate monobasic l g
magnesium sulfate | 0.5 g
sodium chloride 0.1 g
calcium chloride 0.1 g '
distilled water 1000 ml

This is based on a medium devised by Wickerham (1951).
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Appendix II

Ziehl-Neelsen acid-fast staining procedure

The procedure followed was that of the Society of
American Bacteriologists, Manual of Methods (1957) as

modified by Seigel and Miller (1971).

Sfain dried smear for 4 mins with freshly filtered
Ziehl's carbol fuchsin.

2. Rinse in tap water.

Decolorize for 10 secs in 95% ethanol containing
3% by volume of concentrated hydrochloric acid.

4. Immediatéiy wash in tap water.

5. Counterstain with methylene blue for 2 mins.

6. Wash in tap water.

7. Air-dry the smear, and examine under oil immersion.

Acid-fast microbial cells are stained red; non-acid-

fast cells are stai%ed blue.

Y

Ziehl's carbol fuchsin stain

basic fuchsin 0.3 g
ethanol (95%) . 10 ml
phenol 5 g
distilled water 95 ml

Dissolve basic fuchsin in ethanol and phenol crystals in

distilled water. Mix the two solutions.
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Appendix II (cont'd)

Methylene blue staining solution

methylene blue
ethanol (95%)

distilled water

0.3 g
30 ml
100 ml
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Appendix IT11]

The Gram stain procedure

This procedure is based on Hucker's modification

of the original Gram stain (Society of American Bacteriologists,

Manual of Methods, 1957).

-

1. Stain smears for 1 min with ammonium oxalate crystal

violet.

2. Wash in tap water.

3. Cover smear for 1 min with Gram's iodine.

4. Wash in tap water.

5. Decolorize with 95% ethanol for the desired destaining
time.

6. Immediately wash in tap water.

7. Counterstain with safranin for 10 secs.

E 8. Wash in tap water.

' 9. Air-dry the smear, and examine under oil immersion.

Gram-positive microoxrganisms are stained purple;

Gram~negative ones are stained red.

Ammonium oxalate crystal violet stain

crystal violet 2 g
ethanol (95%) 20 ml
ammonium oxalate 0.8 g

distilled water 80 ml
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Appendix 111 (cont'd)

Dissolve crystal violet in ethanol and ammonium oxalate

in distilled water. Mix the two solutions.

Gram's iodine

iodine lg
potassium ioide 2 g.
distilled watex 300 ml

Safranin stain

safranin O (2.5% solution
in 95% ethanol) 10 ml

distilled water 100 ml

—
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