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ABSTRACT

Cells of the obligately psychrophilic yeast,

Leucosporidium stokesii, were subjected to permissive and

restrictive incubation temperatures to determine the event
or series of events responsible for the low maximum growth
temperature of this organism. Various parameters of growth
were measured including viability, turbidity, and dry weight
at optimum (15 C), maximum (20 C), and restrictive (23 C,

25 C) incubation temperatures. A loss in viability but an
increase in turbidity and dry weight of cells was character-
istic of incubation at restrictive temperatures. Increases
in turbidity and dry weight yields were shown to be the
result of increases in cell dimension.

Changes in cell morphology following incubation at
restrictive temperatures were also observed. Parent cells
of L. stokesii greatly increased in size showing irregular
wall growth and the formation of an atypical bud. This
phenomenon was only observed one to three degrees above the
maximum growth temperature. In addition to temperature,
incubation in media capable of supporting growth and aera-
tion were necessary for the development of an atypical

morphology. Anaerobic environment or incubation of cells

xi



Xii
in the presence of 2,4-dinitrophenol prevented any abnormal
development. A change in cell morphology at restrictive
temperatures did not impair the ability of atypical cells
to produce normal daughter cells following a return to
permissive growth temperature.

An investigation of subcellular morphology by
nuclear stains and electron microscopy revealed an anucleate
condition of the atypical bud, but showed nuclear migration
within the parent cell. Ultrastructural detail indicated
a lack of septum formation between parent and atypical bud.
Following a return to permissive temperature however,
nuclear division, migration, and septum formation resumed.

Incubation of morphologically-induced cells at
permissive growth temperatures in the presence of a DNA in-
hibitor, hydroxyurea, confirmed the observation that the
anucleate condition of atypical buds was the result of
temperature sensitive DNA synthesis. Concomitantly, the
incorporation of labeled adenine into DNA of an adenine
auxotroph was inhibited at restrictive incubation tempera-
tures (23 C, 25 C). The synthesis of RNA however was en-
hanced at 23 C but impaired at 25 C showing a specific
defect in synthesis of the 17S ribosomal RNA species.
Similarly, protein synthesis of a leucine auxotroph was

unaffected at either restrictive temperature. These data



xiii
suggest that replication of DNA characterizes the initial
defect that defines the maximum growth temperature of

Leucosporidium stokesii.




INTRODUCTION

The existence of microorganisms that are capable of
growth at or near temperatures of 0 C has been recognized
for many years. Such microorganisms have been reported to
include a nu ‘ber of the major microbial groups‘such as
bacteria (63, 8l1), yeasts (15,82) fungi (18, 92), algae (6),
and viruses (73, 93). Their habitats reflect a wide distri-
bution in nature, having been isolated in appreciable num-
bers from a variety of cold environments including arctic
and antarctic soils and water (5, 30, 61, 88), glacial ice-
(82), decomposing plant material (30), and frozen foods of
plant and animal origin (51).

In accordance to their growth temperature relation-
ships, a number of terms were coined by early investigators
to describe organisms capable of growing at 0 C. The first
reported observation was by Forster in 1887, who isolated
bioluminescent bacteria from frozen fish (25). From this
and other studies, he introduced the terms "Glaciale
Bakterien" and "rhigophile" to describe this unique group
of bacteria (25). A few years later, the term "psychrophile"
was proposed by Schmidt-Nielson in 1902 to describe micro-

organisms growing at 0 C (19). Unfortunately, growth of
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these isolates was not solely restricted to low temperatures,
and growth occurred equally well within the mesophilic
range. Subsequently, a variety of terms have emerged to
describe microorganisms capable of growth at or below 0 C.
These include "psychrocartericus" by Rubentschik (78),
"psychrobe" by Horowitz-Wlassowa and Grinberg (45), "thermo-
phobic bacteria® and "cryophiles” by Edsall and Wetterlow
(17), "facultative and obligate psychrophiles" by Hucker
(46), and "psychrotrophic" by Eddy (16).

A number of different criteria have been used to
define the growth temperature relationships for this group
of microorganisms. Schmidt-Nielsen based his definition
on the ability to not only survive but also multiply at
0 C (79). Horowitz-Wlassowa and Grinberg assigned the term
"psychrophile" to organisms commonly isolated at 0 C, but
capable of growth at higher temperatures as 30 C, and re-
served the term "psychrobe" for obligately cold-loving
groups (45). Hucker separated bacteria growing at 0 C
into two categories, an obligate group capable of growth
at 0 C but not at 32 C and a facultative group which would
grow at both temperatures (46).

Eddy has suggested that microorganisms capable of
growth at 5 C or less be defined as psychrotrophic irrespec-
tive of cardinal growth temperatures, and that the term

"psychrophile" implies only a low optimum growth



temperature (16). The use of the term "psychrotrophic"

has recently gained wide acceptance within the food and
dairy industry. Additionally, Baxter and Gibbons (3) have
defined psychrophiles as those organisms with an optimum
growth temperature of 20 C or less. Rose (77) employs the
term psychrophile to include those organisms with a growth
optimum at 25 C or less without reference to growth at low
temperatures as 0 C. Moreover, Rose defines obligate
psychrophiles as having a maximum growth temperature of

30 ¢ (77). Recently, Morita (64) has proposed that psychro-
philes be redefined as those organisms having an optimum
growth temperature at about 15 C or lower, a maximum growth
temperature at about 20 C, and a minimum growth temperature
at 0 C or below. The term "psychrotrophic" would be re-
served for those organisms that do not meet the criteria as
stated above, and reflect those mesophilic organisms that
can grow at 0 C (64).

It is evident then that the availability of defini-
tions and termé for psychrophilic microorganisms are both
numerous and varied. This has resulted from the observation
that certain microorganisms capable of growth at 0 C can
also grow at temperatures well into the mesophilic range of
30 C, while others have relatively low maximum growth
temperatures (80, 86). However, the definition most often

employed in the literature is the one based on Ingraham and



Stokes (48) and Stokes (87) who defined psychrophiles as
microorganisms that can grow at 0 C by the production of
visible growth within one to two weeks. Stokes (87) also
proposed the separation of obligate and facultative psychro-
philes on the basis of optimum growth temperature. Obligate
psychrophiles grow optimally below 20 C and facultative
psychrophiles grow optimally above 20 C. For purposes of
this study, the definition of Stokes will be used.

On the basis of this unique ability to grow at
temperatures well below those characteristic for most
organisms, as well as the inability to grow at even moder-
ately elevated temperatures, a number of studieé have
evolved concerning the physiology of psychrophilic micro-
organisms. These investigations have provided a variety of
explanations that account for both the low minimum and low
maximum growth temperature characteristic for this group
of organisms.

Marr and Ingraham (57) have suggested that the de-
gree of saturations of lipids in the cell may be responsible
for determining the low minimum growth temperature, since
it is known that an increase in the number of unsaturated
bonds leads to a decrease in the melting point of lipids.
In_this respect, Kates and Baxter (50) have shown a 50 per-
cent increase in the number of unsaturated bonds in lipids

of both mesophilic and psychrophilic yeasts grown at 10 C
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rather than 25 C. Moreover, it was observed that a decrease
in incubation temperature from 20 C to 5 C for a psychro-
philic Candida species resulted in an increase in the amount
of linoleic and linolenic acid present (58). A comparison

of psychrophilic and mesophilic species of Clostridium

showed that the psychrophiles had a higher amount of un-
saturated fatty acids (9). Similar results have been shown
for psychrophilic members of the genera Bacillus (49) and

Pseudomonas (21). The above data suggest that an increase

in lipid unsaturation maintains cellular lipids in a liquid
state, thus allowing the membrane to function at the lower
temperature. Such observations have been termed the "lipid
solidification theory" as reported by Byrne and Chapman in
1964 (7) and Farrell and Rose in 1967 (20).

However, it is now generally accepted that the
temperature minimum of psychrophiles is determined by the
metabolic regulation of the cell (56, 85). 1In this regard,
Farrell and Rose (20) suggested that the sensitivity of the
feedback control systems of psychrophiles is far less
susceptible to low temperature than their mesophilic counter-
parts. This was evident from the observations of Quist and
Stokes (76) who demonstrated that the induction of formic
hydrogenlyase of a psychrophilic bacterium was possible over
a range of 0 C to 20 C. Comparatively, the same enzyme from

a mesophile was inducible only from 15 C to 45 C.



The investigation of protein synthesizing systems
as factors for establishing maximum growth temperatures for
psychrophiles has been widely examined. A number of areas
are represented here which include the physical and func-
tional stability of ribosomes, the effect of elevated
temperature on the soluble pool fractions of protein systems,
and the synthesis of protein by whole cells.

In general, a correlation has been found between
the physical stability of ribosomes and maximum growth
temperature (74). Sucrose sedimentation studies using the

obligate psychrophile, Candida gelida, (Leucosporidium

stokesii; see reference 22) have shown that unheated ribo-
somes separated into a light and heavy component, whereas

heating ribosomes at 45 C for five minutes substantially

reduced the amount of the heavier component and increased
the amount of the lighter component (67). Following heat
treatment at 50 C for five minutes, the heavier component
was eliminated entirely. Moreover, a comparison of meso-

philic ribosomes from Candida utilis indicated that ribosomes

of the psychrophile were more sensitive to heat denaturation
(67) . However, such information may not be relevant as a
factor in determining maximum growth temperature, since the
above temperatures were considerably higher than the maximum
growth temperature for L. stokesii (20 C). 1In this regard,

Malcolm (54) has shown that ribosome structure was unaffected



at moderately elevated incubation temperatures. His data
indicate that the polyribosomes of the psychrophile,

Micrococcus cryophilus, do not show any breakdown following

heat treatment at 30 C for 105 minutes.

There are numerous reports, however, that correlate
the functional stability of ribosomes to incubation at
restrictive temperatures. Nash and Grant (67) have shown

that the ability of ribosomes of Candida gelida (L. stokesii)

to perform protein synthesis, as measured by a poly (U)-
directed 14C-phenylalanine incorporation, became more im-
paired as incubation temperature was increased. These data

showed a 70 percent decrease in 14

C-phenylalanine incorpora-
tion at 30 C, a 90 percent decrease at 35 C, and 100 percent
decrease at 40 C. In comparison, ribosomes from the meso-

phile, Candida utilis, lost only 15 percent of their ability

to synthesize polypeptides after incubation at 55 C. This
loss in functional stability at elevated temperatures has
been attributed to a heat sensitive binding of phenylalanine
charged transfer RNA (t-RNA) to the ribosome (71).

Additional experimentation with Micrococcus

cryophilus (54) has indicated that although the polymeriza-
tion steps of ribosomes were not impaired following exposure
to 30 C¢ for 60 minutes, the processes of amino acid activa-
tion and attachment were inactivated. Specifically, the

data show that glutamyl-, histidyl-, and prolyl-aminoacyl



t-RNA synthetases were inactivated at 30 C. The cognate
t-RNA species of these synthetases were also heat sensitive
(56) , since the attachment of glutamic acid and proline to
t-RNA was inhibited by 50 percent following ten minutes at
30 C. Histidine attachment was only slightly affected. Sub-
sequently, it was suggested that aminoacyl synthetases can
only recognize their cognate t-RNA's in a low temperature
configuration; and once charged, show no effect on the func-
tional ability of the ribosome at restrictive incubation
temperatures (54).

Similarly, Nash, Grant and Sinclair (68) found
thermolabile components in the aminoacyl t-RNA synthetases

for Candida gelida (L. stokesii). Thirteen of these enzymes

were examined, and it was shown thét seven had lost 60 per-
cent or more of their activity after incubation at 35 C for
30 minutes. However, incubation at 25 C showed only a
slight decrease in enzyme activity. None of the cognate
t-RNA species tested, were shown to be thermolabile.
Concomitantly, the synthesis of protein by whole
cells has been shown to be inhibited at restrictive incuba-
tion temperatures (11, 34). Bobier and co-workers (4)
demonstrated that the rate of protein synthesis for Bacillus

psychrophilus and Bacillus insolitus, correlated directly to

growth at 5 C, 20 C, and 30 C. Both viability and protein

synthesis were significantly reduced at 30 C. Similarly,



the viability of Micrococcus cryophilus at 30 C has been

linked to protein synthesis as the primary effect of incuba-
tion at elevated temperatures. Temperature sensitive pro-

tein synthesis has also been observed for Candida gelida

(L. stokesii; see reference 68). These determinations how-
ever, were made a considerably higher incubation temperatures
than maximum, since recent data have shown protein synthesis
to be unaffected at moderately elevated temperatures for

L. stokesii (84).

Heat inactivation of specific enzymes has also been
proposed as an explanation for the basis of low maximum
growth temperatures for psychrophilic microorganisms (31,
72) . Approximately 50 percent of the enzymes of the tri-
carboxylic acid cycle for psychrophilic species of Arthro-
bacter and Candida have been reported to show reduced
activity at temperatures three to five degrees above their
maximum growth temperature (19). Upadhyay and Stokes (91)
have demonstrated a heat sensitive formic hydrogenlyase at
25 C for a psychrophilic bacterium strain 82. Moreover,
both the oxidative and fermentative activities of this
organism can be eliminated by incubation at 45 C for one
hour (75). Baxter and Gibbons (3) have reported that activi-
ties of alcohol dehydrogenase, cell respiration, and uptake
of glucosamine were all heat sensitive in a psychrophilic

Candida species. Malic dehydrogenase activity of a marine,
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psychrophilic bacterium, Vibrio marinus, has also been shown

to be inactivated at or near its maximum growth temperature

(65). In the psychrophilic fungus, Typhula idahoensis, some

enzymes involved in acetate metabolism have been shown to
be sensitive at 20 C (14). Glucose fermentation by Candida

gelida (L. stokesii) was also shown to be inactivated within

30 minutes at 35 C (27). A number of enzymes were surveyed
for heat sensitivity, including alcohol dehydrogenase,
aldolase, glyceraldehyde-3-phosphate dehydrogenase, hexo-
kinase, pyruvate kinase, and triosephosphate dehydrogenase;
however, only one, pyruvate decarboxylase, demonstrated a
high degree of temperature sensitivity (27). These data
suggest that a loss in viability at supermaximal incubation
temperatures may be the result of one specific enzyme, or the
most thermolabile essential protein in the system.

A number of investigators have proposed an additional
mechanism to account for the low maximum growth temperatures
for psychrophilic microorganisms. Nash and Sinclair (69)
demonstrated a loss in viability and leakage of cell com-

ponents for the obligate psychrophile, Candida nivalis, at

restrictive incubation temperatures. Leakage did not re-
flect cell lysis, and was found to consist of short poly-
peptides, nucleotide monophosphates, and inorganic phosphate.

Neither DNA, RNA nar protein was detected (69). Similar
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results have been observed with Vibrio marinus (33) and a

marine Pseudomonas species (34).

Leakage of cell material has also been shown to

occur with the psychrophilic mold, Merulius lacrymans (52).

Analysis of U.V. absorbing material and radiocactive nucleic
acid precursors showed that incubation at temperatures above
the optimum caused nucleic acid degradation with subse-
quent leakage of nucleotides from the cells. Selective
leakage of nucleotides has similarly been reported for

Micrococcus cryophilus (55), in which 5'-nucleotides of

adenine, guanine, cytosine, and uracil characteristically
appeared within a few hours at elevated temperatures. Only
after a 90 percent loss in viability, did the larger, poly-
meric RNA, DNA and polypeptide molecules appear in the
support medium. Recently, Hagler and Lewis (32) investi-
gated the correlation between maximum growth temperature
and leakage of cell components in the presence of a

utilizable sugar for two Saccharomyces species, a species

of Kluyveromyces, and the obligate psychrophile, L. stokesii.

Their data indicate that the rate of leakage increased with
incubation temperature and reached a maximum rate close to
the maximum growth temperature for each yeast. Leakage of
cell contents appeared to reflect the physiclogical status
of the cell, since cells incubated in water or in the pre-

sence of metabolic inhibitors, as sodium azide and
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iodacetate, showed only minor leakage at restrictive incu-
bation temperatures. It was concluded that temperature
sensitivity of the cytoplasmic membrane in the presence of
a utilizable sugar, was one factor that determines the
maximum growth temperature of a yeast (32).

The evidence presented here illustrates the diversi-
ty in experimentation that has been proposed as mechanisms
that define the maximum growth temperature of psychrophilic
microorganisms. The difficulty lies in deciding whether
these data reflect taxonomic differences among species, or
suggest a key underlying event common to all psychrophiles.
The object of this study was to determine the event or
serjies of events responsible for cessation of growthlof an

obligately psychrophilic yeast, Leucosporidium stokesii,

at temperatures above its maximum growth temperature of 20 C.
To accomplish this goal, auxotrophic strains of the parent
yeast were developed as tools for investigating the syn-
thesis of protein, RNA, and DNA. In addition, studies on
the alteration of cell morphology and substructure in re-

lation to incubation at restrictive temperatures were also

performed.



MATERIALS AND METHODS

Cultivation Media

The media employed in this study consisted of a
nutritionally rich complex medium, yeast extract and dex-
trose (YAD), and a minimal chemically defined medium, yeast
nitrogen base (YNB). YAD medium was prepared as follows:
yeast extract (Difco Laboratories), 10.0 g; dextrose, 10.0
g; KH.PO

2
liter of glass distilled water. YNB medium was prepared in

4’ 1.0 g; MgSO4-7H20, 0.5 g; adenine, 0.0l g; in one

the following manner: yeast nitrogen base (Difco Laborator-
ies, without amino acids, filter sterilized), 1.7 g;
(NH4)2SO4, 5.0 g; glucose, 20.0 g; in one liter of glass
distilled water. Final pH of the above media was 5.8. When
necessary, the media were solidified with 1.5 percent agar
(Difco Laboratories). Minimal plus media consisted of ¥YNB
medium supplemented with adenine (Sigma Chemical Co.),

50 ng/ml or leucine (Sigma Chemical Co.), 50 ug/ml.

Organisms and Cultural Conditions

The organism used in this study was isolated in
1964 from an antarctic snow sample by Sinclair and Stokes
(82) and was designated as a Candida species, P-16. Addi-

tional taxonomic study has since reclassified the organism

13
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as Leucosporidium stokesii (22). This yeast has the follow-

ing cardinal growth temperatures: a maximum of 20 C, an
optimum of 15 C, and a minimum of 0 C or less. Larkin and
Stokes (53) have reported growth at -7 C for this organism,
and since L. stokesii grows optimal}y below 20 C, this
yeast is classified as an obligate psychrophile as proposed
by Stokes (87).

A leucine requiring mutant of L. stokesii, desig-
nated P-16 leu , was isolated using a modification of
Hartwell's method (36). A 50 milliliter (ml) culture of the
parent strain was grown to mid-logarithmic phase in YAD
medium. Following addition of 0.2 mg of N-methyl-n-nitro-
soguanidine (NTG, 0.004 mg/ml, Sigma Chemical Co.) the
culture was incubated for seven hours at 15 C. The cells
were harvested by centrifugation (5 C, 3500 x g), washed
twice in 20 ml volumes of 1.0 percent yeast extract, diluted
1:100, 1:1000, and 1:10,000 in twice distilled water, and
plated in quadruplicate onto a minimal medium plus 50 ug/ml
leucine. Incubation was at 15 C for 7 to 10 days. Colonies
appearing on minimal plus leucine medium were picked and
reinoculated onto minimal plus leucine and minimal media.
Colonies arising on the former but not the latter medium
were designated as leucine auxotrophs.

An adenine requiring mutant of L. stokesii (P-16

ade”) was isolated as follows. The parent strain was grown
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to mid-logarithmic phase in YAD medium, harvested by centri-

PO,.

fugation (5 C, 3500 x g), and washed twice with M/15 KH2 4

Washed cells were plated (0.1 ml) in quadruplicate onto
minimal medium plus 50 ug/ml adenine, and incubated for 8 to
10 hours at 15 C. PFollowing incubation, 5 mm discs soaked
with NTG (0.004 mg/ml) were placed centrally on the plates
and then re-incubated at 15 C. Colonies were picked and
screened as above onto minimal and minimal plus adenine
media. Colonies appearing on the latter medium only were
designated as adenine auxotrophs.

The yeast were cultivated in the following manner.
Cells were transferred from stock YNB slants (supplemented
with leucine or adenine) into 50 ml of YNB broth and incu-
bated aerobically at 15 C using a reciprocating water bath
shaker (120 RPM, New Brunswick), cooled by a Frigid-Flow
Water Bath Circulator (News Brunswick). A minimum of three
transfers were made from the mid-logarithmic phase of growth
prior to experimentation. The final subculture was routine-
ly harvested'by centrifugation (5 C, 3500 x g), washed
once in twice distilled water, and resuspended in fresh
medium to an absorbance of 0.3 (50 klett units). A medium
to flask volume ratio of 1:5 was used to insure adequate
aeration. Turbidity was determined using a Bausch and Lomb
spectronic 20 spectrophotometer at 620 nm or with a Klett-
Summerson photoelectric colorimeter, model 800-3, using a

red (no. 66) filter.
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Incubation of cultures under experimental conditions
was accomplished by agitation of cotton stoppered flasks,
suspended by a Burrell wrist-arm shaker in water baths. The
baths were cooled by circulation of chilled 50 percent
ethylene glycol through copper coils. Temperature regula-
tion was achieved using Bronwill thermoregulators with a

sensitivity of + 0.25 C.

Maximal Growth Determinations

In order to determine the appropriate concentration
of adenine or leucine necessary for maximal growth, a dose-
response study was undertaken. Freshly isolated leucine and
adenine mutants were grown to mid-logarithmic phase,
harvested as above, and resuspended to 10 klett units in YNB
medium. Adenine or leucine was then added in concentrations
of 0, 10, 20, 30, 50, 75, and 125 ng/ml/flask, respectively.
Following incubation at 15 C for 120 hours, triplicate 2.0
ml samples were obtained from respective flasks and trans-
ferred to pre-weighed Gelman filters (0.45 u, Gelman Cor-
poration). Filters were dried at 80 C to constant weight.

Dry weights were recorded as mg/ml.
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Growth of L. Stokesii at Permissive and
Restrictive Incubation Temperatures

Determination of Cell Numbers

To investigate changes in the viable population of
cells at various incubation temperatures, mid-logarithmic
cells of L. stokesii were divided into four portions, and
incubated at 15 C, 20 C, 23 C, and 25 C, respectively.
Viable cell counts were determined at regular time inter-
vals, by serially diluting cell samples (1.0 ml) in 0.1 per-
cent peptone broth (Difco Laboratories), followed by spread
plating on YAD medium. Colony counts were made after seven

days incubation at 15 C.

Determination of Dry Weight

To ascertain changes in dry weight following incuba-
tion at various temperatures, triplicate (2 to 5 ml) samples
were taken at regular intervals and transferred to glass,
fiber filters (Whatman, GFC 2.4 cm), dried at 80 C to con-
stant weight. Data were expressed as mg/ml.

Investigation of Cell Size Following

Incubation at Permissive and
Restrictive Temperatures

Exponential phase cells of L. stokesii were incubated
at 15 C, 20 ¢, 23 C, and 25 C for 24 hours in ¥YNB medium,
and then sampled to determine changes in cell dimensions.

Fifty cells from each population were selected at random,
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and length and width measurements were made using a cali-
brated ocular micrometer. These data were then evaluated to
determine surface area, volume and surface to volume ratios
'for each population of cells. The following formulae (66,
44) were used to calculate the surface and volume for an

oblate spheroid:

2
_ 2 b~ 1l + e
Surface = 2ma” + 3 log, 77—=
e = % a2 - b2
2
Volume = 4/3 ab
Length = 2a Width = 2b

Incorporation and Assay of Radioactive
Precursors for Macromolecules

Macromolecular synthesis at permissive and restric-
tive incubation temperatures was investigated in the follow-
ing manner. Leucine and adenine mutants of L. stokesii were
subcultured to mid-logarithmic phase, harvested, resuspended
in fresh YNB medium, and incubated at 15 C, 20 C, 23 C, and
25 C, respectively. At designated times, cells were sampled
for the uptake and incorporation of radiocactive precursors
into protein, RNA, and DNA. Short term studies utilized
YNB medium without leucine or adenine, in order to eliminate

competition between non-radioactive (cold) and radioactive
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precursors. For longer incubation times, as eight hours, a
minimal level of 5 to 20 ug/ml of either leucine or adenine
was used. All chemical fractionation techniques were based

on methodology according to Hartwell (36).

Protein Synthesis

Protein synthesis was determined by continuous label
experiments, in which the leucine mutant was incubated with
14C-l-leucine (0.04 nC/ml, U14C, Schwartz Bioresearch) in
YNB medium for eight hours. At designated intervals, dupli-
cate samples were removed from the culture flask, added to an
equal volume of 10 percent trichloracetic acid (TCa,
American Drug and Chemical Co.), and heated for 30 minutes
at 95 C. The precipitate was collected on a Gelman membrane
filter (0.45n), followed by a cold leucine plus water wash
(3X). Filters were air dried at room temperature and placed
into 10 ml of scintillation counting fluid (2.5-bis 5'-t-
butylbenzoxazolyl(2') thiophene, (BBOT) , 4.0 g; naphthalene,
80 g; ethylene glycol monomethyl ether, 400 ml; toluene,

600 ml). Radioactivity was measured using a Packard Tricarb

Liquid Scintillation spectrophotometer, model 3320.

Ribonucleic Acid Synthesis

The uptake and incorporation of labeled precursors

into RNA was determined using a continuous incubation of

14

adenine-8-"°C (0.04 to 0.06 uC/ml, ICN Corporation) with the
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adenine mutant of L. stokesii. At various time intervals,
duplicate samples were removed, and the amount of adenine-8-

4C incorporated into RNA was determined by precipitating
with an equal volume of cold ten percent TCA for 30 minutes
in an ice bath. The precipitate was collected on Gelman
membrane filters (0.45 u), washed three times with a cold
adenine-water solution, dried at room temperature, and
counted as described above.

Since a portion of the radioactive counts obtained
by the above method can be attributed to incorporation into
DNA, a modified Ogur-Rosen cell fractionation technique was
used to determine the ratio of RNA to DNA (47). Following

14C for

incubation in ¥YNB medium with 0.0l nC/ml adenine-8-
one hour at 15 C, 100 ml samples were harvested, washed by
centrifugation, and treated with cold 0.2 N perchloroacetic
acid (pPCA, Baker and Adamson) for 15 minutes to remove
nucleotide pools. The cell residue was resuspended in cold
1 N PCA for 16 hours to solubilize the RNA fraction. The
remaining residue was heated at 70 C for 20 minutes in 0.5 N
PCA to hydrolyze DNA. The data indicated a RNA-DNA ratio

of approximately 50:1, which agrees with that reported for

Saccharomyces cerevisiae (36). Subsequently, less than two

percent of the counts can be attributed to DNA (36, 37).
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Deoxyribonucleic Acid Synthesis

The amount of adenine-8—l4c incorporated into DNA
was determined by a modified Schmidt-Thannhauser technigue
(36). Cell samples were treated with 1 N NaOH at room
temperature for 16 hours, followed by precipitation with an
equal volume of cold ten percent TCA. The alkaline treat-
ment solubilizes the RNA component, leaving only DNA for
TCA precipitation. This precipitate was collected via fil-

tration, washed and counted as previously described above.

Whole Cell Uptake of Radioactive Precursors

To determine uptake of radioactive precursors by
whole cellé, samples were removed from a continuously labeled
YNB medium (cold adenine or léucine absent), separated from
the medium by filtration (Gelman 0.45 n), washed and counted
as previously described. 1In this and previous experiments,
cell filtrates were collected and counted to account for
utilization of the radioisotopes.

Preparation and Analysis of
Ribonucleic Acid

Experimental Conditions

The preparation of labeled RNA for comparative
studies of RNA fractions during elevated incubation tempera-
tures was accomplished in the following manner. The adenine

mutant was subcultured to mid-logarithmic phase, and
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resuspended to 150 Kletts in 80 ml of YNB medium. Since
large volumes of cells were required for sampling, independ-
ent cultures were used for each time interval. Each culture
was pulse-labeled for 60 minutes with adenine-8-l4c
(0.0125 puC/ml), and chased with cold adenine (5 ng/ml).

Following incubation each culture was harvested and washed

by centrifugation (5 C, 3500 x g).

Cell Disruption

The following method, developed by Moore (62), was
used to rupture the cell wall and provide for an efficient
means of removing labeled but undegraded RNA. The cell
pellet was resuspended in 1.5 ml of distilled water and
transferred to a small, thick walled vial (12 ml, O.D. =
22 mm, Ht = 51 mm). The cell suspension was quickly shell
frozen in a mixture of dry ice and acetone, and then dried
under vacuum using a Virtis lyophilizer. Two grams of glass
beads (3 mm) were added to the vial and shaken for one
minute at 4 C using a Mickle Tissue Disintegrator tuned to
the maximum reed amplitude. Moore reported that 90 percent
of the cells prepared in this manner showed substantial

fracturing of the cell wall (62).

Extraction of Ribonucleic Acid

Following disruption, the cells were suspended in a

cold (4 C) mixture of 85 percent w/v redistilled phenol
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(15 ml) and 15 ml of acetate-EDTA buffer (prepared as 12.5
ml of 0.1 M potassium acetate, plus 2.5 ml of 0.1 M ethyl-
enediamine-tetra-acetate (EDTA) , di-sodium salt at pH 5.8
which contained 2.5 percent w/v sodium dodecyl sulfate and
1.0 percent w/v bentonite). Bentonite was prepared as
described by Frankel (26) to remove impurities. Total RNA
was extracted by stirring the above mixture overnight (16
hours) at 4 C. The aqueous phase was separated by centrifu-
gation (5 C, 3500 x g) and dialyzed for eight hours at 4 C
against a total of two liters of 0.1 M potassium acetate
with two changes of solution. An additional centrifugation
(5 C, 6200 x g) removed any precipitate that may have formed
during dialysis. RNA was precipitated from the aqueous
phase by the addition of two volumes of cold 95 percent
ethanol at -20 C. Samples were stored in this manner until
required for analysis. Upon analysis, the alcohol precipi-
tate was diluted in an EDTA buffer (di-sodium salt, pH 5.8)
consisting of five volumes of 0.1 M potassium acetate and
one volume of 0.1 M EDTA. Each sample was diluted 1:100 to
ascertain optical density at 260 nm.
Analysis of Ribonucleic Acid by

Sucrose Density Gradient
Centrifugation

Linear sucrose gradients were formed by successive
layering in cellulose nitrate tubes (Beckman, 0.5 x 2 in.)

of 0.5 ml volumes of nine different sucrose (Merck and Co.)
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solutions prepared in acetate-EDTA buffer. The sucrose
solutions ranged from 0.9 M (bottom) to 0.1 M (top). A
linear gradient was formed after diffusion overnight at 4 C.
One—-tenth ml of RNA extract (7 to 8 O0.D. 260 nm) was layered
over the gradient and sedimentation analysis was carried out
at 39,000 RPM in the SW 39 rotor of the Spinco Model L
Preparative Ultra-centrifuge for five hours at 2 C. Two
drop fractions were collected from the bottom of each tube
by puncturing with a 22 gauge needle. The drop-flow was con-
trolled by regulation of air pressure in the tube. The
optical density (260 nm, Beckman DU spectrophotometer) of
each fraction was determined after addition of 2.5 ml of
twice distilled water. Radioactivity was determined on
0.4 ml aliquots by liquid scintillation counting in BBOT

scintillation fluid.

Investigation of Cell Structure

Whole Cell Morphology

To investigate the effect of restrictive incubation
temperatures on cell morphology, mid-logarithmic cells of
L. stokesii were incubated in YNB medium at 15 C, 20 C, 21 C,
22 ¢, 23 C, and 25 C, respectively. At designated intervals,
cells were removed from the culture, and wet-mount prepara-
tions were examined microscopically. Anaerobic studies were

conducted using an atmosphere of 100 percent nitrogen in
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sealed 500 ml Erlenmeyer flasks. Cells were photographed
with Kodak Panatomic X film (ASA 32) at 1/2 second exposure
using a Canon camera and Wild-Heerburg microscope equipped

with a 40X phase contrast objective.

Subcellular Morphology: Nuclear Staining

Division and migration of the nucleus at permissive
and restrictive incubation temperatures was investigated
using a modified yeast nuclear stain technique (89). Cells
were air dried on alcohol-cleaned microscope slides and
immersed at room temperature in the following order of re-
agents: 40 percent ethanol, two minutes; tap water rinse;
0.5 N potassium hydroxide, 15 minutes; tap water rinse; 0.1
percent toluidine blue 0 (Matheson, Coleman and Bell) in
ten percent ethanol, two minutes; ten percent ethanol rinse;
and finally an additional two minute stain with 0.1 per-
cent toluidine blue 0 followed by a ten percent ethanol
rinse. Stained slides were air dried and examined micro-
scopically. This procedure stains nuclei blue against a
light blue, cell background. Stained cells were photo-
graphed as above with Kodak Panatomic X film (ASA 32) for
1/2 second exposure using a 50X oil immersion, bright field

objective.
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Subcellular Morphology:
Electron Microscopy

Alteration in cell ultrastructure was investigated
by transmission electron microscopy. Cells were harvested
by centrifugation (5 C, 3500 x g), resuspended in three per-
cent glutaraldehyde in 0.1 M s-collidine buffer (pH 7.4)
and incubated two hours at 20 C. They were then washed
three times in 0.1 M s-collidine buffer (ten minutes per
wash), fixed in one percent OsO4 in 0.1 M s-collidine buffer
for one hour at 20 C and washed with 70 percent ethanol.
Fifteen minute dehydrations were carried out in 70, 95, 95,
100 and 100 percent ethanol solutions, respectively, followed
by two l5-minute immersions in propylene oxide. Infiltration
was accomplished in three steps: 1) a 2:1 mixture of
propylene oxide to epon 812 for two hours, 2) a 1l:2 mixture
of propylene oxide to epon 812 for two hours, and 3) epon
812 for 15 hours. Polymerization was carried out at 60 C
for 24 hours. Sections (600-900 A) were prepared using a
Sorval MT-2 ultramicrotome and picked up on 300 mesh copper
grids. Sections on grids were stained with saturated aque-
ous uranyl acetate for two hours followed by Reynold's
lead acetate for 15 minutes. Sections were observed using
a Philips model 200 electron microscope and representative
cells were photographed. Technique and preparation were
kindly provided by Dr. Wayne Ferris, Department of Biologi-

cal Sciences, University of Arizona. Ultrastructural
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details were determined using electron micrographs of the

dimorphic fungus, Cladosporium werneckii (29).

Inhibitors
To ascertain the effect of chemical inhibition on
DNA replication, 0.075 M (final concentration) of hydroxyurea
(HU, Calbiochem) was added to cultures of L. stokesii. This
concentration was used since it represents the minimum
amount that completely inhibits DNA synthesis and cell
division, but does not impair RNA and protein synthesis of

Saccharomyces cerevisiae (83). The effect of HU on nuclear

and cell division of L. stokesii was determined by nuclear
staining. Radioisotope uptake and incorporation studies
indicated that HU impaired DNA synthesis but not RNA
synthesis in L. stokesii.

To delineate energy requirements of L. stokesii
associated with cell morphology at restrictive incubation
temperatures, 0.001 M (final concentration) of 2,4-dinitro-
phenol (DNP, Calbiochem) was used. Dinitrophenol functions
primarily to uncouple oxidative phosphorylation from the

electron transport system (43).

Statistical Evaluation of Data

Data were subjected to various distribution sta-
tistics and to an analysis of variance to assess their sig-

nificance based on the 0.05 level of probability. Analysis
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and computation were done using programs kindly provided by
Dr. L. M. Kelley, Department of Microbiology and Medical
Technology, University of Arizona, and through use of a

Control Data Corporation computer, model 6400.



RESULTS

Characterization of Test Organisms

The growth curves for the parent, leucine and adenine
strains of L. stokesii are shown in Figures 1, 2, and 3,
respectively. Each organism was inoculated into YNB medium
and supplemented with either leucine (75 ng/ml) or adenine
(50 ng/ml). Both the parent and mutant strains have genera-
tion times of approximately seven hours in YNB medium at
15 C. 1In the experiments described below, exponential phase
cells were harvested at a turbidity between 80 and 110
Klett units (i.e., mid-logarithmic phase).

Determinations for maximal growth yield versus con-
centration of leucine or adenine for the mutant strains of
L. stokesii were also performed. Each organism was incu-
bated independently with varying amounts of leucine (0 to
125 npng/ml) or adenine (0 to 75 pg/ml) for 120 hours at 15 C,
and sampled for dry weight yield. These data are shown in
Figures 4 and 5, and indicate that maximal growth for P-16
leu  and P-16 ade can be obtained with concentrations of

75 ng/ml leucine and 50 ng/ml adenine, respectively.

29
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Figure 2. Growth of the leucine requiring mutant of L.
stokesii in YNB plus 75 pg/ml leucine at 15 C.
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34

2.5F

2.0

DRY WEIGHT (mg/ml)

1.0}

0.0 —
o S 10 20 30 50 75

CONCENTRATION OF ADENINE (ug/ mi)

Figure 5. Growth of adenine requiring mutant of L. stokesii
as a function of adenine concentration in YNB
medium after 120 hours incubation at 15 C.
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Growth of L. stokesii at Permissive and
Restrictive Incubation Temperatures

Viability

The viability of L. stokesii following incubation
at permissive (15 C, 20 C) and restrictive (23 C, 25 C)
temperatures is shown in Figure 6. The rate of growth at
otpimum (15 C) and maximum (20 C) growth temperatures was
exponential for 30 hours, demonstrating normal growth curve
kinetics characteristic for these temperatures. When cell
suspensions were incubated at restrictive growth temperatures
(23 C, 25 C), however, cell viability decreased markedly.
At these temperatures, only 25 percent and 19 percent of the
cells in the initial population remained viable after 55

hours incubation at 23 C and 25 C, respectively.

Dry Weight Yield

Cell samples were also taken concurrently to deter-
mine dry weight yields at permissive and restrictive incuba-
tion temperatures. Samples were taken at regular intervals
for each temperature, filtered and dried overnight. These
data are shown in Figure 7a. Cells grown at optimum (15 C)
and maximum (20 C) growth temperatures, characteristically
produced an increased yield of 2.5-fold and 1.7-fold, re-
spectively. 1In contrast, cells incubated at restrictive

temperatures, showed similar increases in dry weight yield
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as indicated by a 1.5-fold increase at 23 C and a 1.3-fold
increase at 25 C. It should be noted however that cell

viability declined at these temperatures (e.g., Figure 6).

Turbidity

Turbidity was also determined in relation to in-
cubation at permissive and restrictive temperatures. These
data are presented in Figure 7b. As depicted, turbidity
increased throughout the incubation period for cells grown
at permissive temperatures. Similar increases in turbidity
however were also shown for cells incubated at restrictive
temperatures of 23 C and 25 C, again denoting an increase

in turbidity during a subsequent decrease in cell viability.

Cell Measurement

Since both increéses in dry weight and turbidity
failed to coincide with a decrease in cell viability at
restrictive incubation temperatures, cell populations were
examined to determine whether these increases were the
result of changes in cell size. Cell dimension data were
collected under the same experimental conditions described
above. These results are shown in Table 1, and indicated
marked differences between incubation temperature and over-
all cell dimensions. At temperatures above the optimum
temperature for growth, size of both parent and daughter

cells increased. For example, the volume of parent cells



Table 1. Cell dimensions of L. stokesii following incuba-

tion at permissive and restrictive temperatures.
g?iénsion Parent Daughter Parent Daughter
Permissive Temperatures:

: 15 C Cells 20 C Cells
Length (u)P 11.20 8.09 11.85 9.62
width (p)°© 3.64 3.19 5.37 3.90
Surface (;12)d 243.36 132.60 296.68 194.18
Volume ()J3)e 247.72 112.13 403.40 206.79
Surface/Volume® 1.05 1.21 0.75 1.04
Restrictive Temperatures:

23 C Cells 25 C Cells
Length (n) 11.75 11.50 11.50 10.58
width (p) 7.70 2.98 7.54 6.08
Surface (pz) 340.97 246.03 330.78 263.35
Volume (p3) 562.80 218.33 542.77 372.41
Surface/Volume 0.61 1.18 0.63 0.75

aVolume and surface data were calculated from mean
length and width measurements according to formulation ob-

tained from the Handbook of Chemistry and Physics,

tion (44).
PC.L.g = v + 0.92.
°C.L.gg = y + 0.30.
de.n.g, =y + 35.5.
®C.L.g = v + 63.5.
fc.L... =y + 0.51.
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3 3
(P > .05) at 15 C, 20 C, 22 C, and 25 C were 243 n~, 403 n°,

562 u3, and 542 p3, respectively. Similar observations were
made for daughter cells. These data indicate that increases
in turbidity and dry weight reflect an increase in cell
volume at restrictive temperatures of 23 C and 25 C.

Cell Morphology of L. stokesii Following

Exposure to Permissive and Restrictive
Incubation Temperatures

Photomicrographic Observations

Figures 8 through 12 represent the morphological de-
velopment of L. stokesii following incubation at permissive
and restrictive temperatures over a 24-hour period. Cells
were initially grown in YNB medium, resuspended in fresh
YNB medium, and incubated for 24 hours at 15 c, 20Cc, 23 ¢,
and 25 C, respectively. At four hour intervals, samples
were removed, and wet-mount preparations were photographed.
Figure 8a shows cells grown at the optimum growth tempera-
ture (15 C). The typical, elongate morphology character-
istic for this organism was evident (22). 1In comparison,
cells incubated at their maximum growth temperature (Figure
8b) were larger, and reflect the differences in dimensional
data shown in Table 1.

Incubation at restrictive temperatures, however,
produced a marked change in cell morphology. Development of

abnormal morphology became evident within four hours
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incubation at 23 C (Figure 9a), and was evident throughout
the remainder of the 24 hour period (Figure 9a-12a). Ab-
normal development at 23 C, initially showed an increase
in cell size for both mother and daughter cells, followed
by the formation of an elongated "neck-like" bud on each of
the original cells (Figure l2a). It was also noted that the
atypical bud attained a maximum length of 11.5 pa (S.D. + 2.4)
regardless of continued incubation time. This suggests that
cell development at 23 C ,reflects bud emergence and not the
formation of pseudomycelium, since the latter structures
are often 50 to 75 n in length (22). In contrast, cells
incubated at 25 C (Figures 9b-12b) did not show atypical
bud formation although an over-all increase in cell size
was noted.

Since atypical bud formation was observed only at
23 C, additional temperatures were investigated to estab-
lish more closely the specific temperature range for this
phenomenon. Identical culture conditions were used as
described in the previous experiment; however, cells were
incubated at 21 C, 22 C, 23 C, and 24 C, respectively.
These data are shown in Figures 13 and 14. The formation of
atypical elongated buds was apparent for cells incubated at
21 C (Figure 13a), 22 C (Figure 13b) and 23 C (Figure 1l4a),
but was not observed for cells incubated at 24 C (Figure

i4b). Moreover, cells incubated at 24 C were morphologically
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identical to cells incubated at 25 C (Figure 12b) and indi-
cate that atypical bud formation occurred only over a narrow

temperature range (i.e., 21 C to 23 C).

Effect of Growth Conditions
on Cell Morphology

In order to determine whether atypical cell develop-
ment was induced by temperature or culture medium, several
different media were tested. Exponential phase cells of L.
stokesii were harvested and resuspended in a yeast extract-
dextrose medium (YAD), minimal medium (YNB), a buffered
PO

phosphate medium (M/15 KH with or without 1.0 percent

274
yeast extract), and distilled water medium with or without
1.0 percent yeast extract. Following aerobic incubation at
23 C for 24 hours, cultures were sampled, and representative
cells were photographed. These data are shown in Figures 15
through 17. As previously shown, atypical cell development
was observed with cells incubated in YNB medium (Figure 1l5a).
Atypical development was also evident in a rich medium, YAD
(Figure 15b), and each of the media supplemented with yeast
extract (Figures 1l6b and 17b). Atypical bud formation was
not noted, however, for nutritionally deficient media con-
sisting of buffered phosphate (Figure 1l6a) or distilled
water (Figure 17a). These data indicate that atypical mor-

phological development is dependent on the nutritional

quality of the suspending medium.
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Since the above data associated atypical development
with metabolic activity of the cell under aerobic conditions,
an experiment was conducted in which cells were examined for
for morphological changes under anaerobic conditions.
Exponential phase cells of L. stokesii were harvested, re-
suspended into ¥YNB medium, and incubated anaerobically in
a nifrogen atmosphere for 24 hours at 23 C. An aerobic
flask served as control. The results of this study are
shown in Figure 18. Cells incubated aerobically at 23 C
showed abnormal development characteristic for this tempera-
ture (Figure 18a). In comparison, cells from the anaerobic
culture (Figure 18b) failed to produce atypical buds, and
showed only a slight increase in over-all size. Moreover,
when the anaerobic culture was shifted to aerobic conditions,
the cells developed an atypical morphology characteristic
of cells incubated at 23 C.

To further delineate the energy requirements associ-
ated with atypical morphology, exponential cells were in-
cubated aerobically at 23 C for 24 hours in the presence or
absence of 0.001 M 2,4-dinitrophenol (DNP). The results are
shown in Figure 19. Cells incubated aerobically in the
absence of DNP (Figure 1l9a) produced enlarged parent cells
with atypical buds. In contrast, cells incubated in the
presence of DNP showed only a slight increase in size and

did not produce atypical buds.
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Reversibility of Temperature-Induced
Morphological Change

Cells were cultured in ¥YNB medium to exponential
phase, harvested, resuspended in fresh YNB medium, and in-
cubated at 23 C. After incubation for 24 hours, the cells
were shifted in growth medium to 15 C (optimum) for an addi-
tionai 24 hours. These results are shown in Figure 20. In
each of the photomicrographs, the original atypical cell is
apparent and characteristic of the initial incubation at
23 C. However, the data also indicate the formation of a
new daughter cell (Figure 20a) following a shift-down to
15 €. The new buds show the typical morphology character-
istic of cells grown at permissive temperatures. These
cells were located most distally or proximal to the mother
cell (Figure 20b). 1In addition, the region of the atypical
bud had also undergone changes after the shift-down. For
example, a lateral outgrowth and rounding-up of the cell
wall was evident. The number of lateral outgrowths appeared
to be relative to the original length of the atypical bud
(Figure 20b) .

Characterization of Subcellular Morphology at

Permissive and Restrictive Incubation
Temperatures

Investigation of Nuclear Events

The data depicted in Figure 21 (a-c) demonstrates

the effect of incubation at permissive and restrictive
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temperatures on nuclear development within the cell. Cells
of L. stokesii were grown to exponential phase, harvested,
resuspended in ¥YNB medium, and incubated at 15 C, 21 C, and
23 C. After 24 hours, samples were removed onto microscope
slides, air-dried, and stained as previously described.

Cells grown at the optimum growth temperature of 15 C

(Figure 2la) readily showed nuclei present in both mother and
daughter cells. Cells incubated at restrictive temperatures
of 23 C and 25 C (Figure 21b and c), however, showed only a
nucleus present in the original mother cell and not in the
atypical bud. Furthermore, at 23 C (Figure 21b) the nucleus
has migrated to the junction of mother cell and atypical bud.
Reversibility of Nuclear Events

Following a Return to Permis-
sive Growth Temperatures

To ascertain whether the events characterizing
nuclear development at restrictive temperatures were reversi-
ble, exponential phase cells were incubated at 23 C for 24
hours in YNB medium, and then shifted-down to an optimum
growth temperature of 15 C. At regular intervals, cells
were removed and the nuclei stained. These data are shown
in Figure 22 (a-c). In all the photomicrographs, the forma-
tion of daughter cells from the original atypical bud and
mother cell was observed. Furthermore, within four hours

after shift-down to permissive temperature (Figure 22a), the
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nucleus was seen migrating through the region of the
atypical bud, and by 24 hours (Figure 22b), nucleation was
completed for the new daughter cell. The absence of nuclei
was noted in the original atypical bud (Figure 22b). New
daughter cells arising proximal to the atypical mother cell
also underwent nucleation as shown in Figure 22c.
Ultrastructure of I,.. stokesii

Incubated at Permissive and
Restrictive Temperatures

To further delineate changes in both nuclear events
and cell structure, transmission electron microscopy was
employed. Identical experimental conditions were used as
previously described for incubation at restrictive tempera-
tures and temperature shift-down studies. Cells were
sampled, fixed in three percent glutaradehyde, thin sec-
tioned and stained as described for ultrastructural detail.
The data presented in Figures 23 and 24 show the ultra-
structure of cells incubated at the optimum growth tem-
perature of 15 C. Bud initiation at the generative apex is
shown in Figure 23a. Small cytoplasmic vesicles were seen
in the emerging apex of the new cell (Figure 23a). When the
daughter cell reached a length approximately two-thirds
completed size, the nucleus was observed to migrate across
the isthmus between the two cells (Figure 23b). Nuclear
migration can be noted in Figures 23b and 24a. The forma-

tion of a specific, nuclear migratory apparatus, such as
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microtubules, was not observed. Once nuclear division and
migration was completed and daughter cell enlargement had
ceased, a septum developed centripetally across the isthmus
(Figure 24b). The generative process now completed, a
nucleus was present in both mother and daughter cells.

Cells incubated at a restrictive temperature (23 C),
however, show marked differences in ultrastructure. As
shown in Figure 25a and b, vesicles were numerous throughout
the cytoplasm, along the cell membrane, and near the genera-
tive apex of a developing atypical bud. Moreover, the
nucleus remained within the mother cell. The development of
a septum between mother cell and bud did not occur at this
temperature (Figure 25a,b).

The data presented in Figures 26, 27, and 28 char-
acterized the sequence of structural events following a shift
from a restrictive temperature (23 C) to a permissive growth
temperature (15 C). Within 12 hours following shift-down
(Figure 26a), a nucleus was observed in an atypical bud, and
a septum formed at the junction of mother cell and atypical
bud. Bud enlargement was pronounced both laterally and
apically. In some instances, bud enlargement surpassed the
size of the original mother cell (Figure 26b).

After 24 hours at 15 C, a second septum was noted in
the region of the original atypical bud (Figure 27a,b). The

resulting cell was anucleate however and represented the
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Figure 26. Ultrastructural changes of 23 C cells following
a shift-down to 15 C for 12 hours. -- (a) Septum
development; (b) enlargement of atypical bud.
Bar represents 1 pum.



Figure 27.

Multiple septa development of an atypical bud
after shift-down to 15 C for 24 hours. -- (a)
Formation of two septa; (b) development of new
daughter cell. N, nucleus; AB, atypical bud;
ND, new daughter cell. Bar represents 1 pum.
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Figure 28.

Development of proximal and distal daughter
cells after a shift-down to 15 C for 24 hours.
—-— Composite photomicrograph. ND, new daughter
cell. Bar represents 1 um.

69
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undulating or bumpy nature characteristic of shift-down
cells shown in Figure 20. Since non-synchronous cultures
were used, 24 hour shift-down cells showed different de-
grees of atypical bud maturation, as indicated by Figure
27a and b. A nucleus, however, was present in the large
distal cell of the atypical bud. Furthermore, not all
atypical buds were found to contain two cells, or the bi-
septate condition, prior to development of the new daughter
cell (Figures 27b and 28a). A completed proximal daughter
cell was also evident in Figure 28 prior to maturation of
the distal bud.

Inhibition of Nuclear Replication
at Permissive Temperatures

Previous data has shown that incubation of L.
stokesii at restrictive temperatures resulted in a failure
of the nucleus to develop in the atypical bud (Figures 21 and
25). To ascertain whether this event represented a
temperature-induced defect in nuclear migration or replica-
tion of DNA, cells were incubated in the presence or absence
of hydroxyurea, an inhibitor that has been shown to block DNA
synthesis, but not nuclear migration or bud emergence in S.

cerevisiae (83). Exponential cells were incubated in YNB

medium at 15 C and 23 C for 24 hours, and then divided in
half. Hydroxyurea (0.003 M) was added to one-half of the

15 C culture. Both halves were returned to 15 C for an
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additional 24 hours incubation. Cultures incubated at 23 C
were similarly divided. Hydroxyurea was added to one-half,
and then both were shifted-down to 15 C. After 24 hours
incubation,cells were sampled and nuclei were stained.
Cells incubated at 15 C in the absence of hydroxyurea are
shown in Figure 29a. Nuclei were evident in all cells.
However, those cells incubated at 15 C in the presence of
hydroxyurea (Figure 29b), showed nuclei only in mother cells
although normal bud development has occurred. Similar re-
sults were obtained with cells initially incubated at 23 C,
and then shifted-down to 15 C, as shown in Figure 29c.
Although normal daughter cells had developed from atypical
buds, subsequent nucleation of these cells was prevented.
It was also observed that the nucleus had migrated to the
junction of the mother cell and atypical bud as previously
shown in Figure 2lc.

Characterization of Macfomolecular Synthesis

at Permissive and Restrictive
Incubation Temperatures

Effect of Temperature on the Uptake of
Radioactive Precursors by Whole Cells

The uptake of radioactive precursors by whole cells
of adenine and leucine requiring mutant of L. stokesii was
examined at various temperatures. Adenine (P-16 ade ) or
leucine (P-16 leu ) requiring cells were incubated in YNB

medium containing 0.04 uC/ml adenine-8-l4c or l4C-leucine
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Figure 29.

Inhibition of DNA replication. -- (a) 15 C cells

without hydroxyurea; (b) 15 C cells with hydroxy-
urea; (c) 23 C cells shifted-down to 15 C in the

presence of hydroxyurea. N, nucleus; DC, daugh-

Ter-cell. (X 750 .
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for one hour at an optimal growth temperature (15 C) and at
a restrictive temperature (25 C). At regular intervals,
cell samples were removed, collected on membrane filters,
and counted to determine amount of radioactivity incorpora-
tion.

The uptake of labeled adenine (Figure 30) was rapid
and enhanced at the restrictive temperature of 25 C as com-
pared to the 15 C control cultures. Uptake was essentially
complete within 20 minutes at 25 C, and 45 minutes at 15 C.
The uptake of labeled leucine is shown in Figure 31. As
shown, rate and extent of uptake were the same irrespective
of incubation temperature. These data indicate that labeled
precursors can be taken up by L. stokesii at restrictive
incubation temperatures at a rate equal to or greater than
cells grown at the optimum growth temperature.

Effect of Temperature on the Synthesis
of Deoxyribonucleic Acid

Cells of P-16 ade were grown to exponential phase
in YNB medium, harvested, and resuspended in fresh, YNB
medium containing 5 pg/ml cold adenine and 0.06 uC/ml of
adenine-8-l4c. Four separate cultures were prepared and
incubated at 15 ¢, 20 C, 23 C, and 25 C, respectively. At
designated intervals cells were collected by centrifugation,
washed, and DNA fractions were obtained using a modified

Schmidt-Thannhauser technique (36). The results of this
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labeled leucine by whole cells of P-16 leu .
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study are shown in Figure 32. The data indicated that cells
incubated at permissive growth temperatures demonstrated a
continuous increase in the synthesis of DNA. Both rate and

l4C—adenine incorporated into DNA were maximal

amount of
for cells at the optimum growth temperature of 15 C, while
a decreased rate was evident for cells incubated at the
maximum growth temperature of 20 C. In comparison, cells
incubated at the restrictive temperatures of 23 C and 25 C

14C-adenine into DNA. Although an

showed an inhibition of
initial stimulation was observed within the first hour, an
inhibition of DNA synthesis was evident after two hours
incubation at 23 C, and as early as one hour at 25 C.

Effect of Temperature on the Synthesis
of Ribonucleic Acid

Since the above data showed an inhibition of DNA
synthesis at restrictive temperatures, it was of interest
to determine whether restrictive incubation affected total
nucleic synthesis, or preferentially inhibited the synthesis
of DNA. Cells of P-16 ade were grown to exponential phase,
harvested, and resuspended in fresh, YNB medium containing
20 ng/ml cold adenine and 0.06 pC/ml adenine—8—l4c. Cells
were incubated for eight hours at 15 C, 20 ¢, 23 C, and 25 C,
respectively. At two hour intervals, cell samples were re-

moved by centrifugation, washed and precipitated in cold

trichloroacetic acid according to the method of Hartwell (36).
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Figure 32. Uotake and incorporation of labeled adenine into
DNA following incubation at permissive (15 C,
20 C) and restrictive (23 C, 25 C) temperatures.
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Only a fraction of these counts represented DNA, since an
earlier study revealed that L. stokesii has an RNA/DNA
ratio of about 50 (materials and methods). Subsequently,
less than two percent of the counts can be attributed to
DNA.

The results of this study are presented in Figure 33.
A continuous uptake and incorporation of labeled adenine
into RNA was observed at the optimum growth temperature of
15 C. Cells incubated at their maximum growth temperature
(20 C), however, demonstrated an enhanced incorporation ini-
tially (2-3 hours) followed by a rate equal to cells incu-
bated at 15 C. A similar stimulation was evident for cells
incubated at 23 C, followed by a reduced yet increasing rate
of RNA synthesis. In comparison, cells incubated at 25 C
showed a very marked decrease in RNA synthesis over the eight
hour incubation period. This effect became evident within
30 minutes exposure to 25 C.

To determine whether the inhibition of RNA synthesis
at 25 C was reversible, cells of P-16 ade were incubated in
YNB medium containing 0.04 pC/ml of adenine—8—14c for two
hours at 15 C and 25 C. At designated intervals, samples
were removed and adenine incorporation into RNA was deter-
mined by cold trichloroacetic acid precipitation. At each
sampling interval, a portion of the 25 C culture was removed,

shifted-down to 15 C, and incubated for two hours. A sample
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Figure 33. Uptake and incorporation of labeled adenine into
RNA following incubation at permissive (15 C,
20 C) and restrictive temperatures (23 C, 25 C).
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of these cells was removed and the incorporation of 14C-
adenine into RNA was determined. These data are presented
in Table 2. Cells incubated at the permissive temperature
(15 C) showed continuous uptake and incorporation of
14C-adenine, while incorporation by cells incubated at 25 C
was inhibited within 30 minutes. The same population of
cells however showed a reversible inhibition of RNA synthe-
sis when allowed to recover for two hours at 15 C. Complete
reversibility in RNA synthesis was not evident for all
incubation times at 25 C. After increased exposure to 25 C
for varying periods of time, a reduction in the ability of
cells to recover was observed. For example, only 42 percent
of the cells recovered their ability to incorporate radio-
active adenine at 15 C following a two hour exposure to
25 C. These data suggest that irreversible damage to cells
occurred after incubation at 25 C.

The sedimentation profile of RNA following incubation
at permissive and restrictive temperatures was also examined.
Exponential phase cells of P-16 ade were harvested, re-
suspended in fresh YNB medium containing 0.05 nC/ml
adenine-8—l4c. Cells were continuously labeled for one hour
at 15 C, 20 ¢, 23 C, and 25 C, respectively. Cells were
harvested by centrifugation and extracted for total RNA.

The resulting lysate was subjected to sucrose density gradi-

ent analysis in order to resolve the various species of RNA.
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Table 2. Reversibility of temperature-—-inhibited RNA syn-
thesis by incubation at permissive growth
temperatures.

Temperature Incubation Time (min)
(c) 0 30 60 120
15 200° 750 2,000 3,200
25 210 600 650 750
25/15 shift-down? 3,100 2,900 1,900 1,300
973° 91% 59% 42%

3Mean CPM of adenine—8—l4c incorporated into RNA
as determined by cold trichloroacetic acid precipitation.

bCells were allowed to recover for 120 minutes at
15 ¢, after incubating for the above times at 25 C.

c
Percentage recovery.
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The results of this study are shown in Figures 34, 35, 36
and 37.

A typical sucrose density gradient distribution of
RNA isolated from cells incubated for one hour at optimum
growth temperature is shown in Figure 34. The distribution
of radioactive adenine in the gradient represents synthesis
of new RNA, while the absorbance at 260 nm indicates the
presence of preformed, cellular RNA. Both chemical and
radioactive distribution profiles readily show the formation
of two sub-units of ribosomal RNA near the bottom of the
gradient (i.e., tubes 10-20). The larger sub-unit represents
the 255~-26S species, and the smaller sub-unit represents
the 175-18S species normally found in yeast ribosomal RNA
(41, 90, 94). Near the top of the gradient (i.e., tubes
25-30), the lighter, 45 sub-unit was detected. The 4S
species represents the soluble or transfer RNA of the
cell (94).

Figure 35 illustrates the results of a sedimentation
profile for cells incubated at their maximum growth tempera-
ture (20 C) for one hour. The distribution of preformed,
cellular RNA into 255, 17S and 4S components was similar to
the results obtained for cells incubated at 15 C (Figure 34).
However, the synthesis of new RNA, as indicated by the radio-
activity profile, was markedly enhanced at 20 C. These data

are in agreement with those shown in Figure 33, i.e., uptake
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and incorporation of labeled adenine was stimulated at
maximum growth temperature. One notable difference however
was seen in the size of the 17S component. Cells at 15 C
(Figure 34) showed a 1.5-fold difference between the maximum
amount of 14C—adenine incorporated into the 25S sub-unit
compared to the 175 sub-unit. 1In contrast, a 2-fold differ-
ence in the size of 25S and 17S peaks was obtained for cells
incubated at 20 C, indicating enhanced RNA synthesis.

Similar data were obtained with cells incubated for
one hour at 23 C, as shown in Figure 36. Enhanced RNA
synthesis was again evident for both ribosomal and transfer
RNA. Moreover a 2-fold difference in the size of radio-~
activity peaks for 25S and 17S species was also observed at
23 C. An analysis of the RNA synthesized within one hour
following incubation at 25 C, is shown in Figure 37. In
contrast, these data indicate a marked reduction in the syn-
thesis of new ribosomal RNA, with .a specific inhibition of
the synthesis of the 17S sub-unit. However, the synthesis
of the 4S or transfer RNA was not impaired at 25 C.

A summary of RNA sedimentation profiles following
incubation at permissive and restrictive temperatures is
presented in Table 3. Several points can be made from these
data: 1) there was a 2-fold increase in the amount of RNA
synthesized at 20 C, the maximum growfh temperature in com-

parison to 15 C, the optimum growth temperature, 2) RNA
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Table 3. A summary of RNA sedimentation profiles following
incubation at permissive and restrictive tempera-
tures.

a Percentage Distributionb CPM/mgc CPM/m

Temperature Radioactive Total r—RNAg

(C) r—-RNA t-RNA RNA

15 71 19 74,500 72,040

20 75 16 144,093 143,775

23 74 18 119,800 118,080

25 59 30 48,600 41,300

259 57 30 48,000 37,923

8Cells of P-16 ade were incubated at each temperature
for one hour with 0.05 nC/ml adenine-8-1l4c.

bPercentage Distribution: CPM of ade-8—l4C of RNA
species/total CPM x 100. Ribosomal RNA (r-RNA), transfer
RNA (t-RNA).

cProportional computation on the basis of 20 0.D. units
at 260 nm equals 1.0 mg RNA. Calculation as follows: Total
CPM/(Total 0.D./20) equals CPM/mg RNA.

dCells were incubated for 30 minutes at 25 C.
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synthesis was also stimulated for cells incubated at the re-
strictive temperature of 23 C, and additionally, the percent
distribution of newly synthesized ribosomal and transfer
RNA at 23 C coincided with the distribution characteristic
for the permissive growth temperatures of 15 C and 20 C,
and 3) cells incubated at 25 C showed a marked reduction in
synthesis of ribosomal RNA but an enhanced synthesis of
transfer RNA.

Since the above data indicate suppression in the
synthesis of ribosomal RNA after incubation for one hour at
25 C, it was of interest to examine RNA synthesis over a
period of eight hours using a sedimentation study. Cells of
P-16 ade were grown to exponential phase, harvested and
resuspended in YNB medium. Each flask, representing one
sampling time, was pulsed with 0.01 uC/ml adenine—8—14c
for one hour, and then chased with 5.0 ug/ml cold adenine for
the remaining incubation time. Cultures were harvested at
designated intervals, extracted for RNA, and the resulting
lysate was subjected to sucrose density gradient analysis.

A summary of the RNA sedimentation profiles is shown in
Table 4. These data indicate that the amount of 14C-

adenine incorporated into ribosomal RNA within one hour,
did not change with respect to any additional incubation

time at 25 C. This suggests that once cells are exposed to

25 C, synthesis of new RNA attains a specific level and then
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Table 4. A summary of RNA sedimentation profiles following
eight hours incubation at 25 C.

et | memp. Pereeniags pigtriberion” cowns® coumg
r-RNA t-RNA RNA

2 15 69 18 33,890 31.760

25 56 29 15,922 13,290

4 15 73 16 41,600 38,750

25 53 28 15,400 13,000

6 15 80 14 43,614 40,400

25 56 30 15,222 12,840

8 15 80 15 46,480 43,750

25 55 29 16,800 13,300

3cells of P-16 ade” were pulsed with 0.01 uC/ml
adenine-8-14C for one hour, then chased with 5 ug/ml cold
adenine for the remainder of the incubation period.

bPercentage Distribution: CPM of
species/total CPM x 100.

RNA (t-RNA).

Ribosomal RNA (r-RNA),

14

C-adenine of RNA

transfer

cProportional computation on the basis of 20 0.D.

units at 260 nm equals 1.0 mg RNA.

Total CPM/(Total 0.D./20)

CPM/mg RNA.

Calculation as follows:
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stops. This level represents a radioactive distribution of
53-56 percent ribosomal RNA and 29-30 percent transfer RNA.
In comparison, cells incubated at 15 C show a typical 73-80
percent distribution for ribosomal RNA and 14-16 percent
distribution for transfer RNA (Table 4).

Effect of Temperature on the
Synthesis of Protein

An investigation of protein synthesis at permissive
and restrictive incubation temperatures was also performed
using the leucine mutant of L. stokesii (P-16 leu ). Cells
were grown to exponential phase in YNB medium, harvested,
resuspended in fresh YNB medium containing 0.04 nC/ml l4C—
leucine and 5 pg/ml cold leucine, and incubated for eight
hours at 15 C, 20 C, 23 C, and 25 C, respectively. At regu-
lar intervals, cells were collected by centrifugation and
protein was precipitated with hot trichloroacetic acid.
Precipitates were recovered by filtration and examined for
radiocactivity. The results are shown in Figure 38. A con-

14C-leucine into protein

tinuous uptake and incorporation of
was observed at both permissive (15 C, 20 C) and restrictive
(23 C, 25 C) temperatures. These data indicate that protein

synthesis in L. stokesii is not impaired at supermaximal

incubation temperatures.
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Figure 38. Uptake and incorporation of labeled leucine into

protein following incubation at permissive (15 C,
20 C) and restrictive (23 C, 25 C) temperatures.



DISCUSSION

The effects of temperature are of major importance
to the activities of psychrophilic microorganisms, whether
growing under controlled laboratory conditions or within
natural environments. The elucidation of these effects has
been actively pursued in recent years in order to gain a
better understanding of the baéis of psychrophily. The
majority of these investigations have concentrated on the
molecular basis responsible for the low maximum growth
temperatures of these organisms, and have implicated nearly
every system within the cell. A number of explanations have
been offered to account for the rapid loss in viability at
supermaximal temperatures. These include enzyme activity
and synthesis, damage to cell membranes, metabolic failure,
and impaired macromolecular synthesis. It is apparent then
that the mechanisms of thermal death in psychrophilic micro-
organisms is not fully understood and may well vary from
one organism to another.

It is of interest that few of these investigations
were conducted at temperatures at or near the maximum growth
temperature of the organism in question. The following

examples shall serve to illustrate this point. Nash (69)
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reported that at least one factor determining the low

maximum growth temperature of Candida nivalis, an obligately

psychrophilic yeast, was membrane damage as shown by a cor-
relation between leakage of cell components and a loss in
viability. The exception to their data was the exposure of
C. nivalis to temperatures of 25 C, 35 C, and 45 C which
were considerably higher than 20 C, its maximum growth
temperature. It has also been reported that a correlation
exists between maximum growth temperature and thermal sta-
bility of ribosomes. This was examined for the obligate

psychrophile, Candida gelida (L. stokesii). It was shown

that degradation of ribosomes at temperatures of 45 C or
greater was evident for this organism although its maximum
growth temperature is 20 C (67). Similarly, the functional
ability of ribosomes of C. gelida to carry out protein
synthesis was investigated by Nash and Grant (67) and clearly
showed a decrease in polypeptide synthesis at temperatures
of 30 ¢, 35 C, and 40 C. Evison and Rose (19) incubated a
bsychrophilic cryptococcus five degrees above its maximum
growth temperature, and subsequently observed a loss in
activity of several tricarboxylic acid cycle enzymes. Meyer
(60) in a similar study has reported that an obligately,
psychrophilic yeast, Candida species P-25, fails to grow at
30 C (ten degrees above maximum) due to a heat sensitive

component in the respiratory complex of the cell. The
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fermentation of glucose by C. gelida (L. stokesii) is simi-
larly sensitive to a temperature of 35 C (27). Subsequently,
it should be stressed that in many investigations, the
temperatures employed in evaluating the effect of thermal
death or injury are often considerably higher than the
maximum growth temperature for the microorganism. Such in-
formation may or may not be applicable in determining the
low maximum growth temperatures of psychrophilic micro-
organisms, but nevertheless has provided a valuable under-
standing of how these organisms interact physiologically
with supermaximal incubation temperatures. These studies
may simply reflect a consequence of heat damage rather than
the primary cause of death.

The data presented in this study have demonstrated
the response of an obligately psychrophilic yeast, Leuco-

sporidium stokesii, to incubation at or near its maximum

growth temperature of 20 C. The results clearly indicate
that cells of L. stokesii were damaged when exposed to
temperatures one to five degrees above its maximum growth
temperature as shown by (a) a rapid decrease in viability,
(b) a change in cell morphology with formation of atypical
buds, (c¢) an inability of nuclei to divide and nucleate
atypical buds, and (e) a stimulation and inhibition of
macromolecular synthesis at restrictive incubation tempera-

tures.
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The loss in viability of L. stokesii at restrictive
incubation temperatures suggests an irreparable, heat-
induced damage to cells. Those cells surviving exposure to
supermaximal temperatures inevitably encountered some degree
of cell damage that was repaired under suitable recovery
conditions. In this study, heat stressed cells were allowed
to recover at optimum growth temperature on a nutritionally
rich medium (YAD) containing yeast extract. Recently, it
has been reported that yeast extract enhanced the recovery

of heat-injured cells of Candida nivalis (69), Staphylo-

coccus aureus (1), and Escherichia coli (35), as shown by

higher viable counts on complex rather than minimal recovery
media. Nash (69) has suggested that recovery in yeast ex-
tract may be due to its content of reducing compounds such
as cysteine or glutathione, since addition of these compounds
to minimal medium resulted in recovery.

The decrease in viability for L. stokesii observed
in this study was similar to and confirms the data reported
by Spencer (84). His data indicated 44 percent death within
eight hours at 25 C, while the present data show 28 percent
and 35 percent death after eight hours at 23 C and 25 C,
respectively (Figure 6). In comparison, studies with other
obligately psychrophilic yeasts have revealed notable differ-
ences in their viable response to supermaximal incubation

temperatures. Spencer (84) reported an 86 percent decrease
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in viability for Leucosporidium frigidum but only a 53 per-

cent decrease for a Candida species P-25, following eight
hours incubation at 25 C. In a similar study, cells of C.
nivalis lost only ten percent viability within ten hours at
25 C (69). Continued incubation at 25 C accounted for an
eventual 58 percent decrease in viability after 36 hours.

In comparison, the present study showed that only 20 percent
of the cell population of L. stokesii remained viable after

36 hours at 25 C (Figure 6).

The initial experiment on the various parameters of
growth of L. stokesii at permissive and restrictive incuba-
tion temperatures provided a valuable insight into the con-
sideration of growth measurements. These data revealed the
necessity of measuring cell viability when investigating
supermaximal temperatures, since it became apparent that
although turbidity and dry weight increased, cell viability
declined. These data can be explained however since physi-
cal measurements of cells demonstrated approximately a two-
fold increase in cell volume at 23 C and 25 C. The synthetic
activity of cells at 23 C was also enhanced and may account,
in part, for the increase in dry weight.

During exposure to temperatures above the maximum
growth temperature, the rapid loss in viability was also
accompanied by a change in cell morphology. The data show

that incubation of L. stokesii at temperatures near the
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maximum temperature results in the development of an enlarged
parent cell with a long, neck-like atypical bud (Figure 12).
This phenomenon however was only observed within one to
three degrees above the maximum growth temperature. Incuba-
tion of cells at higher temperatures, such as 24 C and 25 C,
showed only an increase in cell size without formation of
atypical buds (Figure 14). These data suggest that bud
initiation was temperaturg sensitive but nonetheless occurred
at supermaximal incubation temperatures. However, the con-
tinued grovth of the parent cell at restrictive temperatures
remains an enigma. One explanation may lie in the distribu-
tion of cytoplasmic vesicles along the periphery of the cell
membrané (Figure 25). It has been reported that the probable
(but speculative) function of vesicles in yeast is associ-
ated with the formation of the new cell envelope at the
emerging bud site. Vesicles have been implicated in carrying
cell wall material, enzymes involved in membrane or cell
wall construction, and specific activators for cell wall
enzymes (8). Specific lytic enzymes, such as protein di-
sulfide reductase (70) and glucanase (8) which degrade pre-
existing cell wall material and permit new growth, have also
been associated with cytoplasmic vesicles. Since the present
study has demonstrated temperature-stimulated synthesis of
macromolecules as RNA and protein, an enhanced or reacti-

vated synthesis of cell wall components is plausible.
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Alteration of normal cell morphology at supermaximal
temperatures has as yet not been reported for psychrophilic
yeasts. This could be attributed to either a lack of con-
tinuous observation or failure to use temperatures closer
to the maximum growth temperature. As indicated previously,
the majority of studies with L. stokesii have been carried
out at temperatures 5 to 15 degrees above the maximum. This
would have precluded any observations on the development of
abnormal morphology. However, there are reports concerning
temperature-induced morphological change with other micro-
organisms. The formation of filaments by the psychrophilic

bacterium, Bacillus insolitus, has been shown to occur at

30 C but not at 20 C, resulting in a three-fold increase in
length over the permissively grown cells (23). 1In addition,
both mutant and parent strains of the mesophile, Bacillus
subtilis, have been shown to undergo various morphological
changes in response to incubation temperature (10, 59). 1In

the psychrophilic mold, Sclerotinia borealis,hyphae are

typically straight and taper towards the tip at 0 C. However,
incubation at supermaximal temperatures increased hyphal
diameter and induced some distortion (92). Pronounced mor-
phological changes have also been reported for temperature

sensitive mutants of Saccharomyces cerevisiae, which undergo

extensive elongation and branching after incubation at a

non-permissive growth temperature (36).
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The unusual morphological development of L. stokesii
in this study raised the possibility that these cells may
not reflect an event characteristic of elevated incubation
temperatures, but rather indicate the presence of a mutant
phenotype whose growth is stimulated at lower supermaximal
temperatures. The development of atypical morphology at
restrictive temperatures, however, was reversible at per-
missive temperatures. Evidently, an alteration of cell
morphology does not impair the ability of cells to divide
and produce normal daughter cells following a return to the
lower temperature. These data agree with those of Ferroni
(24), in which atypical filament formation of Bacillus
insolitus was reversible after a return to the optimum
growth temperature. Similarly, the morphological changes

that occurred in the hyphae of Sclerotinia borealis were

reversible when returned to its optimum growth tempera-
ture (92).

The morphological changes observed for L. stokesii
were also dependent upon other environmental conditions in
addition to temperature. These data showed that the experi-
mental medium must be capable of supporting growth or at
least supply the minimal energy requirements for cells. Such
results confirm the consideration emphasized by Evison and
Rose (19) which imply that if one studies the biochemical

bases of the maximum growth temperatures for psychrophilic



101
organisms, thermal stress experiments should be done with
cultures of organisms rather than with washed cell suspen-
sions or cell extracts. This consideration challenges the
recent report by Hagler and Lewis (32) who correlated maxi-
mum growth temperature of L. stokesii to leakage of cellular
components in the presence of a utilizable sugar. Although
their data showed only minor leakage of cells suspended in
water or in the presence of metabolic inhibitors, incubation
of cells in sugar alone does not constitute a complete
growth medium under normal cultural conditions. Such condi-
tions have been shown to alter the susceptibility of cell
constituents to heat inactivation (19).

The higher levels of energy produced by aerobic
systems was also necessary for inducing morphological change
at restrictive temperatures. This was noted when anaerobi-
cally incubated cells of L. stokesii failed to undergo
morphological change at 23 C but did so when incubated
aerobically. These results may reflect the level of adeno-
sine tri-phosphate (ATP) produced by the cell. This consider-
ation was confirmed when cells were incubated aerobically
in the presence of 2,4-dinitrophenol, a specific inhibitor
of oxidative phosphorylation (43). Under these conditions
morphological change did not occur. Theée data strongly

support the observation that development of atypical
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morphology at supermaximal temperatures is dependent upon
the availability of ATP.

The elucidation of subcellular events by electron
microscopy and nuclear staining techniques has also shown
the effect temperature exerts on the subcellular structure
of L. stokesii. 1In a similar study (2), the cell wall of

Bacillus psychrophilus underwent degradation at 40 C

accompanied by cell clumping and death. Ultrastructural

changes of the psychrophilic marine bacterium, Vibrio psy-

chroeryvthrus, revealed degradation of the cytoplasmic mem-

brane at elevated incubation temperatures (13). Meyer (60)
reported extensive changes in mitochondrial structure of a
Candida P-25 species after incubation at 30 C. In the
present study however electron microscopy of L. stokesii
incubated at temperatures closer to the maximum did not re-
veal any alteration in cytoplasmic membranes or in mito-
chondria. Two principal effects, however, were apparent.
One included a lack of cross wall or septum formation be-
tween mother cell and atypical bud (Figure 25). A return
to pérmissive temperature however resulted in the develop-
ment of one or more septa in the atypical bud. Similarly,
when thermally-induced filamentous cells of Bacillus
insolitus were incubated at permissive temperature, a resump-
tion of cross wall formation also occurred (24). A second

effect was the anucleate development of the atypical bud.
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The data obtained by nuclear staining and electron micro-
scopy clearly showed that the nucleus remained in the mother
cell at the restrictive temperature (Figures 21 and 25).
The event however was reversible following a return to a
permissive growth temperature, and resulted in both nuclea-
tion of the original mother cell and the newly formed daugh-
ter cell. Nucleation was not observed in the original
atypical bud.

In a recent series of investigations, Hartwell has
isolated and characterized over 150 temperature sensitive
mutants of the cell division cycle (cdc mutants) of

Saccharomyces cerevisiae. These mutants are temperature

sensitive because they are unable to reproduce at 36 C (the
restrictive temperature) but grow normally at 23 C (the
permissive temperature). On the basis of these cdc pheno-
types, Hartwell (40) has proposed that two interdependent
but separate pathways characterize the cell division cycle
of yeasts. The following events are ordered in the first,
single dependent pathway: 1) the "start" phase, 2) initiation
of DNA synthesis, 3) DNA synthesis, 4) medial nuclear di-
vision, 5) late nuclear division, 6) cytokinesis, and

7) cell separation. These events are in a temporal sequence,
since no event in this pathway can occur without the comple-
tion of preceding events. A second dependent pathway is

characterized by the following events: 1) a "start" phase,
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2) bud emergence, 3) nuclear migration, 4) cytokinesis,
and 5) cell separation. The integration of these two path-
ways occurs by their divergence from the common event "start"
and their convergence on the common event "cytokinesis."

The results presented in this and other studies have
confirmed a number of the above cell division events pro-
posed by Hartwell. One event is that DNA synthesis and bud
emergence are on separate pathways. Slater has shown that
inhibitors, such as hydrbxyurea, which block DNA synthesis
do not inhibit bud emergence in S. cerevisiae (83). The
results reported in this study with L. stokesii showed the
development of normal buds in the presence of hydroxyurea
at permissive temperature (Figure 29). However, nuclear
stains did not reveal the presence of nuclei in newly de-
veloped buds, but indicated their position near the junction
of parent cell and bud. It is proposed in the second event
that cytokinesis (septum formation) is dependent upon bud
emergence and nuclear division. A S. cerevisiae mutant
defective in bud emergence, will complete late nuclear
division, but neither cytokinesis nor cell separation can
occur (42). Similarly, mutants defective in DNA synthesis
or bud emergence do not complete cytokinesis at the restric-
tive temperature (39). In comparison, electron micrographs
of L. stokesii in this study revealed that septa formation

did not occur until cells were returned to a permissive
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growth temperature, whereby nuclear synthesis and division
were resumed.

A third event common to these pathways is the obser-
vation that cell division mutants of S. cerevisiae defec-
tive in the initiation of DNA synthesis (39, 38), medial
nuclear division (42), and late nuclear division (12) can
still undergo bud emergence. Examination of cellular and
nuclear morphology of S. cerevisiae showed the production of
a completely mature but anucleate bud at the restrictive
temperature. Similar results have been observed in this
study for cells of L. stokesii incubated one to three de-
grees above their maximum growth temperature. An elongated,
atypical bud develops from the parent cell, but the event(s)
characterizing nucleation of this cell do not occur. This
observation implicates either an event associated with DNA
replication or failure of the nucleus to migrate into the
atypical bud.

There are a number of observations however that argue
against nuclear migration as the event establishing the low
maximum growth temperature for L. stokesii. 1In all the S.
cerevisiae cdc mutants defective in the initiation and synthe-
sis of DNA, nuclear migration has been shown to occur at the
restrictive temperature (38, 39). An examination of the
nuclear stains for cells of L. stokesii incubated at 23 C

(Figure 21) also show many of the nuclei near the junction
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of parent cells and atypical buds. A second observation
precluding nuclear migration, was the reversibility of
nuclear events following a return to permissive growth
temperature. By allowing heat stressed cells to recover at
optimum growth temperature in the presence of hydroxyurea,
it was possible to determine whether the anucleate condition
of buds was the product of impaired nuclear migration or a
defect in DNA synthesis. If nuclear migration was inhibited,
then the addition of hydroxyurea at permissive temperature
should have no effect, since the events of nuclear migration
and DNA synthesis are on separate pathways. Thus, bud emer-
gence and subsequent migration of the nucleus into the new
bud should occur. However, if DNA synthesis was inhibited,
then the presence of hydroxyurea at 15 C will continue to
inhibit DNA synthesis but not nuclear migration, as would be
shown by the occurrence of nuclei at the junction of parent
and atypical buds. Normal buds produced at the permissive
temperature should, however, remain anucleate. The data
presented in this study have shown that indeed an impaired
DNA synthesis does exist for L. stokesii, since the nuclear
events following a return to permissive temperature were
not reversible in the presence of hydroxyurea. This suggests
that DNA synthesis rather than nuclear migration character-
izes the initial defect at supermaximal incubation tempera-

tures.
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The above observations correlate and substantiate
the data obtained for incorporation of labeled adenine into
DNA at restrictive incubation temperatures (Figure 32). DNA
synthesis continuously increased at both the optimum and
maximum growth temperature. However, DNA synthesis was in-
hibited within two hours at 23 C. Synthesis of DNA during
this time may reflect the use of asynchronous cell popula-
tions, since some cells may be beginning or completing a
round of DNA replication. It may also suggest that the
enzymatic events characterizing DNA synthesis are inacti-
vated with two hours at 23 C. At this point it becomes a
matter of conjecture to implicate DNA polymerase as the re-
sponsible agent, since there is no available evidence that
reports an impaired function of this enzyme at elevated
temperatures. Hartwell (36) has obtained a number of tem-
perature sensitive mutations preferentially affecting DNA
synthesis but unequivocally states "the functional diversity
of gene products is so great that a temperature sensitive
phenotype may have lesions in proteins whose functions in
nuclear replication are virtually unknown” (36, p. 1668).

The.synthesis of RNA has also been implicated as an
important factor in fixing the maximum growth temperature of
psychrophilic microorganisms. Harder and Veldkamp (34) were
unable to detect synthesis of RNA at supermaximal tempera-

tures for an obligately, psychrophilic marine Pseudomonas
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species. Similarly, Gray and Jackson (28) reported that the
principal effect of elevated temperature on the growth of

Micrococcus cryophilus was a decrease in cellular RNA con-

tent. In a recent study, Spencer (84). demonstrated an
apparent stimulation of RNA production for L. stokesii during
the first few hours of heat injury at 25 C, but a subsequent
decrease in the amount of RNA occurred over the remaining
period of incubation. A similar decrease in DNA was noted.
These data, in part, agree with the results presented in this
study. An initial stimulation but eventual inhibition of
RNA synthesis was apparent at 25 C. Furthermore, the synthe-
sis of the 17S species of ribosomal RNA appeared to be de-
fective at this temperature. However, following incubation
at a lower temperature, i.e., 23 C, the synthesis of RNA was
greatly stimulated and increased continually over a period
of time when cell viability was declining. These data sug-
gest that at temperatures close to the maximum growth
temperature, RNA synthesis is not inactivated and is not the
primary cause of death in L. stokesii at supermaximal
temperatures.

The synthesis of protein in psychrophiles has simi-
larly been implicated as the heat sensitive step for de-
termining maximum growth temperatures. Malcolm (54) defined

the initial heat-induced lesion in Micrococcus cryophilus

as the amino acid activating systems and their cognate
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transfer RNA's. The aminoacyl-t-RNA synthetases of L.

stokesii have also been shown to be heat sensitive at 35 C
(67) . However, the present study in which temperatures
closer to the maximum growth temperature were used, the data
indicate that there was no impairment of protein synthesis
at 23 C or 25 C. These data are in agreement with the ob-
servations reported by Spencer (84).

It is evident from the foregoing discussion that the
"growth" response of psychrophilic microorganisms to ele-
vated temperatures can be evaluated in a number of ways. In
this and similar studies, the incubation of L. stokesii at
temperatures close to its maximum growth temperature have
demonstrated various parameters of growth consistent with
growth at permissive temperatures. These include the syn-
thesis of protein, RNA, ATP, development of buds, mainten-
ance of an intact and functional membrane, and the ability to
respire or ferment various substrates. Growth however rela-
tive to an increase in cell number does not occur at super-
maximal temperatures. How can one then define growth of a
microorganism regarding its interaction with temperature?
Stanier (85) defines growth as an orderly increase of all
the chemical constituents of an organism, which in the case
of unicellular organisms, leads to an increase in the number
of individuals. Subsequently, all of the processes associ-

ated with growth at the experimental temperature must be
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present and fully functional, with the exception of the one
event that finally determines whether continued growth and
replication of the organism will occur. Of all the parame-
ters examined in this study, the only data consistent with
this observation is the inability to replicate DNA. Failure
to complete this event has subsequently defined the maximum

growth temperature of Leucosporidium stokesii.
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