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PREFACE

This thesis is composed of six manuscripts which are presented
as chapters, each complete in itself without additional supporting
material. The manuscripts constituting the first four chapters have
been published in the following refereed national or international
journals: " Budding morphology of a psychrophilic Cryptococcus and
related species compared with Leucosporidium scottii' (Chapter I) in
Mycologia (73: 618-633, 1981), " A fixation method for visualization
of yeast ultrastructure in the electron microscope'" (Chapter II) in
Mycopathologia (77: 19-22, 19825, " The evolution of Antarctic yeasts:
DNA base composition and DNA-DNA homology' (Chapter III) on Canadian
Journal of Microbiology (28: 406-413, 1982), and "Cryptococcus lupi
sp. nov., an Antarctic Basidioblastomycete' (Chapter IV) in Inter-
national Journal of Systematic Bacteriology (32: 229-232, 1982). The
manuscript entitled "Five new basidioblastomycetous yeast species
segregated from Cryptococcus vishniacii emend. auct., an Antarctic
yeast species comprising four new varieties' (Chapter V) has been
accepted for publication in International Journal of Systematic
Bacteriology. The data presented in Chapter VI, "Phylogenetic rela-
tionships in the basidiomycetous yeasts: complementary DNA-25S ribo-
somal RNA homology, have not yet been submitted for publicatiom.

Approval for presenting the thesis in this manner is based upon

the Graduate College's policy of accepting a thesis written in
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INTRODUCTION

The present déy fungi are the result of a complex evolutionary
process. They constitute a world of extraordinary variety, far more
than the microscope reveals. For about two centuries, mycologists
have tried in vain to understand the natural relationships among fungi
and to impose some order on the bewildering array of forms, physio-
logies, and ecologies. Variety amongst fungi is mostly variety
within simplicity, and so it provides little information about
phylogenetic relationships.

Among fungi, we have been interested in the evolution of yeasts.
Our interest in'this problem originated from our studies in the
microbial ecology of extreme environments. The fact that the only
isolated heterotrophic organisms demonstrably indigenous to the Dry
Valleys of South Victoria Land, Antarctica (the most extreme cold
desert on earth) consisted entirely of a group of anamorphic yeasts,
Cryptococcus vishniacii (Vishniac and Hempfling, 1979b), necessitated
their characterization as fully as possible for comparing them with
related yeasts of other habitats and correlating their traits with
the requirements imposed by this multiply stressed and variable
environment.

Because yeasts occur in more than one division within the
kingdom Fungi (Ascomycetes, Basidiomycetes, Deuteromycetes, and Zygo—

mycetes), a prime objective of their systematics must certainly be the



establishment of an evolutionary relationship that spahs this kingdom.
However, classification by traditional techniques has been difficult
reflecting the relative simplicit§ and antiquity of these organisms.
The most commonly used system in yeast classification (van der Walt,
1970) has given greatest weight to developmental characters (such as
the mode of vegetative reproduction) which involve a series of complex
genetic and biochemical events rather than a few enzymatic steps.
For a great majority of higher organisms as well as some eu-
karyotic microbes (e.g. protozoa and sexually reproducing fungi),
the readily observable distinctiveﬁess of most species results from
the fact that individuals belonging to different species seldom mate
with one another. This definition of species however, cannot be
applied to those organisms in which mating rarely or never occurs.
In an operatidnal sense, this includes all prokaryotes and many
eukaryotes including the anamorphic yeasts and filamentous fungi.
For these organisms, the most defensible approach in constructing a
reliable taxonomié system based on evolutionary affinities would be
a comparison of the informational macromolecules - if two organisms
are closely related, they must retain in their genome base sequences
which are descendant from a common ancestral base sequence.
Determination of mean base composition of the nuclear DNA cons-
titutes the coarsest genetic probe available to indicate possible
evolutionary relationships between two yeasts. Accurate base compo-
sition values can servé the same exclusionary function in yeast
systematics as in bacterial taxonomy. Additional forms of comparisons

(DNA-DNA homology) are required to determine whether or not yeasts



which exhibit similar base compositions are related (Price et al.,
1978).

The determinations of DNA baée composition and DNA-DNA homology,
however, are inadequate for evaluating relationships at taxonomic
levels above species. A reasonable approach to this problem is the
use of phylogenetic indicators which have undergone less evolutionary
change than the whole genome. The primary structﬁre of ribosomal
RNA is a good candidate for such studies since rRNA cistroms are
known to be much more conserved than the total genome (Doi and
Igarashi, 1965; Moore and McCarthy, 1967). The small rRNA classes
can be sequenced; comparison of these sequences has been the basis
of grand evolutionary schemes (see Hori, 1975). The 18S and 25S rRNA
molecules are too large to allow their sequencing from a large number
of organisms for evolutionary studies. Comparative cataloging of 16S
rRNA has been used for phylogenetic studies of bacteria (Fox et al.,
1977) . Although sequence homology of the large rRNA molecules has
not been widely used in evolutiondry studies, the work of several
bacteriologists (Johnson and Francis, 1975; Pace and Campbell, 1971;
Palleroni et al., 1973) has demonstrated the fotential of this
technique.

The present study was undertaken to establish phylogenetic
relationships and the extent of evolutionary divergence which may
have occurred within the C. vishniacii biotypes and to determine
their phylogenetic relations to other yeasts on the basis of genetic
similarities. Base composition of nuclear DNA and DNA-DNA homology

within the C. vishniacii complex and related yeasts, and complementary



DNA-255 rRNA homology between this group and other basidiomycetous
yeasts were determined. The probable generic affinity of the group
was determined by scanning and trénsmission electron microscopic
studies of budding (the only developmental process in anamorphic
yeasts) thus augmenting the physiological similarity index used when

this complex was first described (Vishniac and Hempfling, 1979a).
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CHAPTER I

BUDDING MORPHOLOGY OF A PSYCHROPHILIC CRYPTOCOCCUS
AND RELATED SPECIES COMPARED WITH

LEUCOSPORIDIUM SCOTTII



BUDDING MORPHOLOGY OF A PSYCHROPHILIC CRYPTOCOCCUS AND

RELATED SPECIES COMPARED WITH LEUCOSPORIDIUM SCOTTII

STAVASH BAHARAEEN AND HELEN S. VISHNIAC
DEPARTMENT OF CELL, MOLECULAR, AND DEVELOPMENTAL BIOLOGY,

OKLAHOMA STATE UNIVERSITY, STILLWATER, OKLAHOMA 74074

SUMMARY

Cryptococcus bhutanensis, C. himalayensis, and C. vishniacii are
anamorphic basidiomycotinous yeasts. Cryptococcus bhutanensis and C.
vishniacii are the first such reported to lack extracellular urease.
The budding characters of these three species occur in an association
here described for the first time in yeasts. Budding is monopolar and
repetitive through the site of the birth scar. The primary bud is
holoblastic, secondary buds enteroblastic and continuous with inner
wall layers of the entire parental cell. Septum formation occurs at
or slightly above the level of any previously formed collar (bud scar).
The Cryptococcus species, budding monopolarly, have a higher width:
length ratio (0.70 to 0.83) than the bipolarly budding Leucosporidium
scottii (0.55), in which primary buds are distal to the birth scar.
Surface topography reflects the degree of cell encapsulation, but
appears.”to result in part from artifacts of capsule collapse during

drying in thinly encapsulated cells.



Size, shape, surface topography and the details of budding
observable with scanning and transmission electron microscopy are
major descriptors of yeast cells, particularly valuable for yeasts
which fail to reproduce sexually. A list of the budding characteris-
tics which have been ﬁseful at various hierarchical levels in
systematic schemes as well as in ontological studies (see 13, 21)
should include the relative age of primiparous cells, the site of
primary and successive buds, the relation of budding sites to cell
shape, the origin of the bud cell wall, septum formation and parti-
tioning, and the resultant appearance of bud and birth scars. Despite
this, size is frequently not described in statistical terms, shape is
rarely described quantitatively, and there are few yeasts other than
Saccharomyces cerevisiae Hansen for which available evidence yields
an inclusive picture of the budding process.

We here report morphological investigations of an ecologically
interesting group of yeasts, psychrophiles or psychrotrophs isolated
from frigid habitats: Cryétococcus bhutanensis Goto and Saito,

C. himalayensis Goto and Saito, C. vishniacii Vishniac and Hempfling,
and Leucosporidium scottii Fell, Statzel, Hunter, and Phaff. Crypto-
coccus vishniacii is the only heterotroph known to be indigenous to
the Dry Valleys of Antarctica (28); L. scottii is the yeast most
commonly reported from Antarctic sites outside of the Dry Valleys.

It became evident that the three Cryptococcus species were not only
morphologically very similar, but that they displayed a constellation

of budding characters not previously reported in yeasts.



MATERIALS AND METHODS

Cryptococcus bhutanensis ATCQ 22461, C. himalayensis TAM 4963,
C. vishniad¢ii isolates represénting‘eéch biotype (TABLE I), and
Leucosporidium scottii a ATCC-22182 were examined. (Leucosporidium
scottii was not examined by transmission electron microscopy). Stock
cultures were maintained by methods previously reported (27). Popu-
lations described were grown for 5 to 6 generations in GPYPi (27) at
10 C (unless otherwise specified) on a New Brunswick Scientific Co.

Model G-76 gyrotory water bath shaker, inoculated (to ca. OD = 0.2)

650
from exponentially growing cultures similarly grown, examined directly
for cell measurements, and harvested by centrifugation at 5,000 x g

for 5 minutes in a Sorvall RC-2 refrigerated centrifuge at 4 C for

electron microscopic studies.

Cell measurements.- Approximately 30-100 mature (budding) cells of
each population were measured in calibrated prints of photographs taken
at 1,000 x using a Nikon S-U phase contrast migroscope; Ratios of
width:length were calculated for individual cells. Significance was

determined by the one-tailed t test.

Electron micrography.- Harvested cells were washed and resuspended in
cold, sterile dilute (1:10) mineral base (27) to OD650 = 40 before
fixation for scanning electron microscopy (SEM), fixed by addition to
an equal volume of 4% glutaraldehyde in cacodylate buffer (pH 7.3, 0.2

M), held on ice for 2 hours and allowed to settle at room temperature

for 30 minutes onto coverslips coated with 1% polylysine hydrobromide
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Type VII B (Sigma) before completing fixation in 2% giutaraldehyde
buffer at 4 C overnight. . Coverslip preparations were dehydrated with
a graded series of ethanol solutions, dried in a Polaron.E—3000
critical point dryer, coated with gold-palladium alloy (to 100 2
thickness) in a Technics Model Hummer IT sputtering coater, and exa-
mined in a JOEL Model JSM~35 scanning electron microscope at an acce-
lerating voltage of 25 KV.

In preparing cells for transmission electron microscopy (TEM),
sodium cacodylate buffer (pH 7.2, 0.2M) was used for washing and
suspension. Cells were fixed on ice for 2 hours in an equal volume
of glutaraldehyde (3%)-acrolein (1.5%)-paraformaldehyde (1.5%) in
cacodylate buffer (0.05 M), post-fixed at room temperature for 1 hour
in 67 potassium permanganate, dehydrated in a graded series of ethanol
solutioné, placed in propylene oxide transition fluid and embedded in
Epon 812 mixture. Sections were cut with a DuPont diamond knife in
a Sorvall Porter-Blum ultramicrotome Model MT-2, stained with lead
citrate for 15 minutes and examined in an RCA Model EMU-3G electron

microscope operating at an accelerating voltage of 100 KV.

RESULTS

Cell dimensions.- The vegetative cells of Cryptococcus species are
typically more or less extended ovoids. The width, length, and widthﬁ
length ratios of matﬁre (budding) cells of C. bhutanensis and C. vish-
niacii are given in TABLE I, significant differences in TABLE II.
While some biotypes of C. vishniacii which did not differ in any of

these parameters formed a discrete cluster (2,4,5,7), other such
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SIGNIFICANT DIFFERENCES IN WIDTH (W), LENGTH (L), AND WIDTH-LENGTH RATIO (R) OF

CRYPTOCOCCUS VISHNIACII BIOTYPES AND C. BHUTANENSIS
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clusters overlapped {(1,11), (11,13,14), (12,13), and (9,14)}, demons-
trating the continuous nature of'variation in size and shape. The
ratio of cell width to length was less variable than either of the
component measurements. The measurements of C. himalayensis are not
given since the heavy capsule did not permit comparison with measure-
ments of other yeasts; the width:length ratio of 0.81 + 0.09 fell
within the range of those listed for other Cryptococcus isolates. The
distinctly elongated shape of Leucosporidium scottii was reflected in
a very different ratio: 0.55 + 0.09. While the shape of the majority
of cells appeared, on cursory inspection, to be non-varying under other
conditions of cultivation, populations grown at 15 C sometimes
displayed asymmetrical crescentic buds (C. vishniacii Biotype 8 to

less than 5% of the population, biotype 9 ca. 15-20% of budding cells),
buds resembling the figured cells of Sporopachydermia cereana (20) and

Selenozyma peltata (33).

Surface topography.- Since all of the isolates examined were enveloped
by a capsule (India Ink test), one would expect the surface material
seen in SEM to be capsular. The cell surface of thinly encapsulated

C. vishniacii biotypes appeared smoothly granular in biotype 16, more
often showed few (biotypes 3-5) to many (biotypes 1,2,7-9,12) more or
less prominent nodules. Less prominent nodules are seen in Fig. 1,
more prominent nodules against a somewhat reticulate background in Fig.
2, representing the appearance of biotypes 10, 11, 13-15. Cryptococcus
bhutanensis (Fig. 3) typically appeared heavily nodulated as did L.
scottii (Fig. 4). In no case were the nodules as prominent as those

figured by Watson and Arthur (30) on L. frigidum. Surface decorations



Figs. 1-3. Cryptococcus species. SEM micrographs of budding cells.
bs = birth scar, BS = bud scar, C = collar (bud scar), IB = incipient
bud, PB = primary bud. 1. Cryptococcus vishniacii biot?pe 12,
202Y252, cells at various stages of cell cycle. 2. C. vishniacii
biotype 14, 302Y259, bud separating from parental cell. Note the
reticulate-nodular surface of parént cell. 3. C. bhutanensis
budding cell with heavily nodulated surface. Neck of attached bud

is clearly visible (arrow).
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were always more fully déveloped on parental cells than on the buds.
The broad nodules seen on the small bud of C. himalayensis (Fig. 5)
develop into wide foliations on the parent cell, obscuring the details
of budding, birth scar and bud scars. Cryptococcus himalayensis re-
sembled earlier described species of Cryptococcus in being heavily
encapsulated. Cryptococcus vishniacii biotypes 6 (Fig. 6) and 8
(which sometimes appeared nodular) had a soft, billowy appearance.

The surface of mature‘cells was somewhat variable within a biotype.
Biotype 8 varied in a single preparation. Additional preparations
(grown at 15 C) prbduced cells of biotype 8 which were more often
nodular, of biotype 12‘which were nodular-reticulate, of biotype 14
which were nodular. While surface appearance varied with degree of
encapsulation, it is suggested that artifacts of capsule collapse
during critical point drying are primarily respomnsible for these
variations in the surface topography of C. vishniacii biotypes.

The effects of budding on surface topography are bést observed in
species with minimal capsular investment. Nulliparous cells of all
C. vishniacii biotypes &isplayed similar birth scars. The birth scar
(shown in Figs. 1,2) was a smooth, broad, gently comvex area capping
a distinct neck (a slightly sloping, constricted, elongated region of
the cell). Birth scars were never seen in parous cells. Budding was
monopolar (Figs. 1,2), almost invariably occurring at the neck end of
the cell (rare exceptions were seen in biotypes 4, 11, 12, and 14 of
C. vishniacii and in C. bhutanensis), by protrusion through the birth
scat which was thus obliterated. The neck of the newly separated bud
in Fig. 2 appears to conform to the internal diameter of the bud scar

neck, but, since bud necks were clearly visible in unseparated buds



Figs. 4-7. SEM. 4. Leucosporidium scottii. some heavily
nodulated cells with bipolar budding. 5. Heavily encapsulated
cells of Cryptococcus himalayensis. 6. C. vishniacii biotype 6,
306Y212, with billowy surface. 7. C. vishniacii biotype 9, 303Y206
budding cells with ragged second collar emerging. Arrow indicates

the edge of capsular material.
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(Figs. 1, 3), this does not indicate the level of septum formation.
The shape of budding €. himalayensis cells suggests a similar pattern
of budding. Leucosporidium scotfii cells budded bipolarly, with the
first bud appearing at the pole opposite to the birth scar; birth scar
and bud (or bud scar) could be seen on the same cell. The birth scar
resembled that of L. frigidum figﬁred by Watson and Arthur (30), as
well as those of €. bhutanensis and C. himalayensis.

The incipient bud broke through a layer of some sort of material
on the parent cell (Fig. 1). Budding cells of all strains exhibited
a collar, either relatively adherent or protruding, under SEM. The
bud scar seen in Fig; 2 consists of the parental neck area, which has
typically become somewhat more cylindrical than a slightly sloping
birth scar neck, terminated by a roughly level, protruding, collar.
The collars of bud scars ranged from merely frayed (Fig. 2) to ragged
(Figs. 1, 7) in appearance. Collars so ragged as to appear multiple

(Fig. 7) were not uncommon.

The cell in section.~ The organelles usual to yeast cells were well
preserved by the fixation method used. Surprisingly, cells with
numerous microbodies were seen in one preparation of C. vishniacii
biotype 14 (Fig. 8). These microbodies were seen occasionally in

other preparations, but not in such profusion. They resemble, at least
superficially, microbodies associated only with growth on methanol,
methane, or other alkanes in other yeast species (2,19,31). Crypto-
coccus vishniacii i does not utilize decane as sole substrate (27);

other microbody inducers have not been tested as substrates for

C. vishniacii.



Figs. 8-11. TEM micrographs of Cryptococcus vishniacii. 8. Budding
cell of biotype 14, 302Y259. Cp = capsule, Cw = cell wall, Er =
endoplasmic reticulum, M = mitochondria, Mb = microbody, N = nucleus,
Nu = nucleolus, V = vacuole. Arrows indicate frayed layers of cell
wall making up the bud scar or collar. 9. Nucleus migrating into
neck of budding cell: biotype 14, 302Y259 grown at 18 C. Note the
continuity of wall between parent and bud. 10. Developing septum,
biotype 6, 303Y212. Note the degrees of electron transparencf in the
layers extending from the common cell wall. 11. Annulate (multi-

parous) cell of biotype 14, 302Y259, and bud, with completed septum.
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The protoplast (Fig. 8) was bounded by an electron-dense cell wall,
definite, but seldom sharp in outline, which was in turn more or less
surrounded by the fibrillar remains of the capsule (not well preserved
by the fixation method used). The somewhat rayed appearance of the
cell wall in Fig. 8 was quite typical. The inner portion of the wall
sometimes appeared to be composed of concentric layers, which became
frank only in the neck area. There was no evidence of protrusions,
pits or grooves in either the inner or outer surface of the cell wall,
in contrast to walls figured for Pityrosporum species (8).

The erect bud scar collars seen in SEM were seen in TEM (Fig. 8)
to be composed of separating, slightly frayed layers of cell wall. The
cell wall of the developing bud in Fig. 8 is continuous only with an
inner layer of the parental cell wall (enteroblastic). However, in
slightly more than half of budding cells, the cell walls of parent
cell and bud were continuous (holoblastic), as seen in Figs. 9, 10.
This distribution of collars in an exponentially growing population
implies that collars are present only after the primary bud has sepa-
rated. This hypothesis is tenable only if budding time is not signi-
ficantly dependent upon cell age, i.e. if these yeasts display Flegel's
(4) mother-daughter-cell equivalence. Since the proportion of nulli-
parous cells was roughly 507% in populations observed by all means,
one may assume that the time to budding and between budding was
substantially the same. Our data were insufficient to establish
statistically small differences in cell cycle time (l4) or growth rate
(25) between parent and bud. The incipient primary bud does not
"break through'" the outer layers of parent cell wall, but is an

extension of the birth scar area. The adherent collar of the primary



Figs. 12-13. Cryptococcus vishniacii, biotype 14, 302Y259 TEM.
12. Bud separating from parental cell. 13. Multiannulate budding
cell. Note the continuity of bud cell wall with inner layers of

parental cell wall and the greater thickness of parental cell wall.
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bud in Fig. 1, like the line of demarcation below the frayed collar in
Fig. 7 (arrow), must represent a limit of capsular material.

Later in bud development, the nucleus was seen positioned in the
connecting neck of the two cells (Fig. 9). The nuclear membrane sub-
sequently disappeared, implying that mitosis is not intranuclear.
Still later, the invagination of the cell membrane was accompanied by
the formation of a septum. The developing septum (Fig. 10) was a
broad ring of material slightly less electron dense than the cell wall,
enfolding a much thinner electron transparent circlet, extending from
the cell wall. The completed septum (Fig. 11) consisted of a thin
electron transparent plate, the rim of which appear to extent slightly
under the cell wall common to both cells, and which aré bounded. by
thin electron dense new layers of cell wall in both cells. Since the
bud figured is not a primary one, it is obvious that septum formation
occurred (typically) at the level of the collar rim. The cells in
Fig. 12 appear to be separating with a tearing of the common cell wall
creating a second, inner, collar on the parental cell. The septal
material appears to be disintegrating. Since birth scars showed no
collars, the common wall must be partitioned unequally, possibly
because the bud is growing more rapidly. Figure 13 displays a multi-
parous cell which may have been in the process of producing its fourth
collar ring.

The discrete annuli of Fig. 13 represent an extreme. In most
budding cells, it was not possible to decide whether the collar re-
presented the completion of one or several budding events. The rupture
at a single separation may break cell wall layers at different levels,

and, while the bud wall in Fig. 8 is continuous with a thin innermost
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layer of parental wall, the developing bud in Fig. 13 appears to have
a common multilayered wall with the parental cell. The number of
layers, or cluster of layers cannot be assumed equivalent to the
parity of the parental cell. It does seem reasonable to assume that
this cell (Fig. 13) is more than monoparous, that the cell has expan-
ded slightly between budé (from the height of the successive annuli)
and that the cell has laid down additional wall layers since birth
(from the perceptibly thicker wall).

Is the cell in Fig. 13 anomalous? The similar annuli seen on
other budding cells (Fig. 1l1) allow the supposition that some corre-
lation between morphology and parity exists. Establishing such a
correlation would require the separation of multiparoué cells, with
their recovery in the proportions expected from the generation number
of the population used. Preliminary attempts to do so by density
gradient centrifugation were unsuccessful.

Anomalous development was observed. Rudimentary pseudomycelium
could be found by searching any culture. Bipolar budding was seen
once or twice in biotypes 4, 11, 12, and 14 of C. vishniacii. A
percurrent cell bore two buds above a single collar in biotype 13.
Double budding (at the same pole) was observed in 15 C-grown cells
of biotypes 8, 9, 12. The rarity of these events indicated that they
did not represent normal development in the Cryptococcus species

studied.

DISCUSSION

Bud scars consisting of a multilayered cell wall forming a collar
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around a site of repeated bud formation have been considered "most
conclusive" evidence for basidiomycotinous affinities of anamorphic
yeasts (18). The fraying collar'of Rhodosporidium (10,17) and Filo-
basidiella (15) has never been seen in ascomycotinous yeasts, nor the
conspicuous chitinous ring and bud scar of ascomycotinous yeasts in
basidiomycotinous ones. Species originally described in Cryptococcus
have teleomorphs in the Basidiomycetes {Filobasidium capsuligenum (23),
Filobasidiella bacillispora (12), F. neoformans (11)} and in the Asco-
mycetes {Sporobachydermia cereana, S. lactativora (24)}. We now con-
sider C. bhutanensis, C. himalayensis, and C. vishniacii anamorphs of
Basidiomycetes, on the evidence of their bud scars, of our failure to
observe intranuclear mitosis {an ascomycetous character (21)}, and
of their reaction (unpublished data) to diazonium blue B (26).

Cryptococcus bhutanensis and C. vishniacii, unlike all yeasts
heretofor considered basidiomycotinous, are urease negative (27).
While C. bhutanensis was originally reported to be "weakly positive"
(6), it has not been so in our laboratory, under consitions which
allowed C. himalayensis to give an unequivalent positive reaction.
Since economizing on the production of an enzyme useless in the habitat
of C. vishniacii is presumeably immediately adaptive, one might question
whether urease production should be used as a determinative character
at any level above species. Other, more complex characters are avail-
able.

Descriptions of budding sites have been used (among other charac-
ters) to distinguish basidiomycotinous from ascomycotinous yeasts (13),
to transfer basidiomycotinous Candida species to Apiotrichum (sympodial)

or to Rhodotorula (repetitive) (29), and to characterize Pityrosporum
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(monopolar)(13). The traits described were 1) the number of budding
sites, 2) the site of primary budding with respect to the cell pole
indicated by the birth scar and 3) with respect to the site(s) of
subsequent buds. 'Repetitive budding at the same site(s) is typical
both of bipolar (i.e. elongated) cells of ascomycotinous and basidio-
mycotinous yeasts and of monopolar yeasts. The bipolar yeasts typically
bud first at the site opposite the birth scar (9). Leucosporidium
scottii was similar in appearance and budding characters to other
species of Leucosporidium (30), a basidiomycotinous genus with bipolar
cells. The Cryptococcus species which we studied typically budded
repetitively only through the birth scar. While it is probable that
other basidiomycotinous species of Cryptococcus, and of other anamor-
phic genera, do likewise, this beﬁaviour has previously been described
adequately only in Pityrosporum and keys to this genus. Pityrosporum,
distinctive in wall pitting and sculpturing, in habitat, and (except
for P. canis) in lipid requirements, is unlikely to be closely related
to Cryptococcus.

The polarity of budding appeared in this study to be correlated
with cell shape. McCully and Bracker (17) proposed that the vesiculate
tips of budding basidiomycotinous yeasts were homologous with hyphal
tips. The concentration of vesicles in the distal end of large L.
scottii buds which they figured suggests that bipolar yeasts derive
their shape and their distal primary buds from the same underlying
regulatory mechanism. The only concentration of vesicles seen in TEM
sections of large buds of the Cryptococcus species lay along the
developing septum between parent cell and bud. Since width to length

ratios in expomentially growing cells of Pityrosporum have not been
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reported, the correlation of shape and budding polarity requires
further study.

A great deal of stress has been placed upon the origin of the
wall of the developing bud. This origin is septal, that is, it con-
sists at leést in part of previously formed septal material which is
distinguishable in TEM from other wall material, in Pityrosporum (8)
and in the apiculate ascomycotinous yeasts (8,9). In the latter, this
septal material remains with the parental cell at the second abscision
so that there are external and internal annuli on the percurrent
parental cell; in the former, the second abscision occurs at a lower
level in the parental cell so that the collar curls inward. The bud
wall origin is otherwise described as holoblastic (entirely continuous
with the parental cell wall), terms which are ambiguous as regards
septal buds. Non-apiculate ascomycotinous yeasts are typically
described as holoblastic, basidiomycotinous yeasts as enteroblastic,
though enteroblastic budding has been reported in Saccharomyces cere-
visiae.

"Holoblastic'" and "enteroblastic' were perceived in Kananaskis II
as refering to a continuum of states which may be present in the same
fungus, being manifested according to the physiological age of the wall
at the blastic locus (16). A sequence of holoblastic primary buds and
enteroblastic secondary buds similar to that which we have described
was reported first in haplophase cultures of the smut Sorosporium
consangoineum (3), but "primary buds' were stated to be '"relatively
rare'. If primary buds are those first produced by the nulliparous
cell, such an observation may imply either that cultural parameters

have allowed physiological ageing but slowed reproduction or that the
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mother-daughter-cell equivalence does not obtain. Enteroblastic bud-
ding in Saccharomyces cerevisiae seems to be unusual and may be asso-
ciated with physiological age rather than solely with birth order.
Since both physiological age and parity may affect the continuity of
bud and parental cell walls, the cultural history of the populations
examined is an important variable. In exponentially growing cultures,
the layering or thickening of cell walls, as other manifestations of
physiological ageing, may be expected to keep step with parity; primary
buds can be defined by birth order, regardless of wall origin, and
constitute a predictable proportion of the total population.

The Cryptococcus species which we have studied are not necessarily
closely related to tremellalean fungi (1) or to the smﬁts (3,22) which
bud both holoblastically and enteroblastically. Some species in both
groups are capable of indefinite laboratory cultivation as yeasts, but
yeasts isolated as such have never been identified with these speciesT
The cultivated yeast phase of both groups is typically derived from
haplophase cells. In the dye accumulation test of Yamazaki and Oshima
(32), L. scottii mating types reacted as haploids, but the Cryptococcus
species and biotypes as diploids (unpublished data). Furthermore, all
yeasts of basidiomycotinous affinity may well have holoblastic primary
buds in exponentially growing cultures and exhibit enteroblastic budding
otherwise. Many published figures of basidiomycotinous yeasts and their
anamorphs have been chosen to display the characteristic collar of
multiparous cells. Holoblastic budding can nevertheless be inferred
from the similar thickness and continuity of walls in budding cells in
published figures of Aessosporon salmonicolor (17), L. scottii (17),

and F. neoformans (serotype not given)(1l5). The correlation of wall
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origin with parity in these yeasts has not been attempted.
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A FIXATION METHOD FOR VISUALIZATION OF YEAST ULTRASTRUCTURE

IN THE ELECTRON MICROSCOPE

SIAVASH BAHARAEEN AND HELEN S. VISHNIAC
DEPARTMENT OF MICROBIOLOGY, OKLAHOMA STATE UNIVERSITY,

STILLWATER, OKLAHOMA 74074, U.S.A.

ABSTRACT

A primary fixative containing glutaraldehyde (3%), acrolein (1.5%),
and paraformaldehydé (1.5%) buffered in 0.05 M sodium cacodylate at pH
7.2 was applied to the cells of Cryptococcus vishniacii for 2 hours on
ice. The cells were then treated with a 6% aqueous solution of potas-
sium permanganate for 1 hour at room temperature. This method preserves
most of the yeast cell fine structural components including cell walls
and membrane, nuclear membrane, mitochondria, endoplasmic reticula,
microbodies, vacuoles, nucleoli, and ribosomes. However, it leads to
disruption of capsular materials and loss of some of the lipid and

glycogen granules.

Many investigators have reported that the conventional fixation
methods (e.g. application of potassium permanganate, glutaraldehyde,
osmium tetroxide, and their combinations) used in yeast electrom
microscopy cannot be applied universally for all yeast isolates (3,6

8,9,13). While a fixation mixture may be effective on cells of one
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species in penetrating and fixing the internal fine structures, it
may have very little effect on cells of another (6,8,9). This is
probably due to the differencesrin thickness and composition of cell
walls and presence or absence of a slime capsule of different chemi-
cal composition and thicknesé.

We had no success in fixation of Cryptococcus vishniacii cells
using the previously reported methods {the pre-freezing method of
Joshi et al. (8)‘was not tried}. When cells were treated with a
mixture of glutaraldehyde-acrolein-paraformaldehyde as a primary
fixation and potassium permanganate as post fixation agents, the
ultrastructure of cells was well preserved.

The 16 biotypes of C. vishniacii used in this study were
originally isolated from the Dry Vélleys of South Victoria Land,
Antarctica, and have been described by Vishniac and Hempfling (15,16).

Cells from stock cultures grown and maintained on GPYPi (15)
slants at 4°C were inoculated into flasks of GPYPi and transferred
into fresh medium after growing at 10°C for five ‘to six generations.
Exponentially growing cells from the secondary cultures were harvested
by centrifugation at 3,000 x g for 5 minutes in a Sorvall RC-2B
refrigerated centrifuge and washed twice in glass-distilled water and
resuspended either in glass-distilled water (when potassium perman-
ganate was used as the primary fixative) or in 0.2 M sodium cacodylate
buffer pH 7.2 (when other primary fixatives were applied) to give an
optical density (650 nm) of about 200.

An equal volume of the different fixatives listed in Table I was
then added. The conditions under which the fixation was performed

are indicated in Table I for individual fixation methods. After the
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TABLE I. METHODS OF FIXATION EMPLOYED FOR PRESERVATION OF CRYPTOCOCCUS VISHNIACII CELLS

Primary fixative Secondary
No. fixative iﬁcubation incubation -
fixative
combination conditions time (h)
I Potassium Permanganate room 1 or 2 None
(2% in water) temperature
II Glutaraldehyde on ice 2 None

(2% in caccdylate)

III Osmium Tetroxide on ice l1or 4 None
(2% in cacodylate)

v Glutaraldehyde on ice 2 Potassium Permanganate
(2% in cacodylate) (1.5% in water)
\' Glutaraldehyde on ice 2 Osmium Tetroxide
(2% in cacodylate) (2% in water)
& iizgiZiid??yg;)SBA;;a— on ice 2 Potassium Permanganate
T - (6% in water)

formaldehyde (1.5%)
in 0.05 M cacodylate

a .
Incubation at room temperature for 1 hour.

b Sodium cacodylate buffer, 0.2 M, pH 7.2.

8¢
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primary fixation was completed, cells which were post-fixed (methods
IV, V, and VI in Table I), were washed in glass-distilled water and
resuspended in the secondary fixative and incubated at room tempera-
ture for 1 hour. Fixed cells were then dehydrated in a graded series
of ethanol solutions, placed in propylene oxide transition fluid and
embedded in Epon 812 (2A:1B). Sections were cut with a DuPont diamond
knife on a MT-2 Sorvall ultramicrotome, stained with lead citrate for
15 minutes and examined in an RCA EMU-3G electron microscope operating
at an accelerating voltage of 100 KV.

Fixation of cells according to procedures.I, II, and III revealed
no distinguishable internal structures. Among the combination of
these fixatives used, procedures IV and V preserved soﬁe of the inter-
nal structures the details of which were obscured.” The cell wall
appeared electron transparent and no layering was observed.

Figures 1 and 2 show cells of C. vishniac¢ii fixed according to
procedure VI. The cells show most of the fine structural components
that one may expect to find in a yeast cell.

Cytoplasm is bounded by an electron dense cell wall comprised
of many layers which become frank at the bud formation site (Figs. 1
and 2). Many investigators have reported the presence of a number.of
cell wall layers (up to seven) with different electron opacity in
Candida albicans (5,12), and Cryptococcus neoformans (4) using a
fixative containing Tris-(l-aziridinyl)phosphine oxide (TAPO).
However, most of the micrographs published in these papers show a
poor preservation of the internal structures. Despite the fact that
cell walls of C. vishniacii (Fig. 1) appeared to be very similar in

electron opacity, they clearly demonstrated that the primary buds



Fig. 1. Cryptococcus vishniacii biotype 6 (306Y212) fixed with
triple aldehyde-potassium permanganate methqd. The cell shows
cell wall (CW) comprised of many layers (arrows), plasma membrane
(pm) with occasional invaginations into the cytoplasm and nucleus
bounded with a nuclear membrane (nm) and nucleolus (nc). Among
the cytoplasmic organelles, mitochondria (mt), vacuoles (v),
vesicles (ve) and many ribosomes (r) can also be observed. The
septum (s) is éomplete and the bud is about to separate from the

mother cell.

Fig. 2. Cryptococcus vishniacii biotype 14 (302Y259). This
enteroblastic bud contains many mitochondria (mt), endoplasmic
reticula (er) associated with vesicles (vc), and some microbodies
(mb). The electron demse cell wall (CW) with many layers (arrows)

and fibrillar remains of the slime capsule (CP) are clearly seen.
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were holoblastic and the secondary buds enteroblastic (2).

Excellent preservation of internal structures of C. vishniacii
cells and the overall high contrast of sections are apparently due
to the penetration énd fixation capabilities of potassium permanga-
nate. Howevér, since this fixative was unsuccessful when used alone,
it could be concluded that the triple aldehyde mixture is probably
responsible for a rapid, general preservation and increasing the
permeability of cells to the post-fixation agents. The more cumber-
some method of Joshi et al. (8) for increasing permeability by repeated
freeze—théwing cycles at -155°C in Freon was therefore not required.

Cell membrane with occasional invaginations into the periplasm,
nuclear membrane with pores (Fig. 1), mitochondria with characteristic
cristae (Fig. 2), endoplasmic reticulum and vesicles associated with
it, vacuoles with some electron dense bodies (possibly polyphosphate)
and microbodies are well preserved.

It has been reported that (7,9) fixation of cells with potassium
permanganate alone results in a great loss of ribosomes and nucleoli.
The presence of nucleoli and many ribosomes in the cells of C. vish-
niacii shows that the triple fixation mixture is suitable for preser-
vation of these structures and the potassium permanganate will have
very little effect on them after they are fixed.

The most important disadvantége of the procedure described is
the disruption and substantial loss of capsular materials (Figs. 1 and
2). In C. neoformans, the conventional fixation procedures, ethanol
dehydration, and Epon embedment have been shown to result in loss of
capsular integrity and condensation, and its dehydration into fila-

mentous strands projecting from the cell wall (1,6). C. neoformans
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cell fixed with ruthenium red could however be dehydrated and embedded
in Epon by conventional procedures without loss of capsular materials
(10). A glutaraldehyde-urea mixture used as an embedding medium,
originally described by Pease and Peterson (11), and later employed
by Laxalt et al. (10) for preparation of C. neoformans cells has also
been proven successful in preserving the capsular materials.

Treatment of cells with potassium permanganate results in
"destruction of some but not all of the lipid and glycogen granules.
The fixation procedure introduced by Schwab et al. (14) could pre-
serve these structures but most of the other cytoplasmic organelles
such as mitochondria, nuclei, and endoplasmic reticula were obscured.

In summary, the triple aldehyde-potassium permangénate fixative
described here reveals most of the internmal ultrastructural details
of C. vishniacii cells including ribosomes and nucleoli which are
destroyed by other permanganate-containing fixatives. The procedure
does not require pre-freezing to increase the cell wall permeability,
it is easy to apply, and relatively safe to prepare. The only major
disadvantage that it has is that it causes considerable loss of
capsular materials.

This study was supported by a National Aeronautics and Space

Administration (NASA) research grant (NAGW-26).

REFERENCES

1. Al-Doory, Y., 1971. The ultrastructure of Cryptococcus neoformans.
Sabouraudia 9: 113-118.

2. Baharaeen, S., and H. S. Vishniac. 1981. Budding morphology of



10.

a psychrophilic Cryptococcus compared with Leucosporidium
scottii. Mycologia 73: 618-633.

Borgers, M., and De Nollin, D; 1974. The preservation of sub-
cellular organelles of Candida albicans with conventional
fixatives. J. Cell Biol: 62: 574-581.

Cassone, A., Simonetti, N.; and Strippoli, V. 1974. Wall struc-
ture and bud formation in Cryptococcus neoformans. Arch.
Microbiol. 95: 205-212.

Dijaczenko, W., and Cassone, A. 1971. Visualization of new
ultrastructural components in the cell wall of Candida
albicans with fixatives containing TAPO. J. Cell Biol.
52: 186-190.

Edwards, M. R., Gordon, M. A., Lapa, E. W., and Ghiorse, W. C.
1967. Micromorphology of Cryptococcus neoformans. J.
Bacteriol. 94: 766-777.

Hayat, M. A. 1970. Principles and Techniques of Electron Micro-
scopy. Velume 1. wvan Nostrand Reinhold Co. New York.

Joshi, K. R., Wheeler, E. E., and Gavin, J. B. 1975. The ultra-
structure of Candida kruzei. Mycopathologia 56: 5-8.

Kopp, F. 1975. Electron microscopy of yeasts. In D. M. Prescott
Ed. Methods in Cell Biology, volume 1l1. Academic Press.
New York. p. 33.

Laxalt, K. A., Kozel, T. R., Stratton, C. J., and Follette, J. L.
1980. Ultrastructure of Cryptococcus neoformans capsule.
Abstract F-15. Annual Meeting of the American Society for

Microbiology abstracts. Miami-Beach, Florida. May 1980.

44



11.

12,

13.

143

15.

16.

45

Pease, D. C., and Peterson, R. G. 1972. Polymerizable glutar-
aldehyde-urea mixtures as polar, water-containing embedding
media. J. Ultrastruct. Res. 41: 133-159.

Poulain, D., Tronchin, G., Dubermetz, J. F., and Biguet, J. 1978.
Ultrastructure of the cell wall of Candida albicans blasto-
spores: study of its constitutive layers by the use of
cytochemical techniques revealing polysaccharides. Ann.
Microbiol. 129A: 141-153.

Ruinen, J., Deinema, M. H., and van der Scheer, C. 1968. Cellular
and extracellular structures in Cryptococcus laurentii and
Rhodotorula species. Can. J. Microbiol. 14: 1133-1137.

Schwab, D. W., Janney, A. H., Scala, J., and Lewin; L. M. 1970.
Preservation of fine structures of yeasts by fixation in
dimethyl sulfoxide-acrolein-glutaraldehyde solution. Stain
Technol. 45: 143-147.

Vishniac, H. S., and Hempfling, W. P. 1979. Cryptoccccus vish-
niacii sp. nov., and Antarctic yeast. Int. J. Syst.
Bacteriol. 29: 153-158.

Vishniac, H. S., and Hempfling, W. P, 1979. Evidence of an
indigenous microbiota (yeast) in the Dry Valleys of

Antarctica. J. Gen. Microbiol. 112: 301-314.



CHAPTER TIII

THE EVOLUTION OF ANTARCTIC YEASTS:

DNA BASE COMPOSITION AND

DNA-DNA HOMOLOGY

46



THE EVOLUTION OF ANTARCTIC YEASTS: DNA BASE COMPOSITION
AND DNA-DNA HOMOLOGY

SIAVASH BAHARAEENI, JOHN A. BANTLEZ, AND HELEN S. VISHNIAC1

lDEPARTMENT OF MICROBIOLOGY AND 2DEPARTMENT OF ZOOLOGY,

OKLAHOMA STATE UNIVERSITY, STILLWATER, OK, U.S.A. 74078

Baharaeen, S., J. A. Bantle, and H. S. Vishniac. 1982. The
evolution of Antarctic yeasts: DNA base composition and DNA-DNA

homology. Can. J. Microbiol. 28: 406-413.

The 16 biotypes of the Cryptococcus vishniacii complex of ana-
mbrphic yeasts (Basidioblastomycetes), unique to the Dry Valleys of
Antarctica, include 7 species separated by DNA-DNA homologies of less
than 52%. Since species belonging to the complex can be as distantly
related as C. bhutanensis (a Himalayan yeast, G+C 54.18 mol%) is to
these species, a common ancestor probably originated and speciated
outside of the Dry Valleys. The species C. vishniacii (G+C 54.52-
55.48 mol%) comprises 7 varieties with greater than 597 DNA-DNA homo-
logy and must therefore have been established in the Dry Valleys long
enough to have evolved these divergent genomes. In the C. vishniacii
complex, G+C mol% values differing by more than 1 mol’% are accompanied

by DNA-DNA homologies of less than 23%.
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INTRODUCTION

The Cryptococcus vishniacii complex (veasts of basidiomycetous
affinity), isolated from the soil samples of Dr. W. V. Vishniac's
1973 expedition, is, so far as known, peculiar to the Dry Valleys of
Antarctica, constituting the only heterotrophic biota demonstrably
indigenous to the most severe cold desert on earth (Vishniac and
Hempfling, 1979a, 1979b). The examination of genetic relationships
can illuminate the nature of microbial adaptation to such extreme
enviromments, as well as the mode of evolution of adapted populatioms.
The characteristics of the Dry Valley yeasts are presumptively adap-
tive if they are absent in congeners from other habitats or present
in yeasts of other evolutionary origins from cold or desert habitats.

Are the 16 biotypes of the C. vishniacii complex the result of
evolutionary aivergence from a single ancestral type which became
dominant as the Dry Valleys developed their present climate? While
a polyphyletic origin is not entirely incompatable with in situ evo-
lution, it would suggest that these yeasts are more likely to be
descendants of successive establishments of airspora in niches vacated
by catastrophic temperature changes or failure of water and substrate
supplies in a multiply stressed, variable, environment.

We have determined the guanine plus cytosine (G+C) mol% of nuclear
DNA and the degree of DNA-DNA homology among the biotypes of the C.
vishniacii complex and between these and C. bhﬁtanensis= the yeast
most similar to the complex (Vishniac and Hempfling, 1979a; Baharaeen
and Vishniac, 1981), in order to establish the extent of relationship

and evolutionary divergence which may have occurred.
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MATERTALS AND METHODS

Cryptococcus bhutanensis Goto et Sugiyama (ATCC 22461), C. hima-
layensis Goto et Sugiyama (IAM 4963), and isolates representing each
biotype of the C. vishniacii complex were grown in 6 liters of GPYPi
medium (Vishniac and Hempfling, 1979a) supplemented with 10—42 v/v)
of Antifoam A concentrate (Sigma Chemical Cd.) in a cold room (8—1160)
with vigorous stirring and aeration for about 5-6 generations. Car-
boys were inoculated to an optical density (650 nm) of about 0.2, from
exponentially growing cultures prepared at 10°C in a New Brunswick
Scientific Company gyrotory water bath shaker operated at 190 trpm.
Cells were harvested by centrifugation at 3,000 x g for 5 minutes in
a refrigerated centrifuge at 4°C, washed once in glass-distilled water
and resuspended in sucrose buffer (Price et al., 1978) for isolation
of DNA.

| DNA was isolated and purified by a combination of the procedures
of Marmur (1961) and Bernardi et al., (1970) as described by Price et
al. (1978). DNA purification was repeated if the preparation deviated

more than 0.05 from the absorbance ratios A260/A280 = 1.86 and A230/A260

= 0.5 (Mendonca-Hagler and Phaff, 1975). The 80-100 g wet weight of
cells obtained yielded about 5-8 mg of highly purified DNA. Analytical
ultracentrifugation of the DNA in cesium chloride showed no significant
contamination with mitochondrial DNA.

The G+C mol%Z of nuclear DNA was calculated from three separate
determinations of buoyant density in cesium chloride (optical grade,
Sigma Chemical Co.) (Schildkraut et al., 1962; Szybalski, 1969) in a

Beckman Model L5-50 preparative ultracentrifuge equipped with Beckman



Prep UV Scanner and an An-F analytical rotor modified for the use in
the L5-50. Micrococcus luteus (obtained from Dr. E. A. Grula, Depart-
ment of Microbiology, Oklahoma étate University) DNA was used as
reference. This DNA had a buoyant demsity of 1.731 g/mL when compared
with the DNA of Escherichia coli K-12, NX-185, plasmid-free ( obtained
from A. Rashtchian, Department of Medical Microbiology, University of
Nebraska Medical Center) the demsity of which was calculated to be
1.710 g/mL, using the formula given in Beckman Prep UV Scanner ins-
~truction manual LUV-IM-2, 1975.

Purified native DNA was sheared before radioactive labeling by
one passage through a French pressuré cell (Aminco Model J4-3339) at
36,000 psi, after adjusting to a concentration of 250 ug/mL in Tris-
EDTA buffer {tris(hydroxymethyl)-aminomethane hydrochloride, 10 mM;
ethylenediamine tetraacetic acid, disodium salt, 1 mM; pH 8.2}. The
sheared DNA was passed through a 0.45 um pore-size Metricel filter.
The number average nucleotide size of sheared DNA was determined by
surcose density gradient centrifugation (Bantle and Hahn, 1976), using
¢y~174 DNA and A phage DNA (Miles Laboratories) as references, to be
500 base pairs (3.0 x 105 daltons). Gradients were centrifuged at
38,000 rpm, using a Beckman SW-41 rotor, for 20 hours at room tempe-
rature.

The sheared DNA was labeled with methyl, 1',2'-3H-thymidine in
vitro by nick translation techniques described by Rigby et al. (1977)
and Balmain and Birnie (1979), using the New England Nuclear 3H-Nick
Translation Kit (NEK-005). After incubation for 2.5 hours at 13°%¢
(determined to allow maximum tracer incorporation), 80 uL of carrier

DNA (400 pg/mL of sheared calf thymus DNA in 300 mM sodium acetate)
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was added to the 20 uL reaction mixture and the reaction was stopped
immediately by the addition of an equal volume of a chloroform-phenol
preparation (1l:1, phenol, Bethesda Research Laboratories, ultrapure,
saturated in Tris-EDTA buffer and treated with 0.01% 8-hydroxyquino-
line). The mixture was incubated on ice for 15 minutes with occa-
sional vortexing, then separated into two phases by centrifugation
at 12,500 x g (Eppendorf microcentrifuge) for 10 minutes. The upper
(aqueous) layer was added'fo 1 mL of cold 95% ethanol and incubated
overnight at -20°C. The DNA precipitate was collected by centrifu-
gation, dried in a vacuum desiccator, and redissolved in 50 uL of
sodium phosphate buffer (140 mM, pH 6.86). The resulting preparations
of DNA had a number average nucleotide size of 380 base pairs (l.14 x
105 daltons) and specific activities of 2.2 x 106 to 2.7 x 106 cpm/ug.
Single stranded labeled DNA (ssDNA) was prepared and renaturation
kinetics and sequence complementarity determined by the following
modifications of the method of Price et al. (1978). Sealed siliconized
reaction vials containing 0.02 ug of labeled ssDNA unique sequence
probe (separated on hydroxyapatite after incubation to ECot of 0.7
mol.sec./L) and 20 ug of sheared homo