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FIG. 9. Variation of the sizes and ploidy of chromosome XII in randomly chosen subclones of S. cerevisiac D273-1OB grown at 22°C (S.c.1 to
S.c.10 [lanes I to 10]) (A) and 30°C (S.c.11 to S.c.20 [lanes 11 to 20]) (B), representing, respectively, more slowly and faster-grown cultures (see
Materials and Methods). The arrowheads indicate the position of chromosome XII, which contains the rDNA units.

grown cells and as a control for the morphological mutants.
The other half was simply streaked onto a YPD plate and
grown at elevated temperatures (40°C) for 2 weeks, with daily
restreaking on a fresh plate. Thus, the same subclones which
previously were grown slowly for a prolonged time were

subsequently grown at a faster rate for a prolonged time; these
cultures were denoted C.a.31F to C.a.35F (Fig. 7). Subse-
quently, these cultures were again subjected to the slow-growth
conditions on solid LBC medium previously used to generate
C.a.1 to C.a.10; these slowly grown strains were denoted
C.a.31S to C.a.35S. The growth regimes are also described in
Materials and Methods. The karyotypes of C.a.31F to C.a.35F
and C.a.31S to C.a.35S (data not shown) revealed that the sizes
of the chromosome Vllla and possible chromosome VlIIb
homologs were slightly larger in the faster-grown cells. Al-
though difficult to quantitate, these results established that the
number of rDNA units reversibly increases in faster-grown
cultures.

Colonial morphology of C. albicans subclones. The colonial
morphology of all subclones, C.a.1 to C.a.30, used to determine
the variability of chromosome VIII after being subjected to
various conditions of growth was examined after growth in
LBC medium at 22°C by our standard protocol (see Materials
and Methods). No obvious differences were observed among
C.a.1 to C.a.30 and 3153A strains (data not shown) despite the
fact that morphological mutants, with alterations in only
chromosome VIII, also had altered colonial forms (18).
Chromosome XII and rDNA clusters of S. cerevisiae D273-

lOB. In order to investigate the generalities of our findings with
C. albicans, we have examined the variability in the number of
rDNA units in S. cerevisiae. Two groups of 10 subclones each,
S.c.1 to S.c.10 and S.c.Il to S.c.20, respectively, were subjected
to slow- and fast-growth conditions for a relatively long time, as
described in Materials and Methods. The generation times of
slowly and fast-grown cells were approximated at 1.35 and 1.02
h, respectively. At the end of the growth period, each popula-
tion was subcloned on YPD plates and 10 random subclones
from each were chosen for the examination of electrophoretic
karyotypes.
The examination of electrophoretic karyotypes of all 20

subclones revealed only a slight variability of chromosome XII
among strains grown at 22°C (Fig. 9A). Conversely, 9 of 10
subclones grown at 30°C had variable and increased lengths of
chromosome XII (Fig. 9B). One subclone, S.c.10, contained
two homologs of XII. The signals after hybridization with the
rDNA probe confirmed the positions of chromosome XII and
the aneuploidy of S.c.10 (data not shown). The lengths of
chromosome XII revealed that all but one subclone grown at

the faster rate had higher numbers of rDNA units than the
subclones grown at the slower rate.
The restriction endonuclease Sall, which does not cleave

within the S. cerevisiae rDNA unit (15, 17), was used to liberate
the rDNA clusters from chromosomes XII of two chosen
subclones, S.c.13 and S.c.15, as shown in Fig. IOA. Signals
produced after hybridization with the rDNA probe are shown
in Fig. 10B. As discussed above for C. albicans rDNA clusters,
the rDNA probe hybridized only to the long fragments and not
to the other segments, thus establishing that the entire clusters
of rDNA repeats were encompassed in the Sall fragment. As
shown in Fig. 10, the clusters from both subclones were
dramatically increased and were different from each other and
from the general population of D273-1OB cells. Their lengths
were estimated by using a calibration curve (see Materials and
Methods) and are presented in Table 1.

DISCUSSION

One major type of genetic instability of C. albicans that we
have systematically studied (see, for example, references 18
and 19) is the spontaneous occurrence of altered chromosomes
(20, 23). We previously attempted the comparative analyses of
altered electrophoretic karyotypes in four laboratory strains,
3153A, C9, FC18 and WO-1, and in spontaneous morpholog-
ical mutants of 3153A (18). The particular interest in chromo-
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FIG. 10. CHEF separation of tandem rDNA clusters from chosen

subclones of S. cerevisiae D273-IOB. (A) Sall digests of D273-IOB and

the subclones S.c.13 and S.c.15. (B) Hybridization of the rDNA probe
to the clusters shown in A. The arrowhead indicates the position of

chromosome XII, which contains the rDNA units.
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some VIII, which carries rDNA, initiated from the fact that it
varies at least twice as frequently as any other chromosome
among spontaneous morphological mutants (18) and that it,
along with other chromosomes, consistently varies among
natural isolates (1, 18, 26). In addition, a peculiarity of this
chromosome is observed when comparing random subclones
from the same population of cells (reference 8 and this study).
All the subclones had identical electrokaryotypes except for
variations in chromosome VIII. Interestingly, in this particular
case, colonial morphology of corresponding subclones with
altered chromosome VIII did not change, at least when the
strains were grown under our standard conditions (reference 8
and this study; data not shown). In contrast, spontaneous
morphological mutants have been previously shown to be
associated with alterations of various chromosomes, including
chromosome VIII (18-20). Because chromosome VIII carries
multiple copies of rDNA, the simplest assumption is that its
high variability is due to recombinational events within rDNA
clusters, as reported for S. cerevisiae (24).

Earlier work by Iwaguchi et al. (8) and Wickes et al. (26)
with normal laboratory strains of C. albicans revealed that the
entire rDNA cluster is arranged tandemly with no intervening
blocks of non-rDNA and that the clusters can be liberated by
restriction enzymes like Hindlll or XhoI which do not cleave
within the rDNA unit. On the other hand, a restriction enzyme
such as NotI which cleaves at a single site within rDNA unit,
allows the determination of the size of the single unit (8).
Similar studies by Pasero and Marilley (17) also demonstrated
that restriction enzymes, such as XhoI, Sall, BamHI, ScaI, and
PstI, which do not cleave the rDNA unit of S. cerevisiae liberate
single fragments of the tandem rDNA cluster, whereas MluI,
for example, cleaves single rDNA units. We have used this
approach to compare the lengths of rDNA clusters from
normal laboratory strains and spontaneous morphological
mutants of C. albicans in order to analyze the natural variabil-
ity of chromosome VIII. We have also analyzed the variability
of chromosomes VIII and XII among subclones from normal
cultures of C. albicans and S. cerevisiae, respectively, grown
under different conditions in order to understand the depen-
dence between growth rates of cultures and the number of
rDNA units per cell.
As summarized in Table 1, morphological mutants and

laboratory strains of C. albicans varied widely in the lengths of
their rDNA clusters and therefore in the number of rDNA
units per homolog of chromosome VIII or per cell. Both
groups of C. albicans strains, the normal clinical isolates and
the morphological mutants, were similar in having differences
in the total number of rDNAs as high as a factor of 2.5, as can
be seen by comparing the morphological mutant ml7 with m20
and the natural isolate 3153A with WO-1. As anticipated, the
three putative trisomic mutants, m20, m500, and m500-3,
contained the highest numbers of rDNA units, from approxi-
mately 120 to 150% of the parental value. For simplicity, we
can assume that m20, m500, and m500-3 are trisomic for
chromosome VIII because these strains have three chromo-
somes and three Hindlll fragments that hybridize to rDNA.
However, the limited number of available chromosomal probes
did not permit us to unambiguously determine the nature of
the aberrations. It is possible that an entire rDNA cluster was
transferred to another duplicated chromosome by a transposi-
tion or a translocation. Interestingly, m20 and m500-3 differed
in the size of the third chromosome; the third chromosome
from m20 remained in the top group, whereas the one from
m500-3 comigrated with chromosome V. The lack of hybrid-
ization of m500-3 with the SOR9, ADE], CDC1O, and MGLJ

probes is consistent with either an extensive deletion of
chromosome VIII or a transposition or translocation.
The wide distribution in the number of rDNA units per

cluster or homolog in morphological mutants, as presented in
the Fig. 8A histogram (see Fig. 2A and reference 18 for their
electrokaryotypes), is in strong contrast to the virtual absence
of variability among the control subclones C.a.1 to C.a.10 of
the parental strain 3153A (Fig. 8B) grown under the same
conditions as the mutants selected (Fig. 7). The variability
among morphological mutants is also in contrast to the modest
variability that is naturally maintained in a population, as can
be seen for C.a.11 to C.a.20 from the Fig. 8C histogram (see
also Fig. 7). In these respects, both morphological mutants and
laboratory strains are different from subclones and similar to
each other. This great variability of chromosome VIII in both
groups suggests once again that the natural isolates may have
diversified by the same mechanism that generated the morpho-
logical mutants, as previously suggested by Rustchenko-Bulgac
(18).
One interesting observation presented in Table 1 is that not

only can laboratory strains which were originally clinical iso-
lates differ among themselves by the lengths of their rDNA
units, but also a single strain can contain two different sizes of
rDNA units, as exemplified by WO-1, which contains 11.5- and
12.5-kb units (Fig. 6). We wish to emphasize that the normal
strain 3153A and the derived morphological mutants all
showed the same size rDNA units (data not shown); in
contrast, Iwaguchi et al. (8) reported two different sizes among
three subclones of the C. albicans strain TCM297. Also, the
difference in the ranges of size reported by this group (14.3 to
15.2 kb) and obtained in our work (11.5 to 12.5 kb) was
relatively large and could not be easily attributed solely to the
differences between strains but may have been due to differ-
ences in the methods of measurement; we have attempted to
obtain precise measurements by using specially developed
optimal conditions for separation and by using size standards
in the range of the single rDNA units (see Results).

Several explanations for the variation in the size of rDNA
units in C. albicans strains can be suggested by analogy with
earlier studies of S. cerevisiae and other organisms. Jemtland et
al. (10) observed length differences due to short deletions and
insertions at regular intervals within the nontranscribed spac-
ers of rDNA units in differents strains of S. cerevisiae, as well as
within one strain. Also, Xiong and Eickbush (28) reported the
precise insertion of functional retrotransposons that inacti-
vated a fraction of 28S RNA genes in Drosophila melanogaster
and Bombyx mori.

Laboratory strain WO-1 was previously analyzed by us and
found to be a naturally occurring aneuploid with an electro-
karyotype markedly different from those of other laboratory
strains and with multiple translocations (18, 19). As shown
here, since it has a large number of rDNA units and contains
two different forms of rDNA unit, WO-1 appears to be more
distantly related to the other laboratory strains that were
originally clinical isolates. It is tempting to speculate that
WO-1 was recently formed by a fusion of two diverse strains: as
stressed above, WO-1 is an aneuploid strain, as revealed by
bands corresponding to the positions of chromosomes V and
IVb (19), and has approximately equal numbers of two differ-
ent lengths of the rDNA unit (Fig. 6).

Alternatively, WO-1 could be a natural aneuploid, as are
many spontaneous morphological mutants (18, 19), with ap-
proximately one-half of its rDNA units containing 1-kb inser-
tions or deletions. Such differences in sizes of rDNA units were
reported for D. melanogaster, which normally has about 50% of
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its 28S rDNA genes inactivated by the insertion of retrotrans-
posable elements (9).
A total of 23 of 25 (92%) chromosome VIII homologs of the

C. albicans strains (Table 1) were altered because of changes in
the number of rDNA units, whereas the variability of the
remaining two homologs involved other rearrangements. An
additional third homolog of m500-3 either had a large deletion
(of about 700 kb which included the four genes available as
probes, as schematically shown in Fig. 4) or involved a
transposition or translocation (as discussed above). In contrast,
strain C9 contained a compensatory change of unknown nature
which resulted in both chromosome VIII homologs having
equal sizes (Fig. 3A), in spite of an obvious size difference of
145 kb between two clusters of rDNA repeats, as shown in Fig.
3C and in Table 1. The portion of chromosome VIII lacking
rDNA clusters corresponded to 2.3 Mb, as exemplified for
3153A and mSOO-3 shown in Fig. 4. Thus, the non-rDNA
regions of chromosome VIII undoubtedly are the same size in
most strains. This size is remarkably close to the estimate of 2.6
Mb reported by Iwaguchi et al. (8).

This result, together with the analyses of clonal variability of
C. albicans due to the rDNA shown by Iwaguchi et al. (8),
permitted us to use the size of chromosome VIII as an
approximate measure of the number of rDNA units per
cluster.

In a similar analysis of S. cerevisiae chromosome XII, which
carries the rDNA repeats, two random subclones of strain
D273-1OB, S.c.13 and S.c.15, were digested by SalI and shown
to vary in the number of rDNA units (Fig. 10) in accordance
with the clonal variability in C. albicans.
The further analysis of chromosome VIII included the NotI

fragments of morphological mutants and laboratory strains of
C. albicans (Fig. SA). The analysis revealed the following
approximate sizes associated with the probes: 1,410 kb with
ADE1 and CDC1O, -700 kb with SOR9 (Fig. SC), -200 kb
with MGL1, and 12 kb with WOL-25 (rDNA) (Fig. SB). The
sum of the three non-rDNA NotI fragments was approximately
2.3 Mb, which corresponds to the size of chromosome VIII
without the rDNA cluster (see the description above and Fig.
4). This result is in reasonably good agreement with the results
obtained by Iwaguchi et al. (8), who reported the following
sizes for NotI fragments of chromosome VIII from three
laboratory strains: 1,350 kb, 870 or 790 kb, 260 kb, and 160 kb.
(We uncovered only three non-rDNA fragments with the
probes used in our study.) Although no systematic attempt was
made to order the NotI fragments, the analysis of a partial NotI
fragment from 3153A demonstrated that the 1,410- and
-700-kb NotI fragments are adjacent to each other (see
Results).

It is well established that rRNA transcription in Escherichia
coli is regulated in response to nutritional and environmental
conditions (6). The major promoters are regulated so that the
net result is the accumulation of rRNAs as ribosomes whose
concentration is approximately proportional to the growth
rate. In E. coli, most ribosomal protein synthesis is controlled
posttranslationally by feedback mechanisms that are ultimately
dependent on the level of the rRNAs. In the yeast S. cerevisiae,
transcription of both rRNA and mRNA for ribosomal proteins
increases and reaches higher levels within 30 min after being
shifted to media allowing faster growth (27). These results and
a variety of other experiments reviewed by Woolford and
Warner (27) suggest that the relative rate of ribosome biosyn-
thesis in yeasts reflects the rate of growth. Although this
regulation is due in part to the rate of rRNA transcription, we
suggest that the number of rDNA units also plays a role in

controlling the rate of ribosome biosynthesis, especially after
prolonged incubation periods.
We suggest that there is normally a distribution in the

number of rDNA units per cell in a population because of
unequal crossing-over (24) or gene conversion (29) within the
rDNA cluster during mitotic growth. Our data on the variabil-
ity among the subclones from the stock culture (Fig. 8C) reflect
this variation. Furthermore, we suggest that there is an opti-
mum number of rDNA units for every growth condition.
Because of the heterogeneity in the number of rDNA units per
cell, it is reasonable to assume that cells with appropriate
numbers of rDNA units would be selected for easily under
conditions that favor their particular growth condition. We can
speculate, for example, that overproduction of ribosomes for a
given physiological state would be wasteful and would be
expected to retard growth. For example, the optimum number
of rDNA units in cells grown slowly at 22°C on LBC medium
would be less than the number in cells grown rapidly at 37°C in
YPD medium. Indeed, subclones grown slowly for a prolonged
time had 94% of the number of rDNA units of the faster-
grown cultures, as schematically presented in Fig. 8B and D,
respectively. In addition, slowly grown subclones all were
identical, probably representing the predominant optimal type.
On the other hand, the distribution among subclones grown
faster for a prolonged time was shifted to an increase in the
number of rDNA units (Fig. 8D) in comparison with the
distribution in the stock culture (Fig. 8C). The small number of
cells with the appropriate number of rDNA units would be
expected to be enriched after a shift to a different growth
conditions. In other words, the representative karyotypes of
cell population can be controlled by the conditions of growth.
The reversibility in the number of rDNA units per cell was
further demonstrated by using the strains C.a.1 to C.a.10 and
their fast-grown (C.a.31F to C.a.35F) and slowly grown
(C.a.31S to C.a.35S) progenies, as presented in schematics in
Fig. 7. The sizes of the shorter homologs of chromosome VIII
increased in the faster-grown subclones C.a.31F to C.a.34F in
comparison with the parental population of 3153A. One
culture, C.a.33F, acquired a dramatically increased number of
rDNA units by having two long homologs instead of one long
and one short, as revealed by rDNA probing. However, no
change was observed in one subclone, C.a.35F. On the other
hand, all slowly grown cultures, C.a.31S to C.a.35S, contained
reduced numbers of rDNA units in at least their shorter VIIIa
homologs. A fast-grown population probably offers a much
wider assortment of differently sized clusters in chromosome
VIII with the general tendency to have a higher number of
rDNA units.
We wish to emphasize that morphological mutants con-

tained a wider distribution of rDNA units per cell than any
group of subclones, and this distribution could not be ex-
plained by the differences in growth rate. The unusually wide
distribution in both morphological mutants and normal labo-
ratory strains suggests to us that there may be a separate
mechanism for altering chromosome VIII in morphological
mutants, and this same process also may be responsible for
producing aberrations of the other chromosomes in these
mutants.
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