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The major repeat sequence (MRS) is found at least once on all but one chromosome in Candida albicans, but
as yet it has no known relation to the phenotype. The MRS affects karyotypic variation by serving as a hot spot
for chromosome translocation and by expanding and contracting internal repeats, thereby changing chromo-
some length. Thus, MRSs on different chromosomes and those on chromosome homologues can differ in size.
We proposed that the MRS’s unique repeat structure and, more specifically, the size of the MRS could also
affect karyotypic variation by altering the frequency of mitotic nondisjunction. Subsequent analysis shows that
both natural and artificially induced differences in the size of the chromosome 5 MRS can affect chromosome
segregation. Strains with chromosome 5 homologues that differ in the size of the naturally occurring MRSs
show a preferential loss of the homologue with the larger MRS on sorbose, indicating that a larger MRS leads
to a higher risk of mitotic nondisjunction for that homologue. While deletion of an MRS has no deleterious
effect on the deletion chromosome under normal growth conditions and leads to no obvious phenotype, strains
that have the MRS deleted from one chromosome 5 homologue preferentially lose the homologue with the MRS
remaining. This effect on chromosome segregation is the first demonstration of a phenotype associated with the
MRS.

Candida albicans, a diploid yeast, is the most frequently
isolated fungal pathogen in humans, accounting for 8% of
hematogenously disseminated infections, primarily in immu-
nocompromised patients (1). It is also a commensal of humans,
inhabiting 50 to 70% of the population. It seems likely that a
frequent scenario for disease is a breakdown in host defenses
followed by an efflorescence and pathogenesis of the commen-
sal population. Whether the fungus undergoes any irreversible
changes during this process is unknown, although a number of
factors, such as extracellular hydrolytic enzymes and the ability
to switch among yeast, pseudohyphal, and hyphal growth
forms, have been shown to be essential for virulence (25, 35).

Permanent changes of the pathogenic population are in-
ferred from genomic studies, which have shown that many
clinical isolates have karyotypic variations (2, 24, 28) from the
standard arrangement of eight pairs of chromosome homo-
logues found in strain FC18. Lephart et al. found that a recur-
ring infection of a graft was caused by a strain with a nonstand-
ard karyotype and that this strain persisted in situ despite
antifungal treatment (20). Legrand et al. examined a series of
six isolates taken over a period of 4 years from an AIDS patient
with recurrent candidiasis. The last three of these showed
independent karyotypic variations concomitant with increased
clinical fluconazole resistance (19). Variant karyotypes are
identified by the appearance of new chromosome bands,
and/or the loss of existing chromosome bands compared to the
standard karyotype. Despite the preponderance of variant
karyotypes in the clinical population, no cause-and-effect rela-

tionship has been shown between these variations and in-
creased virulence or drug resistance.

A special feature of the C. albicans genome is the major
repeat sequence (MRS). Intact copies of this intermediate
repeat appear one or more times on all but one chromosome
(chromosome 3). In 1998, Chindamporn et al. determined the
complete sequence of the highly conserved MRS (7), showing
that it consists of a repeat unit called the RPS flanked by two
novel conserved regions, HOK and RB2 (Fig. 1). RPS is a
�2-kb conserved sequence that contains four SfiI sites and by
Southern blot analysis is found on all chromosomes except
chromosome 3 (4, 6, 14). HOK is a �8 -kb conserved sequence
that is also found on all chromosomes except chromosome 3
(7). RB2 is a �6-kb conserved sequence that is found on every
chromosome, including chromosome 3, where it apparently
exists without an RPS or HOK unit (lone RB2 subunits have
been found on chromosomes R and 5 as well) (7). Conse-
quently, Chindamporn et al. named this novel set of repeats,
consisting of one or more RPS subunits flanked by HOK and
RB2, the MRS.

The MRS occurs at least 10 times in the haploid genome of
C. albicans, amounting to about 3% of the total genomic DNA
content, yet there is no phenotype associated with this pre-
dominant genomic feature and its role in genome dynamics is
unknown. However, there are tentative links between the vari-
able karyotype of C. albicans and the MRS. Early efforts to
discover the root of the karyotypic variability in C. albicans
showed that in two strains with different karyotypes (strains
1006 and WO-1), the endonuclease SfiI produced similar re-
striction fragment length polymorphism (RFLP) patterns (8).
Chu et al. deduced that in order for the SfiI digest patterns of
strains 1006 and WO-1 to be similar despite their different
karyotypes, the translocations that produced the variant karyo-
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type of WO-1 must have occurred at or near the SfiI sites in the
MRS, implicating the MRS in reciprocal chromosomal trans-
location. Furthermore, several laboratories have shown that
alteration in the number of RPS repeats within the MRS can
alter chromosomal size, leading to homologues which are sep-
arable by pulse-field gel electrophoresis (3, 16, 29).

Although it is not known how chromosomal translocation or
RPS repeat expansion and contraction occur, karyotypic diver-
sity is not generated solely by translocations and chromosome
size polymorphism. Chromosome nondisjunction also plays a
role and, unlike translocation and size polymorphism, has been
shown to affect the phenotype of a cell directly. Nondisjunction
of specific chromosomes has been shown to be the most fre-
quent route for C. albicans to acquire the ability to grow on
sorbose medium (17, 18, 30) and can also lead to enhanced
resistance to fluconazole (27). We report here that the fre-
quency with which a homologue of chromosome 5 is lost is
directly related to the size of the MRS on that homologue.
Thus, not only does the MRS appear to be involved in all
aspects of karyotype variation in C. albicans, it also is the first
time a phenotype has been demonstrated to be MRS depen-
dent.

MATERIALS AND METHODS

Strains. The strains used in this study are listed in Table 1. DNA cassettes used
to replace the MRS (or lone RB2) were created by PCR with oligonucleotides
that contained �60 bp of homology to unique sequences on either side of the
MRS (or lone RB2) and �20 bp of URA3 sequence to drive a PCR across the
URA3 gene (Table 2). These primers were then used with their appropriate

partner in a PCR with the URA3 open reading frame as the template to create
the MRS deletion cassette (or lone RB2 deletion); 10 to 20 �g of DNA was
produced by PCR for each transformation tube. Strains were transformed with
the deletion cassette DNA according to protocols established previously (37).
The plates were incubated at 30°C for 3 days and transformant colonies were
picked and patched for colony PCR verification.

Media. Minimal sorbose medium was prepared from 0.67% (wt/vol) yeast
nitrogen base without amino acids (YNB) with 1.5% (wt/vol) agar. The YNB
agar solution was autoclaved, and a 20% L-sorbose filter-sterilized solution was
added to a final concentration of 2% L-sorbose. YEPD contains 1% yeast extract,
1% Bacto-peptone, and 2% glucose. Uridine was routinely added at 20 mg/liter.
YEPD plates contained 1.5% agar. Synthetic medium for transformations was
prepared according to Wilson et al. (37).

Pulsed-field gel electrophoresis and restriction fragment length polymor-

FIG. 1. Structure of the MRS; schematic representation of the MRS on chromosome 5. The locations of the XhoI and SfiI restriction sites are
indicated by solid arrowheads. XhoI is not located within the MRS, and there are multiple SfiI sites within each RPS subunit. The locations of
probes H6 and R7 are indicated by black boxes proximal to the HOK and RB2 subunits, respectively. The size and location of the XhoI and SfiI
invariant fragments are indicated above the representation of the MRS.

TABLE 1. Strains used in this work

Strain Relevant genotype Reference

NUM46 Wild type This work
FC18 Wild type 34
3153A Wild type 26
CAI4 (parent of strains

below)
ura3::imm434/ura3::imm434 10

3 RB2�-1 3RB2::URA3/3RB2 This work
3 RB2�-2 3RB2::URA3/3RB2 This work
5a MRS�-2 5aMRS::URA3/5�MRS This work
5a MRS�-39 5aMRS::URA3/5�MRS This work
5a MRS�-79 5aMRS::URA3/5�MRS This work
5� MRS�-4 5�MRS::URA3/5aMRS This work
5� MRS�-14 5�MRS::URA3/5aMRS This work
5� MRS�-22 5�MRS::URA3/5aMRS This work
5a MRS�/�-2 5aMRS::URA3/5aMRS::URA3 This work
5� MRS�/�-4 5�MRS::URA3/5�MRS::URA3 This work
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phism analysis. Plugs for pulsed-field gel electrophoresis containing yeast chro-
mosomal DNA were prepared as described previously (3). Chromosome sepa-
ration was carried out at 15°C in 0.5X TBE (44.5 mM Tris, 44.5 mM boric acid,
1 mM EDTA) on a Bio-Rad contour-clamped homologous electric field (CHEF)
DRIII instrument. The conditions for separation were as follows: 1% agarose
gel, 60 s to 120 s, 6 V/cm, 120° included angle for 36 h, and then 120 s to 300 s,
4.5 V/cm, 120° included angle for 12 h.

The restriction enzymes XhoI and XhoI with SfiI were used to digest the yeast
chromosomal DNA for the restriction fragment length polymorphism analysis.
The plugs containing the yeast chromosomal DNA were incubated with the
enzyme(s) at 37°C overnight. Separation of fragments was carried out as above.
The conditions for separation were as follows: 1.1% agarose gel, 3 s to 8 s, 6
V/cm, 120° included angle for 14 h, and then 8 s to 30 s, 5 V/cm, 120° included
angle for 6 h.

Southern blots and hybridization. Probes to determine the sizes of the MRS
on chromosome 5 in various strains were constructed by PCR with the primers
described in Table 2. Chromosome 5-specific MRS flanking probes H6 and R7
(corresponding to the HOK side and RB2 side, respectively) were used to probe
Southern blots of the XhoI digests of the genomic DNA of these strains. Figure
1 shows the locations of the MRS flanking probes and the XhoI restriction sites
outside the MRS. The sequences for the R7 and H6 primers were derived from
C. albicans sequence assembly 6 (http://www-sequence.stanford.edu/group/Candida
/search.html).

Probes were generated in 100-�l PCRs containing 200 mM deoxynucleoside
triphosphates (Fisher Scientific); 1 unit of Taq polymerase (Sigma, St. Louis,
Mo.); 1X PCR buffer; and 3.75 mM MgCl2. The PCR conditions were as follows:
93°C for 5 min; 29 cycles of 93°C for 45 s, 68°C ramped down to 55°C at 0.2°/s,
55°C for 30 s, and 68° for 1 min; 68°C for 10 min; and hold at 4°C.

CHEF gels were transferred onto Hybond-N� membrane (Amersham) and
hybridized with the random-primer-labeled ([32P]dCTP) probe overnight at 65°C
in hybridization buffer (1 mM EDTA, 0.25 M sodium phosphate, pH 7.2, 7%
sodium dodecyl sulfate) (Amersham). The membrane was washed twice for 10
min each at room temperature in 2� (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)SSC–0.1% sodium dodecyl sulfate (SDS); twice at 37°C in 1�
SSC–0.1% SDS; and once for 15 min at 65°C in 0.1� SSC–0.1% SDS. The
membrane was then exposed to X-Omat AR film (Eastman Kodak, Rochester,
N.Y.) for up to 2 days at �80°C.

Colony PCR. A 20-�l Pipetman tip was used to pick a small amount of cells
from a colony and resuspend them in 20 �l of colony PCR incubation solution
(1.2 M sorbitol, 100 mM sodium phosphate, pH 7.4, and 2.5 mg of yeast lytic
enzyme [ICN Biochemicals Inc., Aurora, Ohio] per ml). This solution was then

incubated at room temperature for 15 min, and 1 �l was used as the template for
the PCR; 20-�l PCRs used deoxynucleoside triphosphates (Fisher) at 200 mM;
0.4 units of Taq (Sigma); 1� PCR buffer; and MgCl2 at 3.75 mM. Thermocycler
(MJ Research PTC-200, Waltham, Mass.) conditions for PCR were as follows:
93°C for 5 min; 29 cycles of 93°C for 45 s, 68°C ramped down to 55°C at 0.2°/s,
55°C for 30 s, and 68° for 1 min; 68°C for 10 min; and hold at 4°C.

The PCR primers used to amplify the MTL loci and the primers used to verify
the deletion of the MRS are given in Table 2. The primers used to amplify the
MTLa locus were MTLa F and MTLa R, while the primers used to amplify the
MTL� locus were MTL� F and MTL� R. The primers to check the deletion of
the MRS on the 5M (HOK) side of the deletion were 5 MRS HOK� (unique 5
M sequence) and URA3 DETECT F (internal ura3 sequence). The primers to
check the deletion of the MRS on the 5I (RB2) side of the deletion were 5 MRS
RB2� (unique 5I sequence) and URA3 DETECT R (internal ura3 sequence).
The URA3 DETECT F and URA3 DETECT R primers were also used in
conjunction with 3RB2 � R and 3RB2 � F, respectively, to verify the deletion
of the lone RB2 on chromosome 3.

RESULTS

MRS size determination. There are often significant differ-
ences in the size of MRSs between pairs of homologues. In
order to determine if the size of the MRS has an effect on
chromosome maintenance, we first identified strains with sig-
nificant differences in the MRS length on the chromosome 5
homologues by CHEF gel. In strains CAI-4 and FC18, only
one band was observed in the predicted chromosome 5 posi-
tion, suggesting no large size differences between these chro-
mosome 5 homologues (Fig. 2A, lanes 3 and 4). In strains
3153A and NUM46, two bands were observed in the predicted
position of chromosome 5, suggesting a significant size differ-
ence between the chromosome 5 homologues (Fig. 2A, lanes 7
and 10).

To determine if the size differences between the chromo-
some 5 homologues observed in 3153A and NUM46 were due
to MRS size variation, genomic DNA was digested with XhoI

TABLE 2. Oligonucleotides

Name Sequence Reference

MTLa F TTGAAGCGTGAGAGGCAGGAG 23
MTLa R GTTTGGGTTCCTTCTTTCTCATTC 23
MTL�F TTCGAGTACATTCTGGTCGCG 23
MTL�R TGTAAACATCCTCAATTGTACCCGA 23

5 MRS RB2� CTATTACAAATTACACAAGCGCCTGAG This work
5 MRS HOK� GACAGAATCATCCCACCCTGACT This work

3RB2 � F CACTACGGATTCTAATAACCCAGCAC This work
3RB2 � R GACATACCCAAGACATTTAGGACGC This work

URA3 DETECT R TCACCAGTAGCACAACGAT This work
URA3 DETECT F TCCAACTCCAGGTGTCAT This work

5RB2 MRS� TTTTTAATTAACCTGTACATGATTTGGAACTGGGGCAACAGTTGTCCCTTCTCCCTGTCTAGA
AGGACCACCTTTGATTG

This work

5HOK MRS� ACCACAAATTATTAGTGGTTGTTTGCTTCATCACAACTGCATGCTTAATCCTCGCTAATGCTG
GTAAAGATTCGAACGAC

This work

3	 Chr3RB2� GGCGAATTCAAATGGATATGTTATTATTCCTTCAACTGCTCCTGCAGTTCCACCAGCTCTAG
AAGGACCACCTTTGATTG

This work

5	 Chr3RB2� CAAATCGGAAACTTCACAGGGTTATGGTTGTTGCAACCTAACGTATTTTTTGCCTAATGCTG
GTAAAGATTCGAACGAC

This work
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and probed with chromosome 5-specific MRS flanking probes
R7 and H6 (see Fig. 1). If the size difference between the
chromosome 5 homologues is due to the MRSs, then Southern
blot hybridizations with the R7 or H6 probe of XhoI-digested
genomic DNA will yield two bands, one for each homologue.
Furthermore, the size difference between these two bands is an
estimate of the size difference between the two MRSs and

should be comparable to the size difference deduced from the
CHEF gel.

Strain CAI-4 had one band of �86 kb following Southern
blot hybridization with probe R7, suggesting that the MRSs of
the chromosome 5 homologues are of similar size (Fig. 2b, lane
1). Strains 3153A and NUM46 both revealed two bands (84 kb
and 50 kb; 126 kb and 50 kb, respectively), suggesting that the

FIG. 2. (A) CHEF gel of various strains run under conditions to enhance separation of chromosome 5 homologues. Lane 3, strain CAI4
MTLa/�; lane 4, FC18 MTLa/�; lane 5, FC18 MTLa; lane 6, FC18 MTL�; lane 7, 3153A MTLa/�; lane 8, 3153A MTLa; lane 9, 3153A MTL�; lane
10, NUM46 MTLa/�; lane 11, NUM46 MTLa; lane 12, NUM46 MTL�. The locations of the various chromosome 5 homologues are indicated on
the right. Karyotypes of Saccharomyces cerevisiae (lane 1) and Hansenula wingeii (lane 2) are included as size standards, with relevant sizes shown
on the left. (B) XhoI and XhoI/SfiI Southern blot analysis. Southern blot hybridization zprobe R7 of XhoI (lanes 1 to 10) and XhoI/SfiI (lanes
11 to 20) restriction enzyme digests of genomic DNA from strains CAI4 MTLa/a (lanes 1 and 11), FC18 MTLa/a (lanes 2 and 12), FC18 MTLa
(lanes 3 and 13), FC18 MTLa (lanes 4 and 14), 3153A MTLa/a (lanes 5 and 15), 3153A MTLa (lanes 6 and 16), 3153A MTLa (lanes 7 and 17),
NUM46 MTLa/� (lanes 8 and 18), NUM46 MTLa (lanes 9 and 19), and NUM46 MTLa (lanes 10 and 20). The figure is a composite image from
three experiments.
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MRSs of the chromosome 5 homologues in these two strains
are of different sizes (Fig. 2b, lanes 5 and 8). Similar results
were observed with the H6 probe (data not shown). The size
difference between the MRS alleles in strain 3153A was �34
kb and in strain NUM46 was �76 kb. These results are similar
to the size differences inferred from the CHEF gel (�40 kb for
strain 3153A and �80 kb for strain NUM46), suggesting that
the size difference between the chromosome 5 homologues is
primarily due to size variation in the MRS.

Finally, strain FC18, which had one chromosome 5 band by
CHEF gel (Fig. 2a, lane 4), revealed two bands (100 kb and 84
kb) after hybridization with probe R7 (Fig. 2b, lane 2). The size
difference between the MRS alleles in strain FC18 was �16 kb.
It is possible that this size difference cannot be readily resolved
by CHEF gel under the conditions used; however, since we
could readily detect a �36-kb size difference between chromo-
some 5 homologues, it is possible that other variations occur
within the chromosome 5 homologues that compensate for the
difference at the MRS in strain FC18. Thus, we have identified
three C. albicans strains whose chromosome 5 homologues
have different-sized MRSs.

We next asked if the size difference between the MRS alleles
of chromosome 5 is due to variation in the number of RPS
subunits. To address this possibility, genomic DNA was di-
gested with XhoI, which cuts at sites flanking the MRS, and
SfiI, which cuts within the RPS subunit, and analyzed it by
Southern blot hybridization with the R7 or H6 probe. If the
size difference between MRS alleles is due to variation in the
number of RPS subunits, then XhoI and SfiI digestion should
yield identical bands when probed with R7 or H6 DNA. How-
ever, if the size difference is due to variation between the RB2
and/or HOK sequences or in flanking sequences between the
MRS and the XhoI cut site, then XhoI and SfiI digestion
should yield two distinct bands when probed with R7 and/or
H6 DNA. In strains CAI-4, 3153A, NUM46, and FC18, South-
ern blot hybridization of XhoI- and SfiI-digested genomic
DNA probed with R7 revealed a single band of �38 kb (Fig.
2b, lanes 11 to 20). Similar results were observed with the H6
probe and revealed an invariant band of �10 kb (data not
shown). These results demonstrate that the size difference ob-
served between XhoI fragments in strains 3153A, NUM46, and
FC18 is due to variability in the number of RPS subunits within
the MRS.

An individual RPS subunit is �2 kb, and the invariant XhoI
fragments containing RB2 and HOK are a total of �48 kb (Fig.
1). Thus, we can estimate the number of RPS subunits and
infer the approximate size of the MRS. For example, in strain
CAI-4, XhoI digestion yields a band of �86 kb. Since the
invariant fragments total �48 kb, the size of the RPS region is
38 kb; thus, there are (38 kb/2 kb) 19 RPS repeats. Since HOK
is 8 kb and RB2 is 6 kb, the size of the MRS in CAI-4 is 52 kb.
We used this approach to estimate the sizes of the chromo-
some 5 MRSs in strains CAI-4, 3153A, NUM46, and FC18
(Table 3).

MRS sequences are not essential for chromosome stability.
Since all but one chromosome contains an intact MRS se-
quence and the remaining chromosome contains a portion of
the MRS, we predicted that MRS sequences have an essential
function in C. albicans chromosome biology. To test this hy-
pothesis, we attempted to delete the MRS from chromosome

5 (Fig. 3a) and the lone RB2 from chromosome 3. The chro-
mosome 5 MRS and chromosome 3 RB2 were deleted in strain
CAI-4 with the PCR product-targeted gene disruption ap-
proach (37). Correct integration at the MRS locus was deter-
mined by PCR, with primers that bind within the URA3 gene
and that bind unique sequences outside the site of interest
(Fig. 3a, lanes 3 to 10). Furthermore, CHEF gel analysis of the
MRS� deletion strains revealed a wild-type copy of chromo-
some 5 and a new band below chromosome 5 of �1.32 Mb, the
predicted size for a chromosome 5 lacking a �50-kb MRS (Fig.
3b). Correct integration at the RB2 locus was determined via
the PCR, with primers that flank the RB2 locus, which allows
both the wild-type and deleted alleles to be assessed simulta-
neously (Fig. 3a, lanes 12 and 13). Thus, the MRS of chromo-
some 5 and the lone RB2 sequence of chromosome 3 could be
deleted, suggesting that these elements are not essential for the
propagation of a given chromosome.

While the presence of MRS sequences on every chromo-
some is not essential, we considered the possibility that the
MRS is only required on one of the two homologues. Thus, in
the heterozygous MRS� and RB2� strains, the presence of a
wild-type sequence on the sister homologue is sufficient for
chromosome maintenance. To test this idea, we plated the
chromosome 5 MRS� heterozygous strains on sorbose me-
dium plus uridine to select for loss of one homologue of chro-
mosome 5 (18). We were able to recover sorbose-positive
Ura� isolates that had lost the MRS-containing homologue
from independent MRS� heterozygous strains, suggesting that
an MRS is not essential for chromosome 5 maintenance.

The heteroallelic MTL locus is located on chromosome 5
�350 kb from the MRS. We used this property to identify
sorbose-positive isolates that had lost all or part of one homo-
logue of chromosome 5. Sorbose-positive colonies were
screened with MTLa and MTL�-specific primers to determine
if these isolates had lost one allele of the MTL. In most cases,
sorbose-positive Ura� colonies had a single MTL allele. The
remaining sorbose-positive isolates retained their heteroallelic
MTL and had acquired the ability to utilize sorbose by some
other means, perhaps by the loss of chromosome 1 (33). CHEF
gel analysis revealed that tested homoallelic-MTL sorbose-
positive colonies had in fact lost one homologue of chromo-
some 5 (Fig. 3b, lanes 8 and 9, for example). Furthermore,
from independent MRS� heterozygotes, we identified isolates
in which the MRS� was linked to the MTLa locus (strains 5a
MRS�-2, 5a MRS�-39, and 5a MRS�-79) and isolates in
which the MRS� was linked to the MTL� locus (strains 5�
MRS�-4, 5� MRS�-14, and 5� MRS�-22). These results dem-
onstrate that the MRS� sorbose-positive isolates have lost
much if not all of a chromosome 5 homologue.

We next allowed these MRS� sorbose-positive strains to
regenerate a diploid chromosome 5. Strains 5a MRS�-2 and
5� MRS�-4 were plated on YEPD, which promotes redupli-
cation of the chromosome 5 homologue (19) and resulted in
strains 5a MRS�/�-2 and 5� MRS�/�-4 (Table 1). Neither the
heterozygous (MRS�/MRS) nor the homozygous (MRS�/
MRS�) MRS� strain showed obvious phenotypic differences
from the parent strain CAI-4, including colony size, morphol-
ogy, filamentation, and opaque development (data not shown).
These results strongly suggest that the MRS or MRS se-
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quences do not play an essential role in the replication or
segregation of chromosomes.

Effect of MRS size difference on chromosome loss. To de-
termine if the size of the MRS affects chromosome loss, strains
CAI4, FC18, 3153A and NUM46 were grown overnight in
YEPD with uridine liquid cultures and plated on medium
containing sorbose as the sole carbon source to select for the
loss of one chromosome 5 homologue. Each experiment is the
result of plating from several different precultures, and each
preculture gave the same overall result. Thus, although each
sorbose-resistant colony is not from an individual experiment,
they are from several different precultures and thus many must
be independent.

As with the MRS� sorbose-positive colonies, most sorbose-
positive colonies from these strains had a single MTL allele by
PCR analysis. CHEF gel analysis revealed that tested homoal-
lelic-MTL sorbose-positive colonies had in fact lost one homo-
logue of chromosome 5 in strains where chromosome 5 homo-
logues could be differentiated (Fig. 2a, lanes 7 to 12, for
example). These results demonstrate that in strains 3153A and
NUM46, sorbose utilization occurs primarily by loss of chro-
mosome 5. In strain FC18, in which the chromosome 5 homo-
logues could not be differentiated on a CHEF gel, the coinci-
dent loss of an MTL locus and loss of one MRS-containing
XhoI band (Fig. 2b, lanes 2 to 4) demonstrated that in this
strain, sorbose utilization also occurs primarily by loss of a
chromosome 5 homologue.

We were then able to determine which MTL allele (a or �)
was linked to the MRS allele found in the XhoI digest. In
strain CAI4, which has indistinguishable chromosome 5 MRS
alleles, sorbose-positive colonies that were either MTLa or
MTL� were recovered at the same frequency (P 
 0.92, Table
3). In strains FC18, 3153A, and NUM46, which have differently
sized chromosome 5 MRS alleles, sorbose-positive colonies
showed a bias towards either MTLa or MTL� (P � 0.02, Table

FIG. 3. (A) MRS and lone RB2 deletion verification by PCR. PCR
verification of the deletion of the MRS from chromosome 5 (lanes 3 to
10) and the lone RB2 from chromosome 3 (lanes 12 to 13). Lanes 2
and 11 were run with DNA from CAI4 and serve as a negative control.
i. Lanes 2 to 10 show the PCR with primers 5 MRS HOK� and URA3
DETECT F. Lanes 11 to 13 show the reaction with 3RB2 � F and
URA3 DETECT F. The presence of a 1.9-kb band (lanes 2 to 10) or
a 1.7-kb band (11 to 13) indicates proper integration of the deletion
cassette on one side. PCR was run with DNA from strains 5a MRS�-2
(lane 3), 5� MRS�-4 (lane 4), 5� MRS�-14 (lane 5), 5� MRS�-22
(lane 6), 5a MRS�-39 (lane 7), 5a MRS�-79 (lane 8), 5a MRS�/�-2
(lane 9), 5� MRS�/�-4 (lane 10), 3 RB2�-1 (lane 12), and 3 RB2�-
2(lane 13). Lanes 1 and 14 contained size markers, and the sizes of
relevant bands are shown at the right. ii. PCR with primers 5 MRS
RB2� (lanes 2 to 10), 3RB2 � R (lanes 11 to 13), and URA3
DETECT R (lanes 2 to 13). The presence of a 1.0-kb (lanes 2 to 10)
or a 1.2-kb (11 to 13) band indicates proper integration of the deletion
cassette on the opposite side. iii. PCR with primers 5 MRS HOK�
and 5 MRS RB2� (lanes 2 to 10) or 3RB2 � F and 3RB2 � R (11
to 14). The presence of a 2.2-kb band indicates proper integration of
the deletion cassette on both sides. Due to the small size of the lone
RB2 on chromosome 3, the flanking deletion detection primers also
produce a 3.6-kb product across the intact lone RB2, and this band

TABLE 3. MRS effect on segregation bias

Allele
% Frequency of loss (MRS size, kb)

CAI4 FC18 3153A NUM46

MTLa 51 (52) 74 (66) 64 (50) 20 (16)
MTL� 49 (52) 26 (50) 36 (16) 80 (92)
No. of colonies

screened
81 87 64 104

P 0.92 �1.00E-04 2.00E-02 �1.00E-04

shows up in both CAI4 and the three RB2 heterozygous deletion
strains where one chromosome still contains an intact lone RB2. (B)
MRS deletion verification by CHEF gel; CHEF gel of the chromosome
5 MRS deletion. Strains CAI4 (lanes 1 and 10), 5a MRS�-2 (lane 2),
5� MRS�-4 (lane 3), 5� MRS�-14 (lane 4), 5� MRS�-22 (lane 5), 5a
MRS�-39 (lane 6), 5a MRS�-79 (lane 7), 5a MRS�/�-2 (lane 8), and
5� MRS�/�-4 (lane 9) are shown. In each of the heterozygous MRS
deletion strains (lanes 2 to 7), one chromosome 5 homologue has
decreased in size equivalent to the size of the deleted MRS. The
homozygous MRS deletion strains (lanes 8 and 9) show the same
decrease in both chromosome 5 homologues. Chromosomes 5, 6, and
7 are indicated on the right, with relevant sizes indicated on the left.
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3). Furthermore, in all three strains, the chromosome 5 homo-
logue with the smaller MRS allele was preferentially retained.

In strain FC18, the MRS on the MTLa homologue is �16 kb
larger than the MRS on the MTL� homologue, and the larger
homologue was lost in 74% of the sorbose positive colonies. In
strain 3153A, the MRS on the MTLa homologue is �36 kb
larger than the MRS on the MTLa homologue, and the larger
homologue was lost in 64% of the sorbose-positive colonies.
This chromosome loss bias does not appear to be due to the
MTL allele, because in strain NUM46, the MRS on the MTL�
homologue is �66 kb larger than the MRS on the MTLa
homologue and the larger homologue was lost in 80% of the
sorbose-positive colonies. Thus, the chromosome 5 homologue
with the smaller MRS appeared more frequently in the sor-
bose-positive progeny than the homologue with the larger
MRS. This result implies that chromosomes that contain a
larger MRS than their homologue are lost at a higher rate.

We considered the possibility that the MRS is not contrib-
uting to this chromosome loss bias. For example, another het-
erozygous locus could exist on chromosome 5, and one allele of
this locus could contribute to the chromosome loss bias inde-
pendent of the MRS. In strains FC18, 3153A, and NUM46, this
allele could fortuitously be on the homologue with the larger
MRS (a 1 in 8 chance for all three strains). To address this
possibility, we analyzed our CAI-4 heterozygous MRS� strains
for a chromosome loss bias. We have isolates which contain a
deletion of the MRS on the MTLa homologue and isogenic
isolates which contain a deletion of the MRS on the MTL�
homologue. Since we did not observe a chromosome loss bias
in CAI-4 (Table 3), this hypothetical locus should be homozy-
gous in this strain. Then, if the chromosome loss bias observed
in FC18, 3153A, and NUM46 is due to a heteroallelic locus, we
do not expect to observe a chromosome loss bias in the various
MRS� isolates derived from CAI4.

The heterozygous MRS� strains were plated on sorbose,
and colonies were assayed via PCR to determine which MTL
locus was retained (Table 4). In every strain, the chromosome
5 homologue which still contained an MRS was lost more often
(P � 0.04). These results could be due to selection for aneu-
ploid strains carrying the URA3 marker on the MRS� homo-
logue if the chromosome 5 loss event is occurring in the initial
YPD culture prior to sorbose plating. However, the majority of
colonies that arise on sorbose are thought to undergo the
chromosome 5 loss event after some time on the plate (17) and
thus would not be subject to this bias. Therefore, these MRS�
results, taken together with the results of the analysis of natural
isolates with MRS size differences, support the idea that the
size of the MRS plays a large role in the frequency with which
a chromosome homologue is likely to be lost.

DISCUSSION

The MRS is an intriguing feature of the C. albicans genome,
in part because it has no known homologues in the eukaryotic
world. In this study, we have found that the MRS plays a role
(whose mechanism is presently unknown) in the proper main-
tenance of chromosomes. This effect on chromosome stability
is dependent on the size of an MRS allele; the larger the MRS
allele, the higher the likelihood of loss of that homologue. The
analysis of naturally occurring disparities in the size of the
MRS on chromosome homologues showed a preferential ap-
pearance of the smaller MRS in the monosomic progeny se-
lected on sorbose. Although the MRS on chromosome 5 in
CAI-4 is approximately 52 kb, we were still able to delete it
with our standard methods.

This is the first report of deletion of a sequence of that size
by oligonucleotide-mediated gene disruption. When one MRS
was eliminated entirely by gene replacement, the segregation
ratio continued to be in favor of the appearance of the homo-
logue bearing the smaller (or absent) MRS. The ratio of mono-
somic strains in all the experiments did not appear to be a
function of the size difference between the two MRSs, but it
did seem to be associated with the absolute size of the remain-
ing MRS (Tables 3 and 4). Thus, the 52-kb MRS of the delet-
ants was lost at about the same frequency (60 to 61%) as the
50-kb MRS of 3153A (64%). In the first case, the homologue
preferentially appearing had an MRS of 0 kb, while in the
second it was 16 kb. Similarly, the 66-kb MRS of FC18 was lost
74% of the time, while the 92-kb MRS of NUM46 was lost
80% of the time.

There are several possible explanations for the association of
MRS size with chromosome loss. The MRS could be a pre-
ferred site for cohesin binding, making sister chromatids with
larger sequences late in separating, leading to nondisjunction.
Cohesin appears not to have a sequence preference for bind-
ing, but cohesin sites appear to be incompatible with transcrip-
tion (12). This would predict that the areas of the chromo-
somes including the MRS would lag during normal mitosis. In
the only study done looking at the MRS in mitosis, Chibana
and Tanaka (5), using fluorescence in situ hybridization to the
repeated RPS subunit, found that the MRS appeared to sep-
arate in an asynchronous manner throughout anaphase. Thus,
while the separation of MRSs occurs both early and late, it is
possible that the larger MRSs may be the late-separating ones,
accounting for the variability seen in the times of separation in
the fluorescence in situ hybridization experiment.

The general (but not absolute) sequence conservation of the
MRS (4, 7) and its high frequency of appearance within the
genome speak to the importance of the MRS, yet its absence

TABLE 4. MRS deletion effect on segregation bias

Allele

% Frequency of loss (MRS size, kb)

CAI4 5 MRSa�4 5 MRSa�14 5 MRSa�22 Summary for
5 MRSa�

5 MRS��2 5 MRS��39 5 MRS��79 Summary for
5 MRS��

MTLa 49 (52) 33 (0) 37 (0) 42 (0) 40 (0) 63 (52) 67 (52) 57 (52) 61 (52)
MTL� 51 (52) 67 (52) 63 (52) 58 (52) 60 (52) 37 (0) 33 (0) 43 (0) 39 (0)
No. of colonies

screened
81 89 104 259 452 158 81 229 468

P 0.92 6.00E-03 1.00E-02 1.00E-02 1.40E-05 8.00E-04 3.00E-03 4.00E-02 1.70E-05
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from chromosome 3 and the results of the deletion experi-
ments in this paper clearly demonstrate that it is not an essen-
tial part of C. albicans chromosomes. The concept of genetic
drift implies that random base pair changes should become
fixed in DNA that is not performing a function and should
result in a loss of conservation of that genomic locus over time.
C. albicans is thought to exist mainly as a clonal population (13,
21, 22), in which unselected random changes should accumu-
late rapidly, and divergence of nonfunctional DNA should be
seen in different lineages of the species. However, such diver-
gence does not seem to be occurring in the MRS, as it is
conserved not only within the genome of a single strain but also
among the different strains of C. albicans that we have ana-
lyzed.

What important function, then, could the MRS be fulfilling
for C. albicans? The nonessential nature of the lone RB2
subunit on chromosome 3 and the complete MRS on chromo-
some 5 seems to negate the possibility that the MRS has a
centromeric role, and indeed, the centromeres have been
shown to be localized in unique regions of the chromosomes
(32). However, here we show evidence for a possible role of the
MRS in adaptation of C. albicans to its many growth niches.
Chromosome nondisjunction leading to aneuploidy can affect
cell phenotype, as shown by selection for L-sorbose utilization,
D-arabinose utilization, or fluconazole resistance (17, 18, 27,
30, 31), and we have shown that a large MRS increases the
frequency of loss of a chromosome homologue after growth on
sorbose. Perhaps strains that have large MRS alleles on ho-
mologous chromosomes are more readily able to undergo ben-
eficial mitotic nondisjunction events and adapt more rapidly to
a new environment. Strains that have smaller MRS alleles or
nonfunctional MRS alleles may then be at a disadvantage, as
they would not be able to adapt as quickly as the large-MRS
strain and may be at a competitive disadvantage in that niche.

Previous research has shown that the MRS is a preferred site
for translocations between heterologous chromosomes (3, 8)
and that translocations can alter the phenotype of the resultant
cell (30, 36). The control of the translocation process is not
understood, and most translocations seem to occur either dur-
ing growth in the host or when induced by chromosome dam-
age in vitro (15). If the MRS is the location for translocations
between heterologous chromosomes, as the data would sug-
gest, it may also play a role in translocations between homol-
ogous chromosomes via mitotic recombination. Although
heterologous translocations are difficult to detect in a high-
throughput manner, it is possible to study the mitotic recom-
bination rate across the MRS under a variety of conditions.
Research on the effect of the MRS on mitotic recombination is
ongoing.

If the translocations occur exactly within the MRS, then
there is no clear explanation as to how this can affect the
resultant phenotype of the cell unless the MRS exerts tran-
scriptional control on genes located near it. A role in silencing
of proximal genes would not be unusual for a genetic structure
such as the MRS. Large repeat regions in eukaryotes are often
heterochromatic in nature, and heterochromatin frequently
exerts an inhibitory transcriptional effect on adjacent genes (9)
Interestingly, while there is no obvious homologue of the MRS
in eukaryotes, limited structural but not sequence homology to
the MRS is found in the human D4Z4 repeat system, which is

known to have an inhibitory effect on transcription (11). The
D4Z4 repeat consists of 3.3-kb subunits with 11 to 150 repeats
per structure, compared to �2-kb RPS subunits with 1 to 50
repeats per MRS. The base subunit of the D4Z4 repeat also
contains a highly conserved 27-bp sequence that is a binding
site for a transcriptional repression complex, while similarly,
each RPS subunit of an MRS contains four to five highly
conserved 29-bp sequences that have no known function. Thus,
the function of the D4Z4 repeat is the inhibition of transcrip-
tion of genes that are up to 3 Mb away from the repeat, with
the extent of the inhibition being dependent on the number of
repeats. The MRS may have a similar effect on nearby genes,
and this effect may be dependent on MRS size (RPS number)
as well. Experiments are under way to study the expression of
genes located up to 50 kb proximal to the MRS in strains CAI4
and in the MRS deletion strains created in this study.

The MRS remains a cryptic structure within the genome of
C. albicans; it has tantalizing connections to essential functions
and chromosome dynamics, yet is clearly not essential to the
chromosome. We have shown in this paper that while neither
the MRS nor the lone RB2 is necessary for chromosome main-
tenance and function in vitro, the MRS does have an effect on
chromosome mitotic nondisjunction. Further work will be re-
quired to determine how this effect is mediated and whether
the MRS has any other phenotypic effects.
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