
Evidence for Mating of the 
"Asexual" Yeast Candida 

albicans in a Mammalian Host 

that are responsible for the S. cerevisiae sex-
ual cycle. The two types of mating cells (a 
and a )  are typically haploid and cany differ-
ent genetic information at the MAT locus: a 
cells cany MATa, and a cells cany MATa. 
MATa codes for a single regulatory protein 
(the homeodomain protein al),  and MATa 
codes for two proteins (the homeodomain 

Christina M. Hull,* Ryan M. Raisner,* Alexander D. Johnson? protein a 2  and the alpha domain protein a l ) .  
Mating between an a cell and an a cell forms 

Since its classification nearly 80 years ago, the human pathogen Candida the a/; cell, which is usually diploid, carries 
albicans has been designated as an asexualyeast. Inthis report, we describethe both MATa and MATa, and is capable of 
construction of C. albicans strains that were subtly altered at the mating- undergoing meiosis and spore formation. 
type-like (MTL) locus, a cluster of genes that resembles the mating-type loci We recently described a mating-type-like 
of other fungi. These derivatives were capable of mating after inoculation into (MTL) locus in C. albicans (Fig. 1) that. re-
a mammalian host. C. albicans is a diploid organism, but most of the mating sembles the mating-type (MAT) locus of the 
products isolatedfrom a mouse host were tetrasomic for the two chromosomes sexually reproducing yeast S. cerevisiae in 
that could be rigorously monitored and, overall, exhibited substantially higher two important respects: First, it encodes pro-
than 2n DNA content.-~heseobservations demonstrated that C. albicans~can teins similar to the three transcriptional reg-
recombine sexually. ulators encoded by MAT (al,  a l ,  and a2), 

The yeast Candida albicans is found as a 
commensal organism in the digestive tract of 
mammals. It is also the most common human 
fungal pathogen, causing both mucosal and 
systemic infections, particularly in immuno-
compromised people (I). C. albicans, a dip-
loid yeast, has been classified as asexual be-
cause no direct observation of mating or mei-
osis has been reported. Population studies of 
C. albicans indicate that some low level ge-
netic exchange may occur (2), but there is no 
conclusive evidence for recent sexual recom-

Sexual reproduction in fungi is typically 
controlled by genes that reside in a specified 
genetic locus called a mating-type, or MAT, 
locus. Two features distinguish this locus 
from other portions of the genome. First, in 
diploid cells, the MAT locus is usually het-
erozygous; it codes for different (but usually 
related) genes on each of the two homologous 
chromosomes. Second, the genes encoded by 
the MAT locus of different fungi generally 
fall into three specific categories: DNA bind-
ing proteins that regulate the expression of 

and second, it is heterozygous in the diploid 
laboratory strain of C. albicans that we ana-
lyzed (SC5314), with an al-like gene carried 
on one chromosome and a l - and a2-like 
genes camed on the other. Other similarities 
in the arrangement of the genes, the positions 
of introns, and the function of the a1 protein 
(it is a transcriptional repressor in both organ-
isms) further support a close connection be-
tween the MTL locus of C. albicans and the 
MAT locus of S. cerevisiae (15). 

Like its counterpart in S. cerevisiae, the 
MTL locus could regulate a sexual cycle in C. 

bination (3-5). The apparent absence of sex- sexual cycle genes, structural genes that code albicans. If the analogy between the MTL locus 
ual reproduction in C. albicans is especially for mating pheromones, and structural genes in C. albicans and the MAT locus of S. cerevi-
intriguing because its relatives in the budding that code for mating pheromone receptors siae holds, then the SC5314laboratorystrain of 
yeast family (e.g., Saccharomyces cerevisiae (10-13). C. albicans would be an ala strain and would 
and Kluyveromyces lactis) have retained sex- The genes in the MAT locus of the sexu- not be expected to mate. To test the hypothesis 
ual cycles. In fact, sexual reproduction is ally reproducing yeast S. cerevisiae have that C. albicans has the inherent capacity to 
common throughout the fungal kingdom, been well characterized (11, 14). They en- mate, we genetically altered an SC5314 deriv-
ranging from yeasts to mushrooms. code three transcriptional regulatory proteins ative (CAI4) to create two types of "a" strains 

Although mating and meiosis have not 
been observed for C. albicans, homologs of 
genes that function in both mating [e.g., 
GPAl (6), STE20 (7), and STE6 (8)] and 
meiosis [e.g., DMCl (9)] in S. cerevisiae 
have been identified in C. albicans. These 
genes are intact and code for well-conserved 
proteins, and several have been shown to 
complement S. cerevisiae mutants. The full 
range of the functions of these gene products 
in C. albicans has not been determined, but 
their presence suggests that C. albicans has 
a cryptic sexual cycle or that C. albicans 
lacks a sexual cycle and these conserved 
gene products have been coopted for dif-

that, together with other proteins encoded and two types of "a" strains. For the a strains, 
elsewhere in the genome, control the tran- either the entire MTLa locus was deleted from 
scription of many target genes. The patterns CAI4 (to give an MTLdmtlaA strain) or only 
of expression of these target genes give rise the a1 and a 2  genes were deleted (to give an 
to three distinct types of cells (a, a ,  and ala) MTLa/mtlalmtla2 strain). Likewise, a strains 
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sity of California, Sari Francisco, Sari Francisco, CA Fig. 1. Features of the C. albicans mating-type-like (MTL) locus (75). The C. albicans MTL locus 
94143. USA. contains open readingframes for nine proteinsfrom four families of proteins: three gene regulatory 
*These authors contributed equally to  this work. proteins (al,a l ,  and aZ), two phosphatidylinositolkinases (PIK),two oxysterol-bindingproteinlike 
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were constructed either by deleting the entire 
MTLa locus (mtlaAlMTLa) or by deleting only 
the a 1  gene (mtlallMTLa) (15,16). In addition, 
ade2/ade2 (AdePUra+) and ura3/ura3 
(Ade+UraP) derivatives of these strains were 
constructed to allow successful mating events 
to be detected by selecting for cells with the 
ability to grow on media lacking adenine and 
uracil (Ade+Ura+ prototrophs) (16). 

To test for mating, we mixed various strains 
as outlined in Fig. 2A. In addition to mixtures 
that contained putative mating pairs (an a strain 
and an a strain), we also included pairs that 
would not be expected to mate, for example, an 
MTLa/MTLa ura3/ura3 and an MTLa/MTLa 
ade2/ade2 (mix 1, Fig. 2A). Because mammals 
are natural hosts for C. albicans, we introduced 
the combinations of strains into mice through 

Fig. 2. (A) MTL config- A 
Ade- Ura+ urations of strains used -- AdsUra- 

in test mating experi- 
ments. Strains contain- 
ing different deletions 1 - e 
at the MTL locus were ccdct" + izn-ml- 
mixed together and 

"dct" 

tested for mating in a 
mouse tail vein model. 
The MTLa and MTLa * 
configurations for the LC,., I? “I,P 

different mutants are 
represented schemati- 
cally for each of three 
different injection mix- 
es labeled 1 though 3. 3 "a" + "a" 

- 
Each MTL configuration 
has been labeled "a" 

- - - or "a" to  indicate the "a" =$$=I- 
analogous behavior of 
a similarly modified 
diploid in 5. cerevisiae. 
Mix 1, intact MTL Ade- B 
+ intact MTL Ura-; mix o o o 
2, mtla 7 deletion Ade- 

0 :L " CI) 

+ mtla7mtlaZ dele- rn tion Ura-; mix 3, E + 
3 

C 
mtlaA Ade-, mtlaA 3 8 0 
Ade- + mtlaA Ura-, ' u 

mtlaA Ade- (79). (B) Sytox 1000 Sytox 1000 Sytox 1000 
FACS analysis of pro- 
totrophs. Strains were ' l a  (Ade-) 3-4 3-6 
analyzed by fluores- 
cence-activated cell scan for DNA fluorescence. The x axis of each graph (Sytox) represents a 
logarithmic scale of fluorescence, and they axis (counts) represents a Linear scale of cell number. 
In each case, the control strain (CA14) is in black, and the test strain is in gray. The first graph [ala 
(Ade-)] shows an overlay of an Ade- MTLa/MTLa strain over the Ura- MTLa/MTLa strain (CA14). 
The mtlal  and mtla7a2 starting strains gave similar profiles (78). The graphs labeled 3-4 and 3-6 
show profiles for two of eighteen prototrophs tested and represent the majority of the FACS profiles, 
showing an increase in fluorescence that is consistent with an increase in DNA content (27). 

Fig. 3. Southern blot 
confirming the pres- a\*a 
ence of three or more $ 5  Or'$\ &pa&' $#\* 
alleles of MTL in the 

a, 
conjugant strains. C c~$*~8~w~&&$c~T~~3t9>t9~x 
albicans genomic DNA r w: MTLa was isolated from con- ! MTLa 
jugants and subjected 
to restriction enzyme , - - * mtla lmt la2 
digestion before elec- t 
trophoresis. Lane 1, 
marker lane; lane 2, Y 
MTLa/MTLa ura3/ura3 1 
auxotroph; lane 3, !.* , rr t mtlaA and mtlaA 
MTLaIMTLa ade2/adeZ t mtlal  

auxotroph; lane 41 1 ' 2 3 4 5 6 7 8 9 10 11 12 131415 16 
mtlaAlMTLa adeZ/adeZ 
auxotroph; lane 5. MTLa/mtlaA ura3/ura3 2; lane 6, prototrophic conjugant from mating test 3 of 
Fig. 2A; lane 7, mtlal/MTLa adeZ/adeZ auxotroph; lane 8, MTLa/mtlalmtla2 ura3/ura3 auxotroph; 
lane 9, prototrophic conjugant from mating test mix 2 of Fig. 2A showing the presence of three 
configurations of MTL; lanes 10 to  16, prototrophic conjugants from mating test 2 of Fig. 2A 
showing the presence of four configurations of MTL. See (25) for details. 

tail vein injection (17). Pilot experiments had 
revealed that, after injection, the ade2/ade2 
strains persisted in mice at substantially lower 
levels than did the ura3/ura3 strains (18). To 
compensate for this difference, we injected 
three times as many ade2/ade2 cells as ura3/ 
ura3 cells for each test mating. Twenty-four 
hours after injection, the mice were euthanized, 
the kidneys were removed and homogenized, 
and the mixture was plated on various media. 
For all the test matings, about lo3 C. albicans 
colonies per kidney formed on rich medium, 
conditions under which all the starting strains 
readily grow. On medium lacking adenine and 
uracil, we recovered 44 colonies from the a 't 
a mix (MTLa/mtlalmtla2 + mtlal/MTLa) 
(mix 2 of Fig. 2A), one colony from the mixture 
containing the a and a locus deletion strains 
(mtlaA + mtlaA) (mix 3 of Fig. 2A), and no 
colonies from the control mix (mix 1 of Fig. 
2A). Additional test matings revealed similar 
results (19). Other experiments showed that 
prototrophs did not appear when comparable 
titers of the starting strains were simply mixed 
together and incubated on various types of lab- 
oratory media and then plated to selective me- 
dium (20). 

After the Ade+Uraf phenotype of the pro- 
totrophs was confirmed by purifying for single 
colonies on selective medium, they were sub- 
jected to several tests. In a representative sam- 
ple, treatment with serum elicited rapid germ 
tube formation, indicating that the prototrophs 
were indeed C. albicans (18). Fluorescence- 
activated cell sorting (FACS) analysis suggest- 
ed that cells from most of the colonies tested 
(12 of 15) had substantially increased DNA 
content compared with that of the starting 
strains (Fig. 2B) (21). DAPI (4',6'-diamidino- 
2-phenylindole) staining showed the presence 
of a single nucleus in the cells of all of the 
prototrophs (21). 

We next determined whether the Dro- 
totrophs carried genetic markers derived from 
both parents. For the MTLdmtlalmtla2 X 
mtlal/MTLa cross (mix 2 of Fig. 2A), all four 
alleles of MTL were distinguishable, two 
from each starting strain (22). Southern anal- 
ysis (23) of 16 of the prototrophs recovered 
from this experiment revealed that 12 strains 
carried all four alleles of MTL [MTLdrntlaI/ 
MTLdrntlalrntla2 (Fig. 3, examples shown in 
lanes 10 through 16)] and four strains carried 
three alleles of MTL (Fig. 3, example shown 
in lane 9). These four strains represent three 
of the four possible MTL locus combinations 
(MTLa/mtla/MTLa, MTMrntldmtla, and 
MTLdMTLdrntla). The starting strains each 
carried only one version of MTLa and one 
version of MTLa (Fig. 3, lanes 7 and 8); 
hence, all the prototrophs contained genetic 
information from both of the parent strains, 
and we will hereafter refer to them as conju- 
gants. "Wild" strains of Candida could not - 
have confounded this analysis because two of 
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the MTL alleles in this experiment (one from 
each starting strain) were created for use in 
this experiment and do not exist outside the 
laboratory. 

The strain recovered from the MTL locus 
deletion experiment (mix 3 of Fig. 2A) was 
also analyzed and found to carry MTLa, 
MTLa, and at least one mtl deletion. (DNA 
restriction fragments for the mtla deletion and 
the mtla deletion are identical in size and 
could not be distinguished in this experi- 
ment.) Again, because none of the starting 
strains in this test mix carried both MTLa and 
MTLa (Fig. 3, lanes 4 and 5). We can con- 
clude that the conjugant carried genetic infor- 
mation from each parent. Moreover, although 
there was a mixture of several different 
strains injected in this experiment (mix 3 of 
Fig. 2A), the conjugant must have formed 
from one a parent and one a parent. 

The same type of marker analysis was per- 
formed on the conjugants for the ADE2 locus, 
which is located on a different chromosome 
from that of MTL (24).  Of the four ADE2 
alleles that entered the host, three can be unam- 
biguously identified: The two ade2 disruptions 
can be distinguished from each other and from 
the intact ADE2 alleles, but the two intact 
ADE2 alleles are indistinguishable (22). South- 
em analysis indicated that all of the conjugant 
strains carried all three of the distinguishable 
alleles of ADE2 (examples shown in Fig. 4); 
moreover, the normalized ratio of the signal of 
the intact ADE2 gene to that of either disruptant 
was about 2 : 1 in at least four of the conjugants 
(3-4,3-6,3-1, and 3-3) (IS), consistent with the 
idea that these conjugants carried two copies of 
the intact ADE2 gene and one copy each of the 
two disrupted alleles. Because all the strains in 
this experiment have the same type of disrup- 
tion at the ura3 locus, the analysis of this locus 
is not informative; the Ura+ parental strains 
have URA3 integrated at the ade2 locus. 

In summary, all the prototrophs we recov- 
ered from the "a" x "a" crosses contain genet- 
ic markers from both parental strains. For the 
MTLa/mtlalmtla2 X mtlal/MTLa cross (mix 

2, Fig. 2A), 12 of 16 prototrophs tested contain 
all four alleles of the MTL locus, two derived 
from each parent. The simplest interpretation of 
this result is that the two diploid parental strains 
mated to form a tetraploid cell. The four pro- 
totrophs recovered from this cross that lacked 
one MTL allele probably arose through chro- 
mosome loss or homozygosis of the MTL locus 
after mating, perhaps during the passaging of 
strains on laboratory media required for their 
analysis. Although not as defmitive as the anal- 
ysis of the MTL locus, the analysis of the ADE2 
locus is consistent with the idea that the pro- 
totrophs arose from the formation of a tet- 
raploid strain from the two diploid parents. To 
date, mating has been detected in six indepen- 
dent crosses; in all cases, mating was observed 
only between an "a" and an "a" strain. Control 
crosses ("a" X "a," "a" X "a," and "a/a" X 
various strains) did not produce Ade+Uraf 
prototrophs in the same experiments. 

Although we cannot rigorously conclude 
that successful conjugation occurs only when 
an "a" strain is crossed with an "a" strain, 
this is the only combination we have ob- 
served to date, and the results correlate well 
with this idea. This strong correlation sup- 
ports the idea that the observed conjugation 
arose from bona fide mating and not from 
nonspecific cell and nuclear fusion events, 
the latter would be expected to occur between 
any two strains irrespective of the MTL con- 
figuration. C. albicans appears inherently 
able to mate and raises the question of why 
this appears to happen so rarely in nature. 
Assuming that the MTLa/MTLa configura- 
tion of MTL (as found in SC5314) is the 
prevalent wild form in C. albicans, it is pos- 
sible that mating requires "a" and "a" strains 
to arise by homozygosis of the MTL locus or 
by chromosome loss. These derivatives may 
be lost quickly from natural populations, and 
without laboratory intervention, the appropri- 
ate pairs of a and a cells may arise in the 
same host only rarely. 

These data raise the possibility that C. 
albicans has a complete sexual cycle, perhaps 

Fig. 4. Southern blot \ 
confirming the pres- , $@ 
ence of at least three b6' a 
alleles of ADEZ in the ,e,& 
conjugant strains. C. d 9 c. 4 3 56% 9 5 9 9 5Q + 
a[~,.canrgenomicDNA '. B 1 $1 I I I I I I I I 1 1  1 . r T  

was isolated from 
conjugants and sub- - - ade2 (Ura+) 
jected to restriction 
enzyme digestion be- 
fore electrophoresis. t- -- - ..- - - ade2 (Ura-) 
Lane 1,  mtlal/MTLa 
ade2/ade2 auxotroph; --*a - ADE2 
lane 2, mtlaAlMTLa 
ura3/ura3 auxotroph; 
lanes pro- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
totrophic conjugants 
from mating test mix 2 of Fig. 2A showing the presence of at least three configurations of ADE2. 
See (25) for details. 

one in which diploids can mate to form tet- 
raploids that can undergo meiosis to produce 
diploids. Experiments are under way to test 
for meiosis in tetraploid strains of C. albi- 
cans. It is also possible that after mating, 
chromosomes could be lost from tetraploids, 
gradually reducing them to the diploid state. 
The recovery of conjugants that appear tri- 
somic for the MTL-containing chromosome 
locus provides some support for this notion. 
Finally, the fact that mating was observed in 
mice but not on a variety of laboratory media 
suggests the possibility that a signal or con- 
dition conducive to mating is provided by the 
mammalian host. 
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Induction of Mating in Candida 
albicans by Construction of 

MTLa and MTLa Strains 
B. B. Magee and P. T. Magee* 

Although the diploid fungus Candida albicans, a human pathogen, has been 
thought t o  have no sexual cycle, it normally possesses mating-type-like or-
thologs (MTL)of both of the Saccharomyces cerevisiae mating-type genes (MAT) 
a and a. When strains containing only MTLa or MTLa were constructed by the 
loss of one homolog of chromosome 5, the site of the MTL loci, MTLa and MTLa 
strains mated, but like mating types did not. Evidence for mating included 
formation of stable prototrophs from strains with complementing auxotrophic 
markers; these contained both MTL alleles and molecular markers from both 
parents and were tetraploid in  DNA content and mononucleate. 

C. albicans has become the third or fourth 
most common nosocomial isolate in many 
hospitals, and systemic infection has a mor- 
tality rate of 30 to 70% (1). This yeast is 
almost always diploid as isolated (2) and until 
now was thought to lack a sexual phase (3). 

Several hypotheses have been put forward 
for the way in which C. albicans generates 
genetic variability, including phenotypic 
transition, or switching, extensively studied 
in the Sol1 laboratory (4), and chromosomal 
rearrangements (5, 6). Both are associated 
with changes in the phenotype, but would be 
expected to yield less variability than sexual 
recombination. 

Evidence for asexuality in C. albicans 
consists of the failure of many laboratories to 
find either mating or sporulation, the frequent 
isolation of strains with extensive chromo- 
somal translocations that would lead to ane- 
uploid progeny after meiosis (7 ,  8), and evi- 
dence for linkage disequilibrium, typical of 
clonal inheritance (9). 

However, with the sequencing of the 
C. albicans genome, evidence has emerged 
suggesting that sexual recombination has 
occurred relatively recently in this fungus. 
This evidence includes the discovery of 
orthologs of most, if not all, of the genes 
involved in mating and sporulation in Sac-
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charomyces cerevisiae, including genes for 
pheromone receptors and heterotrimeric 
GTP-binding proteins, and specifically the 
demonstration, with information from the 
Stanford Genome Center Candida albicans 
Sequencing Project (lo), that at least one 
strain of C. albicans is heterozygous for or- 
thologs of the two S. cerevisiae mating types 
MATa and MATa. These loci are called mat- 
ing-type-like (MTL) a and a in C. albicans 
(11). There is also evidence for a lack of 
linkage of some molecular chromosomal 
markers (12). 

Taking advantage of the location of the 
MTL locus on a chromosome, 5, that can be 
reduced to monosomy by changing the sim- 
ple growth conditions (13), we constructed 
several sets of C. albicans strains that lack 
either the a or the a MTL allele; these strains 
mated in a-a combinations to yield tetraploid 
recombinants. 

C. albicans is normally unable to grow 
on sorbose (Sou-). The Sou' variants, 
which appear on the background of non- 
growing cells plated on sorbose as a sole 
source of carbon, are monosomic for chro- 
mosome 5; furthermore, either homolog 
can be lost under these conditions (13). 
Using this technique, we isolated Sou' de-
rivatives of strains CAI-4, RM1000, 
BWP 17, B23, and B26 lacking either MTLa 
or MTLa as shown by Southern blots (14) 
(Fig. lA,  lanes 3, 5, 7 , 9, lo ,  12, and 13). 
Table 1 summarizes the properties of the 
strains used in the experiments described 
below. 
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If strains containing only one allele of the 
MTL locus are mating-competent, selectable 
prototrophic conjugants should arise from 
complementation of the various auxotrophic 
markers in the two sets of strains. The hemi- 
zygotic strains (or homozygotic; under non- 
selective conditions the strains often dupli- 
cate the remaining homolog of chromosome 
5 and become homozygous for the entire 
chromosome) listed in Table 1 were grown 
on YEPD (yeast extract-peptone-dextrose) 
(15) plates until they were in stationary 
phase. They were cross-streaked on YEPD, 
YPB (YEPD plus phloxine B), and PD (po- 
tato dextrose agar) plates, incubated for 36 
hours, and replica-plated onto minimal medi- 
um. In each case, several prototrophic colo- 
nies grew from one of the cross-streaked 
areas where potential complementation prod- 
ucts would be formed by an a X a mating. 
Prototrophs formed by mating of the MTLa X 

MTLa strains should contain both MTL al-
leles. The cells were restreaked on minimal 
medium. Polymerase chain reaction (PCR) 
revealed that the prototrophs possessed both 
MTL alleles (16) and that, although they were 
able to grow on medium lacking uridine, they 
contained the A,,,,,, fragment which replac- 
es the URA3 locus in CAI4 (1 7, 18). Thus, 
the prototrophic cells contained genomic 
material from both parents (Fig. lA,  lanes 
14 and 15). 

More efficient mating was found to occur 
when the parents were allowed to remain in 
contact on nonselective medium for 3 to 12 
days before replication onto minimal (selec- 
tive) medium (19). Under this regimen, pro- 
fuse growth occurred on the selective medi- 
um, in crosses between MTLa- MTLa strains 
but not between those of like mating type. 
More prototrophs were formed when mating 
plates were incubated at room temperature 
than at 30" or 37°C (Fig. 2A). Mating at any 
temperature is a slow process, with the yield 
of recombinants rising from a few after 4 
days on nonselective medium to many at 8 
days (Fig. 2B). 

To verify that the recombinants were ge- 
netically prototrophic and not the result of 
cross-feeding or necrophagy of dead cells at 
the cross-streak intersection, we restreaked 
them onto minimal medium. The resulting 
large colonies were chosen to prepare DNA. 
The small colonies were revertants of the 
MG30 derivatives, and one revertant (X28) 
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