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Evolution of a Combinatorial
Transcriptional Circuit:
A Case Study in Yeasts

tion of promoter sequences with those of a region al-
ready containing a regulatory site. Conversely, changes
in a transcriptional regulator may alter its binding speci-
ficity or activity, causing new genes to come under its
control, or changing the nature of its control over an
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existing regulon. Relatively simple molecular changes inSan Francisco, California 94143
transcriptional circuitry can result in large morphological
changes in multicellular organisms (Averof and Patel,
1997; Carroll et al., 2001; Sharkey et al., 1997). For exam-Summary
ple, a transcriptional repression domain in the homeodo-
main protein Ultrabithorax (Ubx) is key in reducing theDeveloping new regulation of existing genes is likely
number of limbs in insects to three thoracic pairs, whilea key mechanism by which organismal complexity
crustaceans with Ubx homologs that lack the repressionarises in evolution. To examine plasticity of gene regu-
function retain multiple limbs (Galant and Carroll, 2002;lation over evolutionary timescales, we have deter-
Ronshaugen et al., 2002).mined the transcriptional circuit regulating mating

In metazoans, pathways regulating sex determinationtype in the human fungal pathogen Candida albicans,
appear unusually plastic, being less conserved acrossand compared it to that of Saccharomyces cerevisiae.
phyla than other developmental circuits. The specificSince the two yeasts last shared an ancestor 100–800
forces of selection driving rapid divergence of sex deter-million years ago, several major differences in circuitry
mination remain to be understood in these cases (dehave arisen. For example, a positive regulator of mat-
Bono and Hodgkin, 1996; Haag et al., 2002; O’Neil anding type was retained in C. albicans but lost in S. cere-
Belote, 1992; Whitfield et al., 1993). In this paper, wevisiae; this circuit branch was replaced by the modifi-
describe the transcriptional circuit that regulates sexcation of an existing negative regulator, thereby
determination (termed mating type in fungi) in a single-conserving the circuit output. We also characterize a
celled eukaryote, the human fungal pathogen Candidatier of mating type transcriptional regulation that is
albicans. To do this, we systematically deleted each ofpresent only in C. albicans, and likely results from the
the four transcriptional regulators encoded at the C.vastly different environmental selections imposed on
albicans mating type locus, singly and in all possiblethe two yeasts—in this case, the pressure on C. albi-
combinations. Two of these transcriptional regulatorscans to survive in a mammalian host.
are homeodomain proteins, and the other two are mem-
bers of the �-domain- and HMG box-containing families,Introduction
respectively (Coppin et al., 1997; Gehring et al., 1994;
Grosschedl et al., 1994; Kronstad and Staben, 1997;A mechanism by which evolutionary novelty is thought
Scott et al., 1989). By analyzing both the mating behaviorto arise involves rewiring transcriptional circuitry to
and transcriptional profiles of these strains, we deter-allow new regulatory patterns of existing gene products
mined how the transcriptional regulators control mating(Carroll et al., 2001; Davidson, 2001; Ptashne and Gann,
type, and which target genes are responsible for the2002; Gerhart and Kirschner, 1997). The importance of
output of the circuit.this general strategy is becoming evident as more ge-

We then compared the circuit to that of Saccharo-nomes are sequenced. For example, despite the com-
myces cerevisiae, which last shared a common ancestor

plexity of the human organism (composed of trillions of
with C. albicans some 100 to 800 million years ago (Cal-

cells of diverse cell types) in comparison to the nema-
derone, 2002; Hedges, 2002). The comparison between

tode C. elegans (composed of less than 1000 cells and sex determining circuits of S. cerevisiae and C. albicans
only a subset of the cell types present in humans), it revealed several major differences, as well as many mi-
has been estimated that our genome contains only one- nor differences. In the first major example of divergence
third more genes than C. elegans (CeSC, 1998; Lander between C. albicans and S. cerevisiae mating type regu-
et al., 2001). One view reconciling the small increase lation, we find that C. albicans has retained a positive
in gene number with the large increase in organismal regulator of a-type mating from a common ancestor,
complexity is that complexity arises principally from in- while S. cerevisiae has lost this regulator. We propose
creasing the number of different gene expression pat- that in response to this evolutionary contingency, a new
terns throughout development (for examples, see Car- scheme of negative regulation has been added in S.
roll, 2000; Doebley and Lukens, 1998; Duboule and cerevisiae, preserving the overall output of the transcrip-
Wilkins, 1998; Levine and Tjian, 2003). tional circuit while altering the specific roles of the regu-

New transcription patterns are thought to arise latory proteins.
through many mechanisms. Individual genes may come A second major example of divergence is the interpo-
under new control of a transcriptional regulator through sition of an additional layer of transcriptional control in
mutation of promoter sequences, or through recombina- the C. albicans mating type circuit. It has previously

been shown that C. albicans a and � cells must undergo
a “phenotypic switch” from the white phase to the*Correspondence: ajohnson@cgl.ucsf.edu

1 These authors contributed equally to this work. opaque phase before they are competent to mate (Miller
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Figure 1. The C. albicans and S. cerevisiae Mating Type Loci

The S. cerevisiae MAT locus has two alleles, MATa and MAT�. Cells carrying only MATa mate as a cells, cells carrying only MAT� mate as
� cells, and cells carrying both (a/� cells) do not mate. Together, MATa and MAT� encode three transcriptional regulators: a1, �1, and �2.
The MTL of C. albicans also consists of two alleles. As in S. cerevisiae, cells carrying only MTLa are a-maters, cells carrying only MTL� are
�-maters, and cells carrying both are a/� non-maters. MTLa encodes the transcriptional regulators a1 and a2, and MTL� encodes the
transcriptional regulators �1 and �2. In addition to these regulators, each MTL allele encodes a poly(A) polymerase, a phosphatidyl inositol
kinase, and an oxysterol binding protein. The MAT locus of S. cerevisiae and the MTL locus of C. albicans resemble each other in the
arrangement, direction of transcription, and intron positions of their a1, �1, and �2 homologs.

and Johnson, 2002). This switch is governed by the scription by binding to specific sequences of DNA, usu-
ally in combination with other sequence-specific DNAmating type locus: two homeodomain proteins (a1 and
binding proteins (for reviews, see Herskowitz et al., 1992;�2)—one from the a locus and one from the � locus—
Johnson, 1995). In this paper, we will use the followingcooperate to repress the switching, thereby assuring
conventions: the gene encoding each transcriptionalthat a and �, but not a/� cells, can switch (Lockhart et
regulator will be referred to by its complete name (e.g.,al., 2002; Miller and Johnson, 2002). In this paper, we
MTLa1 or MTL�1), and the gene product will be abbrevi-show that the C. albicans a1 and �2 proteins repress a
ated (e.g., a1 or �1).handful of genes directly, but control many more indi-

In laboratory strains of S. cerevisiae, a and � cells arerectly by governing white-opaque switching. This indi-
generally haploid, and hence contain only one of therect regulation of mating competency by a1-�2 in C.
two MAT loci, while a/� cells are generally diploid.albicans constitutes an additional, large-scale layer of
Higher ploidy states also exist in nature. In C. albicans,transcriptional regulation—absent in S. cerevisiae—that
the three cell types exist only in the diploid state (Hullensures that mating only occurs in specific environ-
et al., 2000; Lockhart et al., 2002; Magee and Magee,ments; we believe that C. albicans has developed this
2000). Naturally occurring diploid a and � cells are homo-additional layer to more closely control mating, a likely
zygous at their MTL loci (Lockhart et al., 2002), and it isnecessity in the hostile environment of a mammalian
thought that C. albicans undergoes a diploid-tetraploidhost.
parasexual cycle (Bennett et al., 2003). To preserve iso-
genicity, the strains in this paper are diploid and hetero-

Results zygous at the MTL locus.
In the course of disrupting the MTLa1 gene of C. albi-

The C. albicans Mating Type Locus Encodes cans, we unintentionally created a functional knockout
an Extra Transcriptional Regulator Relative of an adjacent, previously undescribed ORF at the MTLa
to That of S. cerevisiae locus of C. albicans (Figure 1). This strain exhibited a
The C. albicans mating type locus (called the MTL locus) mating behavior distinct from that of a “clean” MTLa1
closely resembles the S. cerevisiae MAT locus (Figure deletion. The existence of this ORF was generously
1, Hull and Johnson, 1999). In both organisms, this locus brought to our attention by Kenneth Wolfe, Smurfit Insti-
can exist as one of two alleles, either a or �. Cells car- tute, University of Dublin, Ireland. This ORF (which we
rying only the a-allele mate as a cells, cells carrying only have named MTLa2) encodes a putative DNA binding
�-allele mate as � cells, and cells carrying both alleles protein (a2) of 201 amino acids that shows significant
(a/� cells) do not mate. The mating type locus encodes sequence similarity to HMG box proteins present in mat-
transcriptional regulators that control cell type by turn- ing type loci of other fungi, including C. parasitica, K.
ing on and off appropriate sets of mating genes. Three lactis, N. crassa, and P. anserina (Astrom et al., 2000;
of these regulators (�1, �2, and a1) have close relatives Coppin et al., 1997). The HMG box family of DNA binding
in both S. cerevisiae and C. albicans; moreover, the gene proteins constitutes a large class of well-characterized
order, the direction of transcription, and the location of transcriptional regulators found in many eukaryotes
introns within them are preserved. Each of these regula- (Grosschedl et al., 1994). The closest known relative of
tory proteins belongs to a conserved family found in the C. albicans a2 protein is the MAT1-1-3 protein from
many eukaryotic organisms. �2 and a1 are homeodo- Cryphonectria parasitica, which shows 24% sequence
main proteins, and �1 is a so-called “� domain” protein identity across the whole of the protein and 33% across

the HMG box (McGuire et al., 2001). The S. cerevisiae(see Introduction for references). All three regulate tran-
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Table 1. Mating Behavior of MTL Variants

Frequency of mating with Frequency of mating with
opaque testers, where opaque testers, where

MTL configuration of experimental strain experimental strain is white experimental strain is opaque

Ability to � �-type � a-type � �-type � a-type
Line a1 a2 �1 �2 W-O switch tester tester tester tester

1 � � � � No — — NA NA

2 � � � � Yes 9.1 � 108 3.3 � 107 1.1 � 106 3.1 � 104

3 � � � � No — — NA NA

4 � � � � Yes 7.8 � 105 — 2.8 � 103 —

5 � � � � Yes 9.5 � 108 7.5 � 107 8.3 � 106 5.0 � 105

6 � � � � Yes 6.7 � 108 8.3 � 108 5.3 � 106 9.5 � 105

7 � � � � Yes 6.3 � 105 — 6.3 � 103 —

8 � � � � Yes 3.3 � 105 — 3.3 � 103 —

9 � � � � No — — NA NA

10 � � � � Yes — 2.7 � 106 — 4.8 � 103

11 � � � � No — — NA NA

12 � � � � Yes — — — —

13 � � � � Yes — 1.3 � 105 — 1.7 � 103

14 � � � � Yes — 1.2 � 106 — 1.6 � 103

15 � � � � Yes — — — —

16 � � � � Yes — — — —

— indicates a frequency � 1 � 108.

MAT locus lacks a homolog of C. albicans MTLa2, al- �2 control white-opaque switching. This experiment
also shows that the newly described a2 is not involvedthough it clearly shares homologs with the three other

transcriptional regulators encoded by the C. albicans in this control.
Of the twelve strains that could undergo white-opaqueMTL, a1, �1, and �2.

switching, some could mate and others could not, re-
vealing a complex pattern of mating behavior that isa-Type Mating Is Positively Regulated

in C. albicans governed by the MTL locus (Table 1). These mating
experiments were carried out in two ways. In one set ofIn order to determine the specific roles of the MTL-

encoded regulators in specifying mating type, we tested experiments, the experimental strain in the white phase
was mated to tester strains in the opaque phase, andmating behavior in a collection of diploid isogenic strains

bearing all 16 possible combinations of the four genes mating was quantified using a filter assay described by
Miller and Johnson (2002). In these experiments, the(Table 1). Each ORF was knocked out precisely, leaving

DNA sequences up- and downstream of the coding re- mating frequency presumably reflects the ability of the
unknown strain to undergo the white-to-opaque transi-gion intact. All strains were constructed as ura�ADE�

auxotrophs and were tested for mating against two tion and to subsequently mate. In the second set of
experiments, both the experimental and the testerURA�ade� tester strains: an � strain and an a strain

(see Experimental procedures for details of strain con- strains were in the opaque form; these frequencies re-
flect only mating ability (Table 1).struction).

In order to mate efficiently, C. albicans must undergo a The mating table appears complex, but is entirely self-
consistent. Moreover, the systematic experimental de-“phenotypic switch” from the white phase, the prevalent

form of C. albicans, to the opaque phase, which is stable sign provided significantly more information than is mini-
mally necessary to construct the genetic circuit. Thus,at 23�C, but not 30�C. As previously described, this tran-

sition is blocked by the combination of a1 and �2 pro- each of the following conclusions can be independently
derived from different subsets of the data: efficientteins encoded at the MTL locus (Miller and Johnson,

2002). We first tested the 16 strains for their ability to �-type mating (defined as the ability to mate with the
a-type mating-type tester) requires only �1 (Table 1,undergo white-to-opaque switching. All but four strains

could efficiently switch (Table 1). These four strains are compare lines 10, 12, and 14). Likewise, efficient a-type
mating requires only a2 (Table 1, compare lines 7, 8,the only ones that retain both a1 and �2 (lines 1, 3, 9,

and 11), confirming the previous conclusion that a1 and and 15). When both �1 and a2 are present, the strain
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Figure 2. A Genetic Circuit of Mating-Type
Determination in C. albicans

In C. albicans, a2 encoded by MTLa positively
regulates a-type mating, and �1 encoded by
MTL� positively regulates �-type mating. In
an a/� cell which carries both MTL alleles, a1
and �2 work together to repress the white-
opaque switch and mating. This circuit differs
from that of S. cerevisiae, where a-type mat-
ing requires no input from the MAT locus.
Instead, a-type mating is regulated negatively
by �2.

mates inefficiently with both tester strains (Table 1, lines any known genes. Because this control is observed in
white cells, these 7 genes are controlled by the a1-�22, 5, and 6); that is, it is a weak bi-mater. In contrast,

a1 and �2 are dispensable for mating in these 12 strains. heterodimer independent of the white-to-opaque transi-
tion. We saw no additional transcripts with MTL-configu-Based on these results, we propose a genetic circuit

governing mating type in C. albicans (Figure 2). Each of ration-dependent expression in the white phase. In other
words, we observed no significant differences betweenthe two mating type alleles (a and �) contributes a posi-

tive regulator of its respective mating type. Additionally, the expression patterns of a and � white cells.
We next examined the interplay between genes regu-each allele contributes one half of a heterodimer that

negatively regulates mating competency. A critical fea- lated by the MTL locus and genes regulated in the white-
to-opaque transition. White and opaque versions ofture of this C. albicans model is that each half of the

heterodimer—on its own—has no regulatory activity. strains carrying the 12 MTL configurations permissive
for white-opaque switching were compared to a whiteThis regulation differs significantly from that of S. cer-

evisiae, which lacks an HMG box a2. In C. albicans, control strain carrying an intact MTL. We identified 237
genes that are upregulated in the opaque phase, anda-type mating requires positive regulation by a2, whereas

in S. cerevisiae, a-type mating requires no input from 197 genes that are downregulated in the opaque phase,
irrespective of the MTL configuration (providing, ofthe MAT locus. In order to prevent a-type mating in �

cells, the MAT� locus represses a-type mating by means course, it was one that permitted the white-to-opaque
transition, Figure 3B). These genes, listed in Supplemen-of �2; this branch of the pathway is absent in C. albicans

(Table 1, compare lines 4 and 8). tal Table S1 at http://www.cell.com/cgi/content/full/
115/4/389/DC1, were regulated from 2- to 200-fold
across five independent experiments. Transcripts upregu-Microarray Analysis Recapitulates Mating
lated in the opaque phase included some likely to beBehavior and Reveals Different Classes
involved in mating in both a and � cells, such as STE4of MTL-Regulated Genes
and FUS3 (see Discussion).To identify specific genes regulated by the C. albicans

The set of white and opaque-specific transcripts ob-a1, a2, �1, and �2 proteins, we performed microarray
served here overlaps with genes identified previously inanalysis on strains carrying the 16 combinations of MTL
a comparison of the white and opaque phases of straingenes described above. We analyzed all 16 strains in
WO-1 (Lan et al., 2002). WO-1, which has a substantiallythe white phase; for the 12 strains competent to switch
different genetic background than the strains used infrom white to opaque, we also analyzed the transcrip-
this study, is the “classic” white-opaque switchingtional profiles of the opaque forms. Multiple isolates of
strain, hence its name (Slutsky et al., 1987); it is noweach strain in both ura� and URA� forms were tested;
known to be homozygous for MTL�. As described byin addition, several different growth conditions were an-
Lan et al. (2002), opaque-specific genes include largealyzed to eliminate non-MTL controlled transcriptional
numbers of genes involving metabolic specialization,effects (see Experimental Procedures). In all experi-
cell adhesion, cell surface composition, and virulence.ments, a 2-fold change was considered significant when

it reproduced in all trials.
First, we compared the 16 white strains of each MTL a- and �-Specific Genes

By comparing strains in white and opaque phases bear-configuration under several conditions. Although there
were variations from experiment to experiment, we ing all possible combinations of MTL transcriptional reg-

ulators, we were able to identify a- and �-specific genes.found 7 genes that were reproducibly repressed 2- to
8-fold by a1 and �2 working together in the white phase. We found that STE3 and MF�1 are highly induced in

opaque strains relative to white strains (300- and 1000-These results were reproduced in 8 independent trials
using multiple isolates and conditions, 4 of which are fold, respectively), but only in those that carry an intact

MTL�1 gene—that is, those able to mate as �-cells (Ta-shown in Figure 3A. This gene cluster is comprised of
CAG1 (homologous to S. cerevisiae GPA1), FUS3, FAR1, ble 1 and Figure 3C). Thus, we consider these two genes

to be �-specific. In S. cerevisiae, STE3 encodes a cellSTE2, YEL003w, and two ORFS with no homology to



Figure 3. Transcriptional Profiling of Strains Bearing All Combinations of MTL Transcriptional Regulators, in Both White and Opaque Phases

mRNA was prepared from each of the strains summarized in Table 1 (in both white and opaque phases) and hybridized to DNA microarrays
containing �10,000 PCR products and representing �6,300 ORFs, with many ORFs represented by more than one spot. Each experiment
was replicated several times, in most cases using two independently constructed strains of the same genotype. 2-fold and greater changes
were considered significant when consistent across all experimental replicates. Each spot has been given a standard ORF6 number (sequences
for each ORF6 are available at http://www-sequence.stanford.edu/group/candida), and if available, a name based on homology to a gene
from another organism. This figure summarizes the most salient points of the analyses.
(A) Genes repressed by a1-�2 in white cells. White strains, carrying multiple MTL configurations, were grown at 23� in YEPD or SC as indicated.
In each experiment, data for all strains were transformed to the strain carrying intact MTLa and MTL� alleles (that is, an a/� strain). Shown
are genes that are derepressed in all strains lacking a1, �2, or both. These results were obtained in four additional trials using both URA�

and ura� cells (data not shown).
(B) Opaque-specific genes and white-specific genes. URA� and ura� strains carrying multiple MTL configurations were switched to the
opaque phase. Opaque and white cells from the same colony were subcultured and mRNA was prepared for analysis. In each experiment,
the data were transformed to a white-phase control strain carrying intact MTLa and MTL� alleles. A subset of the opaque-specific and white-
specific gene clusters is shown. In all, 237 genes are upregulated in the opaque phase, and 197 genes are downregulated (see Supplemental
Table S1 at http://www.cell.com/cgi/content/full/115/4/389/DC1). Note that these white- and opaque-specific genes are regulated indepen-
dently of the MTL configuration, aside from the requirement that the strain lack a1-�2 repression.
(C) �-specific genes. White and opaque strains carrying all MTL configurations were transformed to a white-phase control strain carrying
intact MTLa and MTL� alleles. As shown, expression of MF�1 (the �-factor structural gene) and STE3 (a-factor receptor) is dependent on two
criteria: the strain must carry �1, and it must be in the opaque phase. The genes are upregulated �300-fold and �1000-fold, respectively,
compared to the a/� strain.
(D) a-specific genes. �MTL�1�MTL�2 opaque strains carrying a1 and a2, a1 alone, a2 alone, or neither, were treated with 10 �g/ml �-factor
in DMSO or DMSO alone for 4 hr. Data were transformed to the respective 0 hr time point sample (see Experimental Procedures). As shown,
the transcriptional response to �-factor is dependent on a2, but not a1.
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surface receptor protein that is required for � cells to speculate on the evolutionary developments that may
have been responsible for them: (1) individual genesrespond to a-factor, a mating pheromone produced by
that are under direct mating type locus control in onea cells. It presumably has this same role in C. albicans.
organism but not the other; (2) a branch of the circuitIn both S. cerevisiae and C. albicans, MF�1 encodes
where gene expression requires an external signal in�-factor, the mating pheromone produced by � cells
one organism but not the other; (3) the replacement of(Bennett et al., 2003; Sprague and Thorner, 1992). Thus,
a positively regulated branch of the circuit in C. albicansthe activation of these two genes by the C. albicans
with a negatively regulated branch in S. cerevisiae to�1 makes conceptual sense, as both genes encode
produce the same logical output; and (4) the presence�-specific functions.
of an additional layer of mating type regulation in C.Initially, we were unable to find equivalent a-specific
albicans that likely arose in response to pressure togenes in opaque-phase a-type cells (data not shown).
thrive in a mammalian host.However, it was recently reported that �-factor strongly
Changes in the Regulation of Individualinduces expression of a number of genes in a opaque
Target Genescells (Bennett et al., 2003; Lockhart et al., 2003). Thus,
We have observed many instances in which genes di-it was possible that a-specific genes are detectably
rectly controlled by the mating type locus in one organ-upregulated only in response to pheromone. To test this
ism are out from under this control in the other. Some ofidea, we treated four MTL mutant strains with 10 �g/ml
these changes preserve the overall output of the circuit,�-factor: one strain had both a1 and a2, two had either
while some change it. An example of the former is thea1 or a2, and one strain had neither (Figure 3D). We
regulation of the STE4 gene, which encodes the 	 sub-found that the two strains with a2 formed characteristic
unit of the trimeric G protein used for pheromone signal-mating projections in response to �-factor (data not
ing in S. cerevisiae. In both organisms, STE4 is turnedshown, but see Bennett et al., 2003 for examples of
off in the presence of a1-�2. In S. cerevisiae, the controlmating projections), while the two strains missing a2 did
is direct, whereas in C. albicans, it is indirect: STE4not. Transcriptional profiling of the strains’ response to
is an opaque-specific gene, and the white-to-opaque�-factor recapitulated these results (Figure 3D), demon-
switch is blocked by a1-�2. Although the basic outputstrating that a2 is the sole MTL-encoded regulator nec-
of the circuit is conserved (STE4 can be expressed in aessary for the morphological and transcriptional re-
and � cells but not in a/� cells), there has been a subtlesponse to �-factor.
change in C. albicans: STE4 is now upregulated inAlthough we have identified a set of genes whose
opaque a and � cells (the mating competent form) rela-induction is dependent on the presence of a2 and
tive to the white cells (the noncompetent form). An exam-�-factor, some of these genes may be induced in �-type
ple of a gene whose output is altered is illustrated bymaters exposed to a-factor (as of yet unidentified in C.
YEL007w, a gene of unknown function in both organ-albicans), making them pheromone-induced genes in
isms. In C. albicans, this gene is expressed in a and �both a and � cells. However, some of the �-factor in-
white cells but repressed by a1-�2 in a/� white cells; induced genes, such as STE6 or RAM2, have specific roles
S. cerevisiae, it is expressed at equal levels in a, �, andin processing and exporting a-factor in S. cerevisiae;
a/� cells and is therefore not regulated by the matingindeed, STE6 is required for C. albicans a cells (but not �
type locus (Galitski et al., 1999). Conversely, the BUD31cells) to mate (Magee et al., 2002). Thus, we provisionally
gene, involved in bud-site selection, is regulated by theinclude STE6 and RAM2 as a-specific genes with the
mating type locus in S. cerevisiae but not in C. albicans.understanding that some of the other �-factor induced
There are many additional examples of this type of dif-genes may also turn out to be a-specific.
ference.

Two simple scenarios could account for such differ-
Discussion ences. According to one, the common ancestor of C.

albicans and S. cerevisiae had the gene in question
The C. albicans Mating Type Circuitry under mating type control, and the control sequences
In this paper, we show that the four transcriptional regu- became mutated or otherwise lost in one lineage. Alter-
lators encoded at the C. albicans mating type locus (a1, natively, the gene was not under mating type control in
a2, �1, and �2) control the expression of several hundred the common ancestor and acquired regulation in one
genes and thereby specify the different C. albicans cell lineage by simple mutation or gene conversion of its
types (Figure 4). a2 and �1 are activators of the a-spe- transcriptional control sequence.
cific and �-specific genes, respectively. The other two Changes in the Requirement of an External Signal
MTL regulators, the homeodomain proteins a1 and �2, for Expression of One Branch of the Circuit
have no apparent regulatory activities on their own, but In C. albicans, a-type maters in the opaque phase do
together they shut down mating by turning off many not detectably express a-specific genes at levels above
genes. A few of these genes are turned off directly by those of other cell-types. However, when � factor (the
a1-�2 in white cells, while a much larger set (the opaque- mating pheromone from � cells) is added, the a-specific
specific genes) is turned off indirectly by virtue of the genes are transcriptionally activated (Bennett et al.,
fact that a1-�2 represses white to opaque switching. 2003). This situation differs from that of S. cerevisiae,

where naı̈ve (pheromone-unstimulated) a-type maters
Differences between C. albicans and S. cerevisiae clearly express the a-specific genes. Again, the change
Mating Type Circuitry that could lead to this difference is simple to imagine,
We discuss four types of differences in the circuits regu- since in S. cerevisiae most a-specific genes are further

upregulated when a-cells are exposed to �-factor. Thus,lating mating type in S. cerevisiae and C. albicans, and
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Figure 4. Transcriptional Circuit Regulating
Mating-Type in C. albicans and S. cerevisiae

In C. albicans white phase cells, the homeo-
domain proteins a1 and �2 repress a small
number of genes directly, some of which
share homologs with the so-called “haploid
specific genes” (hsgs) in S. cerevisiae. Al-
though the nomenclature is not relevant to C.
albicans, which has no known haploid phase,
we will nonetheless refer to genes as “hap-
loid-specific” to preserve the analogy with S.
cerevisiae. a1 and �2 are also required to
repress the white-to-opaque switch in C. albi-
cans. In the absence of either component of
this heterodimer, the cell can switch to the
opaque phase, which is accompanied by the
up- and downregulation of more than 400
genes. �-specific genes (�sgs) are turned on
in �-cells by �1, but only if the cells are in the
opaque phase. While naı̈ve opaque a-cells do
not detectably express a-specific transcripts,
they show upregulation of 65 genes upon ex-

posure to �-factor, some of which have a-specific homologs in S. cerevisiae. We have provisionally included these genes as a-specific genes
(asgs). There are two major differences between the S. cerevisiae and C. albicans mating circuitry. First, in contrast to S. cerevisiae, relief of
a1-�2 repression is necessary but not sufficient for mating competency in C. albicans. C. albicans must further undergo the environment-
dependent white-to-opaque transition to achieve mating competency, constituting a layer of transcriptional control over mating that is not
present in S. cerevisiae. Second, individual components of the mating type circuit have assumed different roles in the two yeasts; while a-
type mating is positively regulated by a2 in C. albicans, it is negatively regulated in S. cerevisiae by �2. Despite these changes, the overall
output of the circuit is the same in both organisms: a-cells mate with �-cells and form a non-mating conjugant.

the main difference between the two organisms in this quently bypass the need for this positive regulator?
Third, what change in �2 allowed it to function as aregard appears to be in the basal (e.g., pheromone un-

stimulated) level at which a-specific genes are ex- repressor in the absence of its normal heterodimeric
partner a1?pressed. Such a difference could be achieved by modu-

lating the basal activity or abundance of a transcriptional Obviously, we cannot answer these questions defini-
tively, but there are some tantalizing clues from a varietyactivator required for a-specific gene expression.

Replacement of a Positive Branch of the Circuit of studies. For example, there is a precedent for deleting
genes from a mating type locus; indeed, deletion of thein One Organism by a Negative Branch

in the Other HMG-box a2-type gene appears to be part of the natural
life cycle in some species of the filamentous ascomyceteOne of the most intriguing changes between the mating

circuitry of C. albicans and S. cerevisiae is the replace- Ceratocystis (Harrington and McNew, 1997; Witthuhn et
al., 2000). A similar event (or perhaps an error in thement of a positive branch of regulation by a negative

branch, a change that nonetheless conserves the overall gene conversion event underlying mating type intercon-
version) could explain why a2 is missing in S. cerevisiae.output of the circuit (Figures 2 and 4). In C. albicans,

a-type mating requires the positive regulatory activity The loss of HMG-box a2 from S. cerevisiae has appar-
ently been compensated for by �2 taking on a newof a2. In contrast, a-type mating in S. cerevisiae is the

“default” behavior, and requires no input from the MAT function since C. albicans and S. cerevisiae diverged.
In addition to working with a1 (as it does in C. albicans),locus. However, to prevent a-specific genes from erro-

neous activation, an additional branch of control is �2 acts independently of a1 to negatively regulate
a-specific genes. Previous work suggests that �2’s abil-needed in S. cerevisiae: �2 now represses a-specific

genes. How might this circuit change have evolved? ity to act with and without a1 evolved separately, as
these two activities are dependent on different portionsMore specifically, did C. albicans gain a2 or did S. cere-

visiae lose it? of the �2 protein (Mak and Johnson, 1993; Mead et al.,
1996; Vershon and Johnson, 1993). Based on the resultsThe C. albicans a2 protein is an HMG box protein

that is highly conserved among ascomycetes (Figure 5). from this paper as well as existing information about
regulation of a-specific genes in S. cerevisiae, we pro-Fungi as distant as S. pombe carry an HMG box gene

at their mating type loci, where it positively regulates pose a hypothetical series of events accounting for how
an ancestral a2-controlled positive circuit branch wasmating behavior (Kjaerulff et al., 1997). An exception,

however, is the evolutionary lineage carrying S. cerevis- replaced by an �2-controlled negative circuit branch in
S. cerevisiae (Figure 6).iae, which lacks this mating type regulator. Given the

broad phylogenetic presence of a2-like regulators of Incorporation of an Additional Level
of Control of Matingmating, the most economical model is that the a2 gene

was simply lost in the S. cerevisiae lineage. This scenario The most visually dramatic difference between the mat-
ing circuitry of S. cerevisiae and C. albicans, apparentraises a number of interesting questions. First, how

might HMG-box a2 have been lost from the S. cerevisiae even to the naked eye, is the white-opaque phenotypic
transition that precedes mating in C. albicans (for re-lineage? Second, how did a-specific genes subse-
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Figure 5. Family Tree of Fungal Mating Type Loci

Shown are diagrams of mating type loci from various ascomycetes, arranged on a tree (based on ribosomal RNA subunit sequences) indicating
their phylogenetic relationships. An HMG box homolog at the MAT locus is present in many modern species ranging from the filamentous
ascomycete C. heterostrophus to S. pombe. The S. cerevisiae lineage lacks this regulator, suggesting that the lineage lost this regulator from
its MAT locus in relatively recent evolutionary time, sometime after the divergence of S. cerevisiae and K. lactis. This figure is based on Astrom
et al. (2000); Casselton and Olesnicky (1998); Cliften et al. (2003); Coppin et al. (1997); Debuchy et al. (1993); Harrington and McNew, (1997);
Herskowitz et al. (1992); Hull and Johnson, (1999); Kellis et al. (2003); Kelly et al. (1988); Keogh et al. (1998); Kronstad and Staben, (1997);
Kurischko et al. (1999); Picard et al. (1991); Souciet et al. (2000); Srikantha et al. (2003); Turgeon et al. (1993); Witthuhn et al. (2000); Wong et
al. (2002, 2003); and Yun et al., (2000).

views, see Johnson, 2003; Soll et al., 2003). This transi- genes (approximately 197 genes downregulated and
237 upregulated) greatly exceeding that regulated by a1-tion was previously shown to be under mating type con-

trol, being repressed by a1-�2 (Miller and Johnson, �2 in growing S. cerevisiae cells. A few genes involved in
mating are among those indirectly repressed by a1-�2;2002). In this paper, we have examined genes repressed

by a1-�2 in the white phase, as well as those indirectly however, most opaque-specific genes appear to have
no role in mating. As discussed in Lan et al. (2002), thisregulated via the white-opaque transition.

In exponentially dividing S. cerevisiae cells, a1-�2 re- set of genes concerns many aspects of cell biology,
including metabolic specialization, cell surface proper-presses approximately 20–30 genes (Galitski et al.,

1999). In contrast, only 7 genes are downregulated by ties, and virulence.
We do not know whether white-opaque switching de-a1-�2 in exponentially growing C. albicans white cells.

In S. cerevisiae, genes repressed by a1-�2 include genes veloped independently of the MTL locus and later came
to be under its control, or whether it developed underinvolved in mating as well as genes specific to the hap-

loid lifestyle, e.g., budding pattern determinants and MTL regulation in the first place. However, phenotypic
switching (of which white-opaque switching is an exam-DNA repair enzymes (Galitski et al., 1999; Valencia et

al., 2001). Homologs of some of these haploid lifestyle ple) is a common phenomenon in many mammalian
pathogens, and it has been suggested that C. albicansgenes are not repressed by a1-�2 in C. albicans, poten-

tially indicating the lack of haploid-diploid life-cycle dif- phenotypic variants are able to infect vastly different
host microenvironments (Soll, 1992). Consistent withferences.

While direct a1-�2 repression in C. albicans white this view, opaque cells are much less efficient at host
colonization than their white counterparts in a mousecells is sparse, indirect regulation via white-to-opaque

switching is extensive, with the total number of regulated tail vein model of infection, yet are more robust in a
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mouse skin model of infection (Kvaal et al., 1997, 1999).
Host microenvironments also likely affect mating; given
the complex and hostile mammalian host response, it
has been proposed that some aspects of mating, such
as pheromone signaling and membrane fusion, may be
incompatible with life in some microenvironments but
compatible with others (Gow, 2002). Consistent with this
idea, skin surfaces appear to be amenable to mating
(Lachke et al., 2003). It seems likely that white-opaque
switching is a relatively recent evolutionary novelty,
probably brought about by the pressure of life in a mam-
malian host. However, white-opaque switching is under
the control of an ancient regulatory circuit, and this cou-
pling ensures that mating is closely integrated with
host environments.

Summary
By dissecting the inner workings of the C. albicans mat-
ing type regulatory circuit and comparing it to that of
S. cerevisiae, we have been able to document many
intriguing and specific changes in two circuits regulating
mating type that diverged more than 100 million years
ago. Because each of the regulators encoded at the
mating type loci represents a highly conserved DNA
binding motif, we believe that these specific circuit di-
vergences illustrate several general mechanisms by
which eukaryotic regulatory circuits can change over
evolutionary timescales.

Experimental Procedures

Strain Construction
All strains were derived from CAI4 (�ura3::imm434/�ura3::imm434)
(Fonzi and Irwin, 1993). In different isolates, the �1 and �2 genes
were deleted either using strategies and constructs outlined in Hull
et al. (2000), or a PCR method (Wilson et al., 2000). The a1 and a2
genes were knocked out using strategies outlined Wilson et al.
(2000). The following PCR primers were used to knock out a1: 5
AAT
ATTGATTAGAGGCACAAAATAAAAATCACCTTCAACCTCCTCGTTT
TTTCCAAAGCAGTTTTCCCAGTCACGACGTT3
 and 5
ATACCACTT
ACTATTACTACTACTTACCACCACTTATTTCCAGTGGAGTTATTGT
GGCTATGTGGAATTGTGAGCGGATA3
. a2: 5
GATGCATTTTTTAAC
ACGTTCTCTCTTTTTGATTAGTTTTTAAGACAAATACCCAATAATGT
TTTCCCAGTCACGACGTT3
 and 5
GCCTCTAATCAATATTTTTAGA
GGGAAAAAAAGTTATTTATCACAATACGCAGAAAAAAATGT
GGAATTGTGAGCGGATA3
. �1: 5
CTCTAATTTTTTAACAATTCCGT
TCGACTATGTGTAACAGAAGATACCACTTCAACAGATGTTTTCC
CAGTCACGACGTT3
 and 5
ATATATATTTAATGTTATCAACTTGC
TGTATATTTTACTTCATTATGTAAACATCCTCAATGTGGAATTGTG
AGCGGATA3
. �2: 5
ATGAATTCACATCTGGAGGCACTCTTTGAAA
TAAATCAACGCTTGCTGTCTCACATAAGAGTTTTCCCAGTCACGA
CGTT3
 and 5
CCTATCAATATGTTAGTAGGGTTACAAAGAATGAA

Figure 6. Model for the Evolutionary Change in a-Specific Gene
AATTAATTAGTTATTTGATACATACTGTGGAATTGTGAGCGGATA3
.

Regulation
Strains were switched to the opaque phase as previously de-

Shown is a plausible scheme by which a positive regulator of a-spe- scribed (Miller and Johnson, 2002).
cific genes in an ancestor of C. albicans and S. cerevisiae could
have been replaced by a negative regulator in modern S. cerevisiae.
First, a2 was lost (see Discussion). Subsequently, a minimal set
of a-specific genes would have to bypass the a2 requirement for

under negative control. Although many mechanisms of repressingactivation in order for the strain to reenter the mating population.
a-specific genes are plausible, an activity encoded at MAT�, suchThis might occur by co-opting an abundant and/or highly adaptable
as �2, would be highly advantageous since it would continue toregulator of transcription; in S. cerevisiae, Mcm1 has fulfilled this
confer �-mating efficiency in �-cells following the independent as-role (for review, see Johnson, 1995). Upon mating, a-specific genes
sortment of alleles associated with meiotic cycling. In S. cerevisiae,would be misexpressed in the resulting a/� strain. Meiotic progeny
�2 works with Mcm1 to repress a-specific genes (Keleher et al.,derived from this strain would include genotypically �-cells that
1989). The use of Mcm1 and �2 provides a simple and efficientmisexpressed a-specific genes; this type of cell can mate, but does
solution to the requirement for both activation and regulated repres-so inefficiently (Table 1; see also Siliciano and Tatchell, 1986). Effi-
sion of a-specific genes following loss of a2.cient �-type mating would be restored when a-specific genes came
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Quantitative Mating Analysis quence of the nematode C. elegans: A platform for investigating
biology. Science 282, 2012–2018.Quantitative mating analysis was previously described (Miller and

Johnson, 2002). Coppin, E., Debuchy, R., Arnaise, S., and Picard, M. (1997). Mating
types and sexual development in filamentous ascomycetes. Micro-

Preparation of Cultures and cDNA biol. Mol. Biol. Rev. 61, 411–428.
for Microarray Experiments Davidson, E.H. (2001). Genomic Regulatory Systems (San Diego,
For white and opaque cultures, 1 ml cultures were grown overnight CA: Academic Press).
at 23�C in SC�100 �g/ml uridine � 55 �g/ml adenine, and used to

de Bono, M., and Hodgkin, J. (1996). Evolution of sex determination
inoculate 100 ml cultures of either SC � 100 �g/ml uridine � 55 �g/

in caenorhabditis: Unusually high divergence of tra-1 and its func-
ml adenine, or YEPD � 55 �g/ml adenine at various temperatures.

tional consequences. Genetics 144, 587–595.
Cultures were harvested at OD 1.0 by vacuum filtration, and stored

Debuchy, R., Arnaise, S., and Lecellier, G. (1993). The mat-allele ofat �80�C. For � factor induction experiments, cultures were grown
Podospora anserina contains three regulatory genes required foras described above to OD 1.0 in SC � 100 �g/ml uridine � 55 �g/
the development of fertilized female organs. Mol. Gen. Genet.ml adenine at 23�C. An aliquot was taken as a zero time point. The
241, 667–673.culture was split into two. To one half, � factor dissolved in 10%
Doebley, J., and Lukens, L. (1998). Transcriptional regulators andDMSO was added to the culture to a final concentration of 10 �g/
the evolution of plant form. Plant Cell 10, 1075–1082.ml. To the other half, an equal quantity of 10% DMSO was added.

The cultures were grown an additional 4 hr at 23�, and were then Duboule, D., and Wilkins, A.S. (1998). The evolution of ‘bricolage’.
harvested by vacuum filtration. cDNA was prepared as previously Trends Genet. 14, 54–59.
described (Bennett et al., 2003). Construction and analysis of C. Fonzi, W.A., and Irwin, M.Y. (1993). Isogenic strain construction and
albicans microarrays was also as previously described (Bennett et gene mapping in Candida albicans. Genetics 134, 717–728.
al., 2003)

Galant, R., and Carroll, S.B. (2002). Evolution of a transcriptional
repression domain in an insect Hox protein. Nature 415, 910–913.
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