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Candida albicans is the most common cause of systemic fungal
infections in humans and is considerably more virulent than its
closest known relative, Candida dubliniensis. To investigate this
difference, we constructed interspecies hybrids and quantified
mRNA levels produced from each genome in the hybrid. This ap-
proach systematically identified expression differences in ortholo-
gous genes arising from cis-regulatory sequence changes that
accumulated since the two species last shared a common ancestor,
some 10 million y ago. We documented many orthologous gene-
expression differences between the two species, and we pursued
one striking observation: All 15 genes coding for the enzymes of
glycolysis showed higher expression from the C. albicans genome
than the C. dubliniensis genome in the interspecies hybrid. This
pattern requires evolutionary changes to have occurred at each
gene; the fact that they all act in the same direction strongly indi-
cates lineage-specific natural selection as the underlying cause. To
test whether these expression differences contribute to virulence,
we created a C. dubliniensis strain in which all 15 glycolysis genes
were produced at modestly elevated levels and found that this
strain had significantly increased virulence in the standard mouse
model of systemic infection. These results indicate that small ex-
pression differences across a deeply conserved set of metabolism
enzymes can play a significant role in the evolution of virulence in
fungal pathogens.

microbial pathogenesis | natural selection | allele-specific expression

Microbial pathogens of humans typically have at least one
close, nonpathogenic relative, and comparisons between
the two provide a powerful entry point to identify and study
disease-causing determinants. This approach has revealed nu-
merous bacterial pathogenicity islands, clusters of genes required
for a given strain or species to cause disease in humans. Because
these gene clusters can be horizontally transferred, they can of-
ten be initially identified by comparing genome sequences of
pathogenic and nonpathogenic strains. The situation with fungal
pathogens is substantially different. Like their human hosts,
these microbes are eukaryotes, and genes that work together are
typically dispersed across different chromosomes rather than
clustered; not surprisingly, horizontal transfer of groups of
cofunctioning genes from one fungal species to another is rare.
Thus, identifying and understanding how groups of genes work
together to contribute to virulence remains a challenge in fungi.

In this report, we consider two fungal pathogens that are
closely related but differ in their virulence. Candida albicans is an
opportunistic pathogen; it is a component of the normal human
microbiota but is also the leading cause of systemic fungal in-
fections in humans, which can have mortality rates as high as
40%. It is highly virulent when injected into the tail vein of mice,
a standardized laboratory procedure that initiates a systemic
blood stream infection. Candida dubliniensis is the closest known
relative of C. albicans; it was first identified from the oral cavity
of an HIV-infected patient and is typically found only as sec-
ondary infections. Although it is found throughout the world, C.
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dubliniensis is much less prevalent than C. albicans in the clinic; it
is also less virulent in the mouse model of systemic infection,
based on time-to-illness measurements (1-5).

C. albicans and C. dubliniensis last shared a common ancestor
nominally 10 million y ago, and their genomes are very similar in
terms of gene content and synteny. A small number of individual
genes are “missing” in one species compared to the other but
there are also wide-scale differences in the expression of those
genes conserved in both species (6-10). It has been proposed
that both types of differences—in gene content and in
regulation—contribute to the difference in pathogenicity, al-
though neither idea has been directly demonstrated.

In this report, we used an approach known as “allele-specific
expression” to highlight patterns of gene-expression differences
between C. albicans and C. dubliniensis and to identify those that
bear the hallmarks of selection (11-15). Specifically, we created
an interspecies hybrid between C. albicans (strain SC5314) and
C. dubliniensis (strain CD36) by forcing them to mate with each
other (16) (Fig. 14). Both strains were originally isolated from
human patients, and both have been studied extensively in the
laboratory. In the hybrid, both parental genomes reside in the
same cell, so any bias in mRNA levels must be due to cis-acting
sequences specific to that genome. We show that ~40% of
orthologous gene pairs show statistically significant differences in
their mRNA levels in the interspecies hybrid, although many of
these differences are small in magnitude. We searched for
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are able to thrive in humans and cause disease. Comparison of
closely related pathogenic and nonpathogenic species can
therefore be useful in identifying key features that contribute
to virulence. We created interspecies hybrids between Candida
albicans, a prevalent fungal pathogen of humans, and Candida
dubliniensis, a close, but much less pathogenic, relative. By
comparing genome-wide expression differences between the
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Fig. 1. RNA-seq of an interspecies hybrid systematically identifies gene-expression differences between C. albicans and C. dubliniensis that arose through cis-
acting changes that accumulated since the two species shared a common ancestor. (A) C. albicans and C. dubliniensis (both diploid) were mated to a create
tetraploid interspecies hybrid strain, using mating and auxotrophic marker complementation. We performed RNA-seq in the hybrid strain in the conditions
listed, as well as the parent diploid strains in bovine plasma at 37 °C. We aligned RNA-seq reads to a concatenated C. albicans—C. dubliniensis genome and
excluded reads mapping to both genomes or to multiple locations within a single genome (<5% of total reads). Systematic gene-expression differences of
orthologous genes between the two species were assessed. Since both genomes were in the same trans-acting environment (that is, the hybrid strain), all
measurable gene expression changes must be due to cis-acting changes. (B) Correlation between two replicate RNA-seq experiments of the interspecies
hybrid grown in YPD at 30 °C. Each point represents the log, ratio of reads from the C. albicans genome versus reads from the C. dubliniensis genome in the
interspecies hybrid, for each orthologous gene pair, with experimental replicates plotted on each axis. Points in the upper right quadrant represent genes
with higher expression from the C. albicans genome than C. dubliniensis genome in the interspecies hybrid, and points in the lower left quadrant represent
genes with higher expression from the C. dubliniensis genome than the C. albicans genome in that same hybrid, with Spearman correlation values shown in

the lower right. We observed very high correlation between replicate experiments for all conditions tested (S/ Appendix, Figs. S1 and S2).

pathways that showed a systematic up-regulation from one ge-
nome compared to the other, and were led to the genes for
glycolysis, all 15 of which exhibited increased expression from the
C. albicans genome compared with the C. dubliniensis genome.
This pattern requires cis-acting changes to have accumulated at
each of the 15 genes, all resulting in higher mRNA expression
from the C. albicans alleles in the hybrid. The likelihood of this
pattern emerging by chance is extremely low, and the observation
strongly implies that this nonrandom pattern is the result of
natural selection.

To test whether increased glycolysis gene expression could
account for at least some of the virulence difference between C.
albicans and C. dubliniensis, we created a C. dubliniensis strain in
which the glycolysis genes were modestly overexpressed and
found that this engineered strain showed enhanced virulence
(compared with the parental strain) in the standard mouse
model for disseminated candidiasis. This result indicates the
importance of metabolic fitness in the establishment of fungal
infections. More broadly, our results suggest that subtle changes
in the expression of genes that are deeply conserved in all
branches of life can play important roles in the evolution of
specific pathogens.

Results

We performed Illumina sequencing of poly-A-selected RNA
(RNA-seq) extracted from freshly constructed C. albicans—C.
dubliniensis hybrids grown in a range of standard laboratory
conditions (2% glucose, 2% galactose, 2% raffinose, and 2%
glycerol at 30 °C) as well as a condition that more closely re-
sembles the environment in vivo (bovine plasma supplemented
with 2% glucose at 37 °C). The C. albicans and C. dubliniensis
genome have sufficiently diverged such that greater than 99% of
the sequencing reads could unambiguously be assigned to one
genome or the other.

We found that ~40% of all orthologous genes showed statis-
tically significant allele-specific expression differences (Materials
and Methods, Fig. 1B, and Dataset S1). We note that, for highly
expressed genes with many sequence reads, very small differences
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in mRNA levels can reach statistical significance, although such
small differences—taken on their own—are not necessarily bio-
logically meaningful. Our overall results indicate that cis-acting
changes underlie much of the previously documented expression
differences between C. albicans and C. dubliniensis when com-
pared as separate species (6—10). This conclusion rests on the
assumption that the “#rans” acting factors from both species are
expressed in the hybrid. We also sequenced the RNA from the
two parental strains (grown under conditions identical to the hy-
brid) and found that most of the changes observed in the hybrid
were also observed, to at least some degree, in the parents (SI
Appendix, Fig. S3). The high degree of cis-regulatory divergence is
also consistent with allele-specific expression analyses carried out
with other fungal hybrid species, (for example, Saccharomyces
cerevisiae X Saccharomyces paradoxus or S. cerevisiae X Saccharo-
myces bayanus) (11, 15, 17-22). Although it is difficult to compare
our results quantitively with the Saccharomyces studies (due to
differences in the depth of RNA-seq and the methodologies be-
hind the analyses; see, for example ref. 23), the broad trends ap-
pear to be similar.

Using gene ontology (GO) categories, we searched for sets of
genes whose expression differences between the C. albicans and
C. dubliniensis genome in the hybrid bear signatures of lineage-
specific selection; that is, they show nonrandom directional ex-
pression from one genome compared with the other. We carried
out this analysis in two different ways, a rank-sum test (which
considers both the magnitudes and the directionalities of ex-
pression differences) and a sign test (which considers only the
directionalities of the differences) (23) (Table 1). Both analyses
revealed strong directional expression biases in genes involved in
filamentous growth and in glycolysis (Table 1). Filamentous
growth is represented by several GO terms (containing over-
lapping sets of genes), and it is well documented in the literature
that C. albicans and C. dubliniensis differ in this phenotype (24).
Although it has been proposed that this difference contributes to
the virulence difference between the species, mutations that in-
crease filamentous growth of C. dubliniensis did not result in
increased virulence (25). Moreover, there is only a poor
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Table 1. GO terms under lineage-specific selection between C. albicans and C. dubliniensis
Rank sum test Sign test
GO term annotation P value FDR P value FDR
glycolysis_15 8.44E-09 3.81E-06 4.32E-04 1.15E-01
Glycolysis 1.96E-08 1.76E-05 7.25E-04 1.54E-01
Filamentous growth of a population of unicellular organisms 1.11E-07 4.99E-05 3.28E-04 1.16E-01
Filamentous growth 1.42E-05 3.20E-03 2.03E-04 1.08E-01
Negative regulation of filamentous growth of a population of 8.65E-05 9.72E-03 1.21E-03 1.84E-01
unicellular organisms
Cytokinetic cell separation 3.02E-03 1.18E-01 9.54E-04 1.69E-01

Searching all GO terms from the Candida Genome Database (CGD) that contained five or more genes (1,068), we assessed departure from null
nondirectional expression using a rank-sum test (Materials and Methods) and a sign test (23), and show all GO terms with an FDR of less than 0.2 in both tests
(in YPD, complete datasets available in Datasets S2 and S3). The same GO categories discussed above were analyzed using the binomial test with our
expectation set to the total number of genes differentially expressed in one direction or the other across all of the orthologous gene pairs (usually within
5% of the expected 50:50 ratio for each condition). FDR were collected as described above. We performed the analysis separately for each of the conditions
under which we grew the hybrid. In some cases, the significance of the gene set varied across conditions; in others, the gene set showed highly significant
enrichment across all conditions (Datasets S2 and S3). We note that some GO terms (e.g., “filamentous growth” and “filamentous growth of a population of
unicellular organisms”) contain large overlapping sets of genes, and are therefore not independent categories. A complete list of all P values and FDRs for all
GO terms in each condition is given in Datasets S2 and S3. The “classic” glycolysis GO category includes 14 enzymes of glycolysis; based on the fungal
literature, we added a GO category (glycolysis_15) that includes 15 genes present in both species that code for glycolysis enzymes. When the hybrid was
grown in glucose, all 14 of the classic GO gene set and all 15 of the hand-annotated set showed higher levels of mMRNA produced from the C. albicans genome
relative to the C. dubliniensis genome, with the same result observed across both independent experimental replicates. Based on the sign test, the likelihood
of this pattern occurring by chance (i.e., in the absence of selection) is roughly 1/2'° for the 15-gene set. (As described in Materials and Methods, there is a
small correction applied to account for a slight bias in total read counts between the genomes, resulting in a P value for the 15-gene set of 4 x 10~/
representing the probability that the pattern occurred by chance).

correlation between mutations in C. albicans that reduce fila-  All 15 glycolysis genes showed higher expression from the C.

mentation and those that reduce virulence (26). The “blind”
identification of filamentous growth genes by the interspecies
hybrid data supports the idea that the allele-specific expression
analysis is useful for uncovering phenotypic differences between
the two species and, perhaps more importantly, highlighting
those that arose from lineage-specific selection.

Of all the GO categories that showed consistent, highly sig-
nificant directional expression (Table 1), the most cohesive and
best understood set of genes are those that encode the enzymes
of glycolysis, and we chose these genes for further investigation.

A log, ratio:
C. albicans

albicans genome in the hybrid across both experimental repli-
cates grown on glucose (Fig. 2). The likelihood of this pattern
occurring by chance is extremely low by both the rank-sum and
the sign tests (Datasets S2 and S3), and the results strongly reject
the null hypothesis of equal selection pressures acting on these
genes in both lineages. When this analysis was carried out on
interspecies hybrids grown on carbon sources other than glucose,
the majority of the glycolysis genes were still expressed at higher
levels from the C. albicans genome (Fig. 2). We note that the
glycolytic genes were not subject to compensation; that is, they
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Fig. 2. mRNA levels in the interspecies hybrid identify genes in the glycolysis pathway as being under lineage-specific selection. (A) Heat maps of the log,
ratio of glycolysis gene reads that map to the C. albicans genome over those that map to the C. dubliniensis genome in the interspecies hybrid. These results
are shown for each of the growth conditions indicated along the bottom of the figure, with independent replicate experiments shown in adjacent columns.
Ratios for orthologous gene pairs across the genome, across all conditions are included in Dataset S1. (B) Schematic of glycolysis pathway with gene names of
the corresponding enzymes (blue), and biochemical product names (black).
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were also expressed at higher levels in the C. albicans parental
strain compared with the C. dubliniensis parent (SI Appendix,
Fig. S3). The higher expression of glycolysis genes in C. albicans
compared with C. dubliniensis is also observed in the data
reported by Palige et al. (10).

Several types of cis-acting changes could in principle produce
higher levels of glycolysis mRNAs from the C. albicans genome
in the hybrid, and there is no a priori reason that the same
mechanism must apply to each gene. We tested one hypothesis:
Namely, that differences in the binding sites for a transcriptional
regulator could account for at least some of these differences. In
C. albicans, Tye7 is the major transcriptional regulator of the gly-
colysis genes (27), and we found that it plays a similar role in C.
dubliniensis (Fig. 3). We carried out a chromatin immunoprecipitation-
sequencing (ChIP-seq) experiment in the interspecies hybrid using
an epitope-tagged Tye7 and found that six of the glycolysis genes
showed a higher signal from the C. albicans genome than from the
C. dubliniensis genome (two of which are shown in Fig. 3), with
three genes showing the opposite pattern. It is likely that small
differences in Tye7 binding could fall below the resolution of the
ChIP signal but nonetheless produce different levels of mRNA, so
we cannot rigorously interpret the failure to detect a difference in
the ChIP signals. We conclude that differential Tye7 binding to
the glycolytic gene intergenic regions may explain some of the
expression differences, but it is unlikely to be the sole explanation
for the higher expression of the complete set of genes in C. albi-
cans. Other possibilities include the binding of other transcription
regulators and changes that affect the stability of individual
mRNAs in cis. Irrespective of the precise cause, the differential
expression of the glycolysis genes between C. albicans and C
dubliniensis must be due to the accumulation of cis-acting changes
at every gene, all acting in the same direction (higher expression in
C. albicans) since the two species last shared a common ancestor.

We next considered the hypothesis that the increased ex-
pression of the glycolytic genes in C. albicans could play a role in
the greater virulence of this species compared with C. dublin-
iensis. Metabolic flexibility (especially in carbon assimilation) has
been implicated in C. albicans pathogenesis, so this idea has a
historical and a logical basis (28-31). To directly assess the role
of glycolysis gene expression on virulence, we sought to construct
a C. dubliniensis strain that expressed its glycolysis genes at
higher than normal levels, close to those found in C. albicans. We
attempted this in two ways: By overexpressing the C. albicans
Tye7 protein in C. dubliniensis and, in a separate construct, over-
expressing the C. albicans Gal4, a regulator that is known to tran-
scriptionally activate at least some of the glycolytic genes (27).

We tested for elevated expression of the glycolysis genes by
RNA-seq analysis of the engineered C. dubliniensis strains rela-
tive to control strains. Although overexpression of Gal4 up-
regulated a number of C. dubliniensis genes, only two of the
glycolysis genes (PFK26-2 and PFKI) showed significant in-
creases in mRNA levels (SI Appendix, Fig. S4). In contrast, the
Tye7 overexpression strain showed significant, but modest,
mRNA increases for all 15 of the glycolysis genes (Fig. 44),
ranging from 1.1-fold to 2.3-fold. In addition to the glycolysis
genes, the engineered Tye7 strain overexpressed a number of
other genes, although most of these mRNAs were present at
much lower total levels than those of the glycolytic genes (Fig. 44).
Under anaerobic conditions (which increases the reliance on gly-
colysis), the engineered Tye7 C. dubliniensis strain showed a higher
proliferation rate on glucose than did the parental C. dubliniensis
strain, a phenotype consistent with increased expression of the
glycolysis genes (SI Appendix, Fig. S5). We note that wild-type C.
albicans also showed a higher proliferation rate under these same
conditions compared with the C. dubliniensis parental strain.

We used the standard mouse model of disseminated candidi-
asis to test whether the engineered C. dubliniensis strains showed
altered virulence compared to the parent strain. We infected

40f9 | PNAS
https://doi.org/10.1073/pnas.2016818118

(through tail vein injection) separate groups of eight BALB/c
female mice with equal titers of C. albicans (strain SC5314), C.
dubliniensis (strain CD36), the two engineered C. dubliniensis
overexpression strains (TYE7oe, GAL4oe), or an empty vector
control strain, and monitored time to illness (Fig. 3B). For the
Gal4 overexpression strain, we observed a slight increase in time
to death (i.e., slightly reduced virulence), but this did not meet
statistical significance (P = 0.21, Mantel-Cox test; P = (.29,
Gehan-Breslow—Wilcoxon test). In contrast, the C. dubliniensis
Tye7 overexpression strain showed statistically significant en-
hanced virulence compared with the control strain: Here, the
median survival time of the mice decreased from 9 d (for the
empty vector control) to 4 d for the engineered strain (P =
0.005). Thus, Tye7 overexpression in C. dubliniensis up-regulated
the glycolysis genes, improved the growth rate on glucose under
anaerobic laboratory conditions, and markedly increased the
virulence of this strain.

To investigate whether the increased virulence was simply a
consequence of improved growth, we coinjected the engineered
strains (along with a control strain) and determined their relative
titers in the kidney using DNA markers (SI Appendix, Figs. S6
and S7). In contrast to the virulence studies described above
(which required a separate group of mice for each fungal strain),
this experiment was carried out with a mixture of strains injected
into each mouse. This strategy significantly reduces the number
of mice required and also allows an accurate assessment of the
competitive proliferation rates of different strains in the same
animal. Of the three C. dubliniensis strains analyzed in this ex-
periment, the Gal4 and Tye7 overproducer showed slightly
higher titers in the kidney compared with the empty vector
control strain. Because the Gal4 strain showed reduced virulence
in the time-to-death experiment, these results indicate that the
increased virulence of the engineered Tye7 C. dubliniensis strain
was due to factors other than increased proliferation.

The simplest interpretation of these results is that the en-
hanced expression of the glycolytic genes in C. albicans relative
to C. dubliniensis contributes to the former’s increased virulence.
The engineered strain of C. dubliniensis is not as virulent as the
wild-type C. albicans strain, suggesting that additional differ-
ences between the species also contribute to the virulence dif-
ferences (5, 25, 32-35). A caveat in our interpretation is that the
engineered Tye7 strain, in addition to expressing the glycolysis
gene at higher levels, up-regulated (and down-regulated) a
number of other genes (Fig. 4), and these could play a role in the
increased virulence of the engineered strain. Nonetheless, the
most parsimonious explanation for all the observations in this
paper is that differences in glycolytic gene expression contributes
to the enhanced virulence of C. albicans compared with its
closest relative, C. dubliniensis.

Discussion

Much of the work designed to uncover the virulence traits of C.
albicans has relied on the effects of single-gene knockouts. Al-
though this approach has revealed a great deal about C. albicans
biology, most of the genes identified as being required for full
virulence of C. albicans are also present in a large number of
nonpathogenic species. It has therefore been difficult to under-
stand how C. albicans evolved to a prevalent fungal pathogen
of humans.

In this report, we investigated gene-expression differences
between C. albicans and its closest relative, C. dubliniensis, a less
pathogenic species. By comparing known mRNA levels pro-
duced by the two genomes in the same cell (an interspecies hy-
brid produced by mating), we documented many differences in
the expression of orthologous genes that could be attributed to
cis-acting differences that arose since the two species last shared
a common ancestor, some 10 million y ago. We systematically
examined this large dataset for nonrandom expression patterns that

Singh-Babak et al.
Lineage-specific selection and the evolution of virulence in the Candida clade


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016818118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016818118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016818118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016818118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016818118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2016818118/-/DCSupplemental
https://doi.org/10.1073/pnas.2016818118

Glycolysis
Gene
Rl \_j - Antimycin A
WT . Y N
C. albican tye7A/A
gal4dA/A

WT
C. dubliniensi tye7A/A

gal4A/A

B Allele-specific binding
: Glycolysi:
Hybrid 4n Call Peaks /\ L
e
TYE7 Chin.s
ip-Seq
Myc ﬁ #
—— ¥
—— Glycolysis
C. albicans C. dubliniensis Gene
C C. albicans PFK1 C. dubliniensis PFK1 D C. albicans HXK2 C. dubliniensis HXK2
3500 2000
§2) 7] N
C "E h
> >
3 8
k] o "
(] ® |
& Jlf & ' I‘\
~ o ).I \ ~ . / \ -
0 e S 0 L O N

<«—— 1000bp —» «—— 1000bp —> — —

<4—— 1000 bp 1000 bp ——p
Fig. 3. The role of Tye7 in lineage-specific selection on glycolysis. (A) Cells were serially diluted fivefold onto solid minimal media containing 2% glucose as a
carbon source with and without antimycin A to inhibit respiration and force cells to rely on glycolysis. Plates were grown at 30 °C for 72 h and pictures were
taken with identical aperture and exposure settings. The results show that Tye7 is needed in C. dubliniensis for growth on antimycin A. (B) Schematic of
immunoprecipitation experiments performed in the interspecies hybrid where one allele of the C. dubliniensis Tye7 was epitope-tagged. The ChIP-seq reads
from the tagged hybrid were aligned to the concatenated genome of the two species and peaks were called in intergenic regions using MACS2 (23). Instances
of allelic bias were detected using the same methods used for identifying ASE (Materials and Methods). (C and D) ChIP-seq of Tye7 in the interspecies hybrid
shows differential binding to promoters of glycolysis genes PFK1 and HXK2, respectively. The boxes depict the 1,000 base pair regions of the intergenic region
upstream of the glycolysis genes in C. albicans (Left) and C. dubliniensis (Right), centered around the called ChIP peak. Darker- and lighter-colored lines
represent ChIP-seq reads obtained from two replicate experiments in the interspecies hybrid. Magenta lines depict reads that map to the C. albicans genome,
whereas green lines depict reads that map to the C. dubliniensis genome. Gray lines depict ChIP-Seq reads obtained from the untagged control ChIP per-
formed in the tetraploid hybrids, with darker gray and lighter gray lines corresponding to two replicate experiments. For these genes, binding was found to
be significantly enriched for the C. albicans alleles. Additional genes that show significant species-specific binding in the tagged hybrid are: PGI1, ENO1, TDH3,
and GLKT in the direction of C. albicans and GLK4, PFK26-2, and GPM1 in the direction of C. dubliniensis (negative binomial distribution, P < 0.01).

might have arisen through natural selection, and we were drawn to
the set of genes coding for the enzymes of glycolysis, all of which

that a C. dubliniensis strain engineered to express its glycolytic genes
at slightly elevated levels was more virulent than the parent strain.

showed higher mRNA levels from the C. albicans genome com-
pared to the C. dubliniensis genome. As described in Results, it is
extremely unlikely that this pattern arose by chance; rather, it bears
all the hallmarks of natural selection due to differences in selective
pressures in the two lineages. Consistent with this view, we showed
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We note that our focus on the glycolytic genes came only after
we systematically analyzed the gene-expression data from the
interspecies hybrid and found they represented the top-scoring
deviation from random expectation. Because the glycolytic genes
have been extensively studied and form a well-defined set of
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Fig. 4. Overexpression of the transcription regulator Tye7 increases glycolysis gene expression and virulence in C. dubliniensis. (A) A C. albicans allele of the
glycolysis regulator gene TYE7 was integrated into the C. dubliniensis genome, and genome-wide gene expression changes were assessed via RNA-seq (y axis),
compared to an empty vector control construct integrated at the same position (x axis). All 15 C. dubliniensis glycolysis genes were up-regulated relative to
the empty vector control strain. A total of 104 genes showed at least a twofold increase in expression and 41 genes showed at least a twofold decrease in
expression in the TYE7 overexpression strain relative to the empty vector control strain (P < 0.01, negative binomial distribution) (Dataset S4). The dotted line
represents x = y, and red circles indicate glycolysis genes, and black circles all other genes. FPKM is a measure of expression level (fragments per kilobase per
million mapped reads). (B) Overexpression of TYE7 increases C. dubliniensis virulence. Groups of eight adult female BALB/c mice were infected via tail vein
injection with 5 x 10° cells of the C. albicans wild-type strain (SC5314, magenta), the C. dubliniensis wild-type strain (CD36, green), the C. dubliniensis strain
harboring an overexpressed allele of C. albicans TYE7 (TYE70e, blue), GAL4 (GAL4oe, orange), or the empty vector control strain (Empty, black), and
time-to-illness was monitored. Significant differences were observed between mice infected with TYE70e versus Empty (P = 0.0054), between TYE70e and
CD36 (P = 0.0004), and between CD36 and SC5314 (P < 0.0001). Statistically significant differences between survival curves were determined using the log-

rank test (**P < 0.01, ***P < 0.001, ****P < 0.0001).

cofunctioning genes, they readily emerged from the analysis.
However, other sets of well-documented cofunctioning meta-
bolic genes did not. We predict that, as studies continue in C.
albicans, other sets of cofunctioning genes may be revealed from
our dataset as having undergone lineage-specific selection. Our
finding that all of the glycolysis genes were up-regulated from the
C. albicans genome relative to C. dubliniensis is consistent with
conclusions from metabolic control analysis, which stresses that
increased flux through a pathway is unlikely to occur by up-
regulating single “rate-limiting” enzymes [see, for example, Fell
(36)]. This idea may explain why cis changes accumulated at all
glycolysis genes rather than a few.

Several explanations are possible for the systematic difference
in glycolytic gene expression that arose between C. albicans and
C. dubliniensis over an evolutionary time scale: 1) The higher
levels of expression were adaptive in the C. albicans lineage; 2)
the ancestor of C. albicans and C. dubliniensis expressed the
genes at the higher levels, and selection was maintained in the C.
albicans lineage but relaxed in the C. dubliniensis lineage; 3)
reduced expression of the glycolytic genes was somehow adaptive
in the C. dubliniensis lineage. We favor the first two explanations,
as it is more difficult to devise a coherent scenario for the third.
In considering the virulence difference between the two species,
it is not known whether C. albicans became more virulent after
the C. albicans—C. dubliniensis split or C. dubliniensis became less
virulent (or both). Regardless of the historical events, both the
virulence properties and glycolytic gene-expression differences
are clear distinctions between the two species that must have
arisen from the different selective pressures acting on the two
lineages. A possible contributor to this change is the recently
documented hybridization event between C. albicans ancestors
(either between different strains of the same species or between
different species) that occurred after the branch with C.
dubliniensis (37).

Our experiments with the engineered C. dubliniensis strain
suggest a causal connection between increased glycolysis gene
expression and virulence, but does this relationship make any
conceptual sense? There is substantial literature on possible links
(27-29, 31, 38-48). The concentration of glucose in the blood is
relatively low (3 to 5 mM) and it drops even further during
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systemic infection by C. albicans (38, 42, 48). Deletion or con-
ditional repression of individual glycolytic genes in C. albicans
results in defects in both laboratory growth and in virulence
studies (40, 46), as do C. albicans strains deleted for both of the
transcriptional activators of the glycolysis genes Gal4 and Tye7
(27). And, the virulence of C. albicans depends on the carbon
source on which the strain is grown before introducing it into the
mouse (38). Finally, C. albicans and macrophages compete for
limiting glucose and C. albicans can thereby cause the death of
macrophages (31). All of these experiments suggest a link be-
tween glycolysis and virulence, one that is more complex than
simple maintenance of a housekeeping function. Other experi-
ments implicate additional C. albicans carbon metabolic path-
ways (such as gluconeogenesis) in pathogenesis, and it has been
suggested that metabolic flexibility—specifically the ability of C.
albicans to efficiently use multiple carbon sources at the same
time—is one of the features that contributes to C. albicans
pathogenesis (reviewed in refs. 29 and 30).

In trying to understand why C. albicans causes disease in hu-
mans while the vast majority of fungal species are avirulent, it has
been tempting to seek out specific “virulence factors” present in
C. albicans but missing in other species. The work presented in
this report indicates that important contributions to the virulence
differences across fungal species may arise through very subtle
evolutionary changes that affect the expression of genes that are
deeply conserved in both virulent and avirulent species.

Materials and Methods

Strain Construction. All strains and plasmids used in this study can be found in
SI Appendix, Tables S1 and S2, respectively. All C. albicans strains were de-
rived from the prototrophic wild-type strain SC5314 (49) and all C. dublin-
iensis strains were derived from the prototrophic wild-type strain CD36 (4).
Mutant gene-deletion strains were constructed following published proce-
dures (26) and overexpression strains driven by the TDH3 promoter were
constructed as described in Hernday et al. (50). To construct the tetraploid
interspecies hybrid, mutant strains of both C. albicans and C. dubliniensis
were first made auxotrophic for histidine and leucine, both markers that are
not required for C. albicans virulence in the murine systemic infection model
(51). Additional genetic manipulations were used to make stains homozy-
gous at the MTL locus, and the resulting a- and a-strains with complemen-
tary mating types were grown together on solid rich media to allow for
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mating. Mating products were subsequently selected for on the basis of
auxotrophic complementation on minimal media and tetraploidy was con-
firmed by FACS and RNA-seq, by aligning reads across the concatenated
genome to assess coverage.

Genome Sequencing. C. albicans SC5314 and C. dubliniensis CD36 were grown
to midlog phase in YPD at 30 °C, pelleted, washed, and genomic DNA was
extracted. The lllumina TruSeq kit was used to construct sequencing li-
braries and 150 base pair paired-end reads were sequenced using an
lllumina MiSeq.

RNA-Seq. The interspecies tetraploid hybrid of C. albicans and C. dubliniensis,
CadSB112, was grown to midlog phase in the following laboratory condi-
tions: YP + 2% glucose, YP + 2% galactose, YP + 2% raffinose, YP + 2%
glycerol, all at 30 °C, and bovine plasma + 2% glucose at 37 °C to mimic host-
like conditions. Each experiment was performed in duplicate except for the
bovine plasma condition. The parental diploid strains of each species (CdSB2
and CaSB14) were grown to midlog phase in bovine plasma + 2% glucose at
37 °C. For C. dubliniensis overexpression experiments, TYE70e (CdSB163),
GAL4oe (CdSB164), and Empty (CdSB169), were grown in YPD at 30 °C to
midlog phase. All cultures were pelleted, washed, and flash frozen in liquid
nitrogen. RNA was extracted using the RiboPure RNA Purification kit
(Ambion) and RNA samples were submitted to the JP Sulzberger Columbia
Genome Center for library preparation and sequencing. Libraries were
constructed using the Illumina TruSeq RNA library prep kit v2 and 100-base
pair single-end reads were sequenced using the lllumina HiSEq. 2500.

Gene-Expression Analysis. Parental DNA-sequencing, parental RNA-seq, and
hybrid RNA-seq reads were aligned against a concatenated genome of C.
albicans 5C5314 (Candida Genome Database assembly 21-s02-m05-r02) and
C. dubliniensis CD36 (52) using SOAP2 with custom flags —-e 5 -1 35 -v 5 -g
1 —s 255 (53). Fewer than 5% of hybrid reads had exactly one match in both
species in any sample and fewer than 1% of parental reads cross-mapped to
the other genome. All multimapped reads were removed from the analysis.
Read counts were compiled for all ORFs. To account for potential alignability
or sequence length differences between orthologous sets of ORFs (54), read
counts were normalized using a scaling factor. The scaling factor was de-
termined as the ratio of fragment counts-per-million of parental genomic
DNA reads aligned to the same set of orthologous ORFs. Normalization was
done by dividing the RNA-seq counts of the more highly represented
ortholog (in DNA reads) by the scaling factor. Tiling both genomes in
100-base pair windows every 1 base pair and realigning yielded near-
identical (Pearson r > 0.99) scaling factors. Significance of allele-specific ex-
pression (ASE) was quantified in hybrid samples using a binomial test, set-
ting the expectation to the total fraction of C. albicans:C. dubliniensis
aligned reads, and corrected for multiple tests (55) (Dataset S1). Significant
differential expression in C. dubliniensis overexpression experiments was
estimated with a negative binomial test as previously described (56).

Cis- and trans Regulation Analysis. Normalized gene-level expression counts
were assessed for differential expression using described methods (57). In
brief, parental RNA-seq data were normalized both to the total number of
aligned reads and the ortholog alignability scaling factor (see Gene-
Expression Analysis section of Materials and Methods). ASE was quantified
using the cumulative binomial distribution, as described above, and trans
effects were further assessed using y? tests on parental versus hybrid RNA-
seq counts. P-values were adjusted for multiple tests (55) and significance
was set at 0.5%.

Quantifying ASE of individual genes was done using two commonly ap-
plied approaches: 1) A binomial test with null expectation set to reflect
overall expression from each species (58), and 2) a negative binomial test
(59). It was observed, however, that both approaches yielded highly signif-
icant P values with nearly all expressed genes showing ASE (P < 0.01).
However, both of the statistical approaches assume that there are no
technical biases between the two alleles. edgeR and DESeq (60) were de-
veloped to sample the same gene across conditions where this assumption is
likely true. In an analysis of previous work in mouse inbred hybrids (58) and
hybrid yeast (61), we observed that sampling ASE at two polymorphic sites in
the same mouse exon, or two polymorphic sites in the same yeast ORF, had
an unexpectedly high degree of disagreement. Priming and amplification
differences during library construction due to allele-specific sequence dif-
ferences may be the cause. We reasoned that, as long as the two poly-
morphic sites were independently sampled (i.e., by separate RNA-seq
fragments), the frequency with which they agree on the direction of ASE
does in fact reflect presence/absence of ASE. Taking all sites separated by a
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distance that exceeds the read length (ensuring they are independently
sampled), we observed that disagreement is a function of sequencing depth
and the minimum level of measured ASE at each site. Disagreement was
much more frequent than predicted using the binomial test, with similar
patterns observed mouse and yeast. We formalized these observations into
a mathematical model that we make available through user-friendly perl
and matlab functions (ref: https:/github.com/tomasbabak/trueASE). Apply-
ing this more conservative framework, we observed ~40% of genes with
significant ASE.

Lineage-specific selection on pathways was assessed with two statistical
approaches. To uncover biological pathways whose gene-expression pat-
terns from the two genomes showed large departures from random ex-
pectations, we ranked each orthologous gene pair from the C. albicans
genome compared to the C. dubliniensis genome in the hybrid (5,267 an-
notated ORFs), by the P value of differential gene expression between those
orthologous genes (negative binomial distribution, with the expectation set
to the total number of reads from the C. albicans genome versus C. dub-
liniensis, where genes with increased expression in C. dubliniensis are set to
a negative value). To capture both the significance of differential gene ex-
pression, as well as direction, we ranked all GO terms (52) (with five or more
genes) with higher expression from the C. albicans genome at the top and
higher expression from the C. dubliniensis genome at the bottom. Rankings
were based on the rank-sum test, and false-discovery rates (FDR) were
computed using the Benjamini-Hochberg procedure to correct for multiple
comparisons (62). Using this approach, which takes into account both the
direction of the allelic bias as well as the magnitude, the glycolysis genes
ranked at the top of our significance list. As a separate, independent test, a
sign test was applied as in Artieri and Fraser (61). The above categories were
also tested for directional bias using a binomial test, with expectation set to
the total number of genes up-regulated in one species versus the other. FDR
were estimated using the Benjamini-Hochberg step-up procedure (62).

ChIP. The epitope-tagged tetraploid interspecies hybrid strain (CdSB144 x
CaSB133 where one copy of the C. dubliniensis Tye7 was tagged with Myc)
and the untagged control strain lacking the C-terminal Myc tag (CdSB69 x
CaSB133) were grown to midlog phase in YPD at 30 °C. Cells were cross-
linked in 1% formaldehyde for 15 min, quenched with 125 mM glycine,
pelleted, washed, and flash-frozen in liquid nitrogen. Cells were lysed in
50 mM Hepes/KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.1% Na-Deoxycholate, and an EDTA-free Complete Protease Inhibitor
Mixture (Roche), as described in Sorrells et al. (63). ChIP was performed as
described in Hernday et al. (50) with an anti-c-Myc monoclonal antibody
(Invitrogen AHOO0062), libraries were prepared with the NEBNext Multiplex
kit for lllumina (New England Biolabs) and AMPure XP magnetic beads
(Beckman Coulter), as described in Sorrells et al. (63), and sequenced on an
Illumina HiSEq. 4000. All experiments were performed in duplicate from
independently grown single colonies of the same strain.

Allele-Specific Binding Analysis. To enable cross-species comparison of peak
position and accurate quantification of Tye7 ChIP-seq signal, liftOver (64)
files were created on reciprocally-generated whole-genome pairwise align-
ments of C. albicans and C. dubliniensis. Lastz (64) was used to generate the
alignments and maf-convert (http:/last.cbrc.jp/doc/maf-convert.html) and
University of California, Santa Cruz tools were used to generate liftOvers
as described previously (http://genomewiki.ucsc.edu/index.php/LiftOver_
Howto). ChIP-seq reads were aligned using the procedure described above
in the section discussing gene-expression analysis and filtered for cross-
species mappability (i.e., could be lifted over using liftOver). Peaks were
called using MACS2 (65) with default settings and C. dubliniensis peaks
were lifted over to the C. albicans genome coordinates. Consolidated
peaks were then generated as the union of the four sets of peaks (two
replicates and two species) and filtered reads were counted in these re-
gions. Peaks were linked to genes based on proximity to closest translation
start sites and allele-specific binding was assessed using the same proce-
dures as used to quantify ASE (see discussion of ASE above).

Growth Curves and Quantification. All strains were grown overnight in
standard YP + 2% glucose at 30 °C. The following day, strains were washed
in PBS and diluted in either YNB + amino acids + 2% glucose or YNB + amino
acids + 2% glycerol. To force glucose metabolism through glycolysis, strains
were grown at 30 °C in an anaerobic chamber (Coy Laboratory Products),
whereas strains grown with glycerol as the sole carbon source were grown at
30 °C aerobically. All experiments were performed in 96-well format on a Tecan
Infinite M1000 (in aerobic conditions) or a Tecan Infinite M Nano (in anaerobic
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conditions). Data were analyzed using the R package Growthcurver to obtain
doubling times (66).

In Vivo Virulence Assay. All procedures involving animals were approved by
the University of California, San Francisco Institutional Animal Care and Use
Committee and performed in accordance with relevant guidelines and
regulations. Strains tested were wild-type prototrophic C. albicans SC5314
(CaSB14), wild-type prototrophic C. dubliniensis CD36 (CdSB2), C. dublin-
iensis Tye7 overexpression strain TYE7oe (CdSB136), C. dubliniensis Gal4
overexpression strain GAL4oe (CdSB164), and C. dubliniensis empty vector
control strain Empty (CdSB169). Strains were inoculated from overnight
cultures into fresh YP + 2% glucose and grown to midlog at 30 °C. Cells were
pelleted, washed, and resuspended in sterile saline and cell counts were
obtained with a hemocytometer. Eight female 6- to 8-wk-old (18 to 20 g in
weight), BALB/c mice were infected via tail vein injection with 5 x 10° cells
(in a 0.1-mL volume) of one of the strains tested. Mice were monitored twice
daily and killed upon signs of iliness (minimal motor activity, weight loss of >
15% of initial body weight, and hunched posture). The log-rank test was
used to determine whether survival curves were statistically significantly
different.

In Vivo Proliferation Assay. In vivo proliferation protocols were adapted from
Noble et al. (26, 51). For C. albicans versus C. dubliniensis proliferation ex-
periments, C. albicans (CaSB16) and C. dubliniensis (CdSB4) were inoculated
into fresh YP + 2% glucose and grown to midlog phase at 30 °C. Cells were
prepared as above, except cells were resuspended in sterile saline in an equal
mixture. Eight female 6- to 8-wk-old (18 to 20 g in weight), BALB/c mice were
infected via tail vein injection with 5 x 10° cells (in a 0.1-mL volume) of the
mixture. Mice were monitored and killed as above. Upon killing, kidneys
were dissected, homogenized, diluted, and plated on Sabauraud agar with
ampicillin (50 pg/mL) and gentamicin (15 pg/mL) for 48 h at 30 °C and replica
plated to media either lacking the amino acid leucine (to select for C.
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dubliniensis) or lacking histidine (to select for C. albicans). Statistical differ-
ences in fungal burden between C. albicans and C. dubliniensis across all
mice was determined using the Mann-Whitney U test.

For the overexpression experiments, C. dubliniensis strain TYE7o0e
(CdSB136), C. dubliniensis strain GAL4oe (CdSB164), and C. dubliniensis strain
Empty (CdSB169) were inoculated from overnight cultures into fresh YP +
2% glucose and grown to midlog phase at 30 °C. Cells were pelleted,
washed, and resuspended in sterile saline in an equal mixture and eight
female 6- to 8-wk-old (18 to 20 g in weight), BALB/c mice were infected via
tail vein injection with 10° cells of the mixture. Mice were monitored and
killed as above. Upon killing, kidneys were dissected, homogenized, diluted,
and plated on Sabouraud agar with ampicillin (50 pg/mL) and gentamicin (15
pg/mL). Recovered CFU were grown for 48 h at 30 °C and genomic DNA was
recovered from CFU scraped off the plates. Individual strain abundance was
determined using real-time PCR and primers specific to each strain on a
StepOnePlus RT-PCR machine (Applied Biosystems), relative to the inoculum,
and differences in abundance were assessed for statistical significance using
the Wilcoxon signed-ranked test. The TYE70e strain was quantified using
primer pair 0SB184/201, the GAL4oe strain quantified using primer pair
0SB184/273, and the Empty vector strain using primer pair 0SB184/275.

Data Availability. Code generated for mathematical modeling of ASE
quantification data have been deposited in Github (https:/github.com/
tomasbabak/trueASE). All analyzed study data are included in the article and
supporting information. Raw data is available on Gene Expression Omnibus
at accession number GSE168112.
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