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Candida albicans is a heterozygous diploid yeast that is a commensal
of the human gastrointestinal tract and a prevalent opportunistic
pathogen. Here, whole-genome sequencing was performed on mul-
tiple C. albicans isolates passaged both in vitro and in vivo to charac-
terize the complete spectrum of mutations arising in laboratory
culture and in the mammalian host. We establish that, independent
of culture niche, microevolution is primarily driven by de novo base
substitutions and frequent short-tract loss-of-heterozygosity events.
An average base-substitution rate of ~1.2 x 10~"° per base pair per
generation was observed in vitro, with higher rates inferred during
host infection. Large-scale chromosomal changes were relatively rare,
although chromosome 7 trisomies frequently emerged during pas-
saging in a gastrointestinal model and was associated with increased
fitness for this niche. Multiple chromosomal features impacted muta-
tional patterns, with mutation rates elevated in repetitive regions,
subtelomeric regions, and in gene families encoding cell surface pro-
teins involved in host adhesion. Strikingly, de novo mutation rates
were more than 800-fold higher in regions immediately adjacent to
emergent loss-of-heterozygosity tracts, indicative of recombination-
induced mutagenesis. Furthermore, genomes showed biased patterns
of mutations suggestive of extensive purifying selection during pas-
saging. These results reveal how both cell-intrinsic and cell-extrinsic
factors influence C. albicans microevolution, and provide a quantita-
tive picture of genome dynamics in this heterozygous diploid species.
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Microbial evolution studies have provided detailed insights
into genome dynamics and the factors that shape evolution
(1-5). Most of these studies have focused on haploid or homo-
zygous diploid genomes, yet there is now an increasing need to
also examine genome variation in heterozygous genomes (4, 6-9).
While sexual reproduction plays an important role in accelerating
genome variation in eukaryotic species (5, 10, 11), mitotic pop-
ulations can still generate diversity by a number of mechanisms,
including de novo base substitutions, loss-of-heterozygosity (LOH)
events, insertions/deletions (indels), and chromosomal-level changes,
such as the acquisition of different aneuploid states. Many of these
events have been defined in model eukaryotes and are also recog-
nized in the human genome as major drivers of somatic mosaicism
and cancer development (12, 13).

In this study, we provide a high-resolution analysis of genome
microevolution in the heterozygous diploid yeast Candida albicans.
This species is an opportunistic human pathogen responsible for
both a variety of debilitating mucosal infections and life-threatening
systemic infections (14, 15). A common resident of the human
microbiota, C. albicans can become pathogenic in individuals that
are immunocompromised or undergo prolonged antibiotic use (15—
17). The genome consists of eight chromosomes, with the reference
isolate SC5314 harboring ~70,000 heterozygous positions repre-
senting ~0.5% of the 14.3-Mb genome (18-20). Heterozygous re-
gions of the genome can undergo LOH, the frequency of which
increases in response to environmental stressors (21-24). Isolates
can also experience large-scale genomic changes, including the
emergence of aneuploid forms (24-27). C. albicans isolates there-
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fore display extensive genomic plasticity due to a variety of events,
including acquisition of SNPs and indels, LOH events, and changes
in gene and chromosome copy number (22, 24, 27-32).

Here, we define the complete spectrum of mutations accompa-
nying microevolution in C. albicans, using deep sequencing on
multiple clinical isolates to precisely determine the mutations arising
during both in vitro and in vivo passaging. Our experiments reveal
that microevolution is driven by widespread, small-scale genetic
changes, overwhelmingly represented by de novo base substitutions
and short-tract LOH (SLOH) events. In contrast, large-scale geno-
mic changes are rare, although both long-tract LOH (LLOH) events
and the acquisition of supernumerary chromosomes were observed,
with the latter associated with an increase in commensal fitness. We
also identify hypermutable sites within the genome, including re-
petitive and telomeric regions, and show that DNA recombination
events are themselves highly mutagenic and are accompanied by a
large number of de novo mutations. Genetic events leading to gains
of heterozygosity (GOH) and LOH occurred at similar frequencies
so that global heterozygosity levels were, for the most part, stably
maintained during microevolution. Finally, we note that mutational
patterns infer a dominant role for purifying selection, with most
mutations that alter protein-coding sequences likely purged from the
genome during infection of the mammalian host.

Significance

Evolution acts on mutations that naturally arise within the ge-
nome and are shaped both by intrinsic genomic features and by
the cellular environment. We catalog the mutations arising in a
heterozygous diploid yeast during passaging in vitro and in the
mammalian host. We establish genome-wide mutation rates
and reveal that “microscale” changes (base substitutions and
short-track recombination events) are the primary drivers of
microevolution, although chromosomal-level changes also occur
in specific host environments. Our results define mutation hot-
spots, including those adjoining recombination tracts, and in-
dicate that many mutations are purged from the population due
to purifying selection. Together, these data provide a high-
resolution picture of how the heterozygous diploid genome of
a fungal pathogen undergoes evolution over short time scales.
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Results

Microevolution of C. albicans Diploid Genomes. We selected four
clinical isolates of C. albicans (SC5314, P78048, P76055, and
P57055) for microevolution experiments. These isolates belong to
three major C. albicans clades (I, II, and III), originate from
bloodstream infections, and are heterozygous at the mating type-
like locus (MTLa/a), except for P78048, which is MTLa/a (Dataset
S1). Each strain has a highly heterozygous genome with no
chromosomal aneuploidies, and heterozygous positions represent
0.41-0.55% of these genomes corresponding to an average of
~70,000 positions in the ~14-Mb genome (Dataset S2) (24). The
four isolates have been shown to be virulent in both mouse and
insect models of systemic infection (24, 33), exhibit normal mor-
phology patterns, and are susceptible to antifungal agents (24).
Generation times for these isolates in YPD medium at 30 °C
range between 88 and 95 min (Dataset S3).

Each of the four isolates were passaged both in vitro and in three
different murine models in vivo (Fig. 14). The latter included two
commensal models of gastrointestinal (GI) colonization using ei-
ther a standard diet (SD) that requires antibiotics for C. albicans
colonization (34), or a purified diet (PD) that does not require
antibiotics (35). For GI colonization, fungal cells were collected
from fecal pellets after 42 d (n = 2-3). No differences were ob-
served in colonization levels during microevolution, as determined
by fungal burdens in fecal pellets from both GI colonization models
(ST Appendix, Fig. S1 A and B), with one exception (P78048 GI SD
isolate D). A model of systemic infection was also utilized in which
fungal cells were introduced into the bloodstream and recovered
from the kidney, the major murine organ targeted by C. albicans
(36). For systemic infections, five sequential passages were per-
formed in which cells were isolated from infected kidneys 3 d
postinfection and used for infection of new hosts (n = 2). Fungal
burdens in the kidneys did not show any obvious trends during
microevolution (SI Appendix, Fig. S1C). For comparison, in vitro
passaging was performed daily under standard laboratory condi-
tions (YPD medium, 30 °C) and isolates collected after 80 d
(~600 generations, n = 1-2). Genomes of evolved isolates were
analyzed by Illumina ultradeep sequencing (~185x coverage,
97.7% of SC5314 assembly covered by reads) (Dataset S2). Using
high-depth read alignments and stringent variant calling with both
Haplotype Caller (Genome Analysis Toolkit) and Pilon (37), SNPs,
heterozygous positions, and indels were identified for each isolate
(Dataset S2), and a number of these were further validated, as
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described below. Quality metrics for identified variants are included
in SI Appendix, Fig. S1 D and E.

Common Patterns of Microvariation in C. albicans Genomes. A de-
tailed analysis of microevolved isolates was performed to de-
termine the spectrum of nucleotide changes in each genome. A
total of 564 mutations were identified across the 28 microevolved
isolates in the four lineages. All 564 mutations were individually
evaluated using the Integrative Genomics Viewer (IGV) (38)
and 63 sites were additionally verified using an allele-specific
fluorescent PCR technology (KASP genotyping). Of these,
55 positions (87%) matched the genotypes from genome se-
quencing and included SNPs and indels in both genic and
intergenic regions (SI Appendix, Fig. S1F and Dataset S4).
Mutations were subdivided into those leading to GOH and LOH,
and also classified as resulting from indels or changes in SNPs. For
example, in vitro passaging for 600 generations revealed a total of
31 mutations in four microevolved lineages (4, 5, 7, and 15 muta-
tions in each). The 31 mutations involved 25 SNPs (17 transitions
and 8 transversions) and 6 indels (4 insertions and 2 deletions).
These are comprised of 8 GOH events (due to 7 de novo base
substitutions and 1 indel) and 11 LOH events (due to gene con-
version impacting 18 SNPs and 5 indels). Nineteen of the mutations
occurred in intergenic regions and 12 in coding sequences, of which
there were 7 synonymous and 5 nonsynonymous mutations.
Microevolution consistently involved more changes in SNPs (ei-
ther de novo mutations or LOH) than events due to indels. Thus,
from the 564 mutations, 523 (93%) involved changes in SNPs and
41 (7%) involved indels (Fig. 1B). For GOH events, the average
ratio of base substitutions to indels was 1:0.17, which is lower than
ratios reported for Saccharomyces cerevisiae (~1:0.03) (39-41),
suggesting that C. albicans experiences proportionally higher rates
of indels to de novo substitutions than S. cerevisiae. An average of
48% of GOH mutations and 38% of LOH mutations occurred in
coding regions and involved mostly synonymous mutations (55%
and 65%, respectively) (Fig. 1 C and D). Nonsynonymous muta-
tions predicted to disrupt ORF function were rare; only 14 non-
sense mutations and 5 readthrough mutations occurred across the
28 evolved isolates, and 17 of these were the direct result of three
very large LOH events that occurred in two isolates (Dataset S5).
De novo base substitutions (GOH SNPs) in evolved isolates were
the result of a higher fraction of transitions than transversions, with
an average Ts/Tv ratio of 1.3:1, which is lower than the 2:1 ratio
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Fig. 1. Microevolution of C. albicans genomes. (A)
Schematic of in vitro and in vivo microevolution ex-
periments. (B) Distribution of SNPs and indels, (C)
intergenic and coding mutations, (D) synonymous
and nonsynonymous mutations, and (E) transitions
and transversions. Data are averaged across all mi-
croevolution experiments. Note that panels indicate
mutations resulting from either GOH or LOH events.
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reported for model yeast genomes (40, 42) (Fig. 1E and SI Ap-
pendix, Fig. S24). These mutational patterns were consistent across
microevolved isolates and were independent of genetic background
and the passaging environment.

Purifying Selection Shapes the Evolution of C. albicans Genomes. In
the absence of bottlenecks, new mutations with deleterious ef-
fects may be purged from the population via purifying selection,
and we therefore tested whether mutational patterns in our
dataset showed evidence for selection. If occurring randomly,
mutations will accumulate in intergenic and coding regions at
frequencies proportional to their representation in the genome
(39, 40, 43). In our experiments, 48% (59 of 123) of all de novo
base substitutions (GOH SNPs) and 62% (8 of 13) of GOH
indels were present in intergenic regions, even though these re-
gions account for only 36.2% of the genome (P < 0.05) (Fig. 24).
Moreover, none of the indels (0 of 5) found in coding sequences
resulted in frameshifts (i.e., all were a multiple of three nucle-
otides), whereas only one-eighth of indels observed in intergenic
regions consisted of multiples of three nucleotides (P < 0.05,
difference between indels in intergenic and coding regions is
significant using a binomial distribution) (SI Appendix, Fig. S2B).
The fraction of synonymous to nonsynonymous mutations also
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Fig. 2. Selection shapes microevolution of C. albicans genomes. (A) Fre-
quency of observed and expected GOH mutations in intergenic regions (these
regions represent 36.2% of the C. albicans genome). GOH SNP mutations
represent de novo base substitutions. (B) Observed and expected fractions of
synonymous GOH SNPs in coding regions during microevolution experiments
(~25% of base substitutions are expected to be synonymous if random
events). (C) Selection coefficients for nonsynonymous GOH SNPs calculated
based on the number of observed vs. expected nonsynonymous substitutions.
Expected nonsynonymous substitutions were estimated for each microevolu-
tion experiment based on observed synonymous substitutions (lll) or observed
intergenic substitutions (@). Only isolates for which both nonsynonymous and
synonymous/intergenic substitutions were observed were included in this
analysis. For each panel, data points represent independently evolved isolates
and asterisks indicate significant differences (t test, *P < 0.05).
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differed from that expected by chance: ~25% of coding substi-
tutions are expected to be synonymous if mutations occur ran-
domly (39, 43), yet 52% (36 of 69) of base substitutions were
synonymous in our dataset (P < 0.05) (Fig. 2B). This suggests
that selection frequently acts to limit the accumulation of mu-
tations that alter the protein-coding sequence.

We also estimated the fraction of mutations impacted by se-
lection by examining how many nonsynonymous mutations should
occur during microevolution based on the number of synonymous
or intergenic mutations observed. Assuming an even distribution
of mutational events, selection effectively removed an average of
71-79% of the nonsynonymous mutations predicted to occur.
Selection coefficients for nonsynonymous mutations in evolved
isolates averaged 0.0053 (0.0047 and 0.0059, using estimates based
on observed intergenic or synonymous mutations, respectively).
Selection coefficients were highest for isolates passaged in the GI
tract (P < 0.0005) (Fig. 2C). Taken together, these results estab-
lish that C. albicans isolates display a larger proportion of syn-
onymous and intergenic mutations than that expected by chance,
implying that purifying selection removes a large proportion of
mutations impacting protein-coding genes during passaging.

Impact of Strain Background and Environment on C. albicans Mutation
Frequencies. Mutation frequencies were compared between the four
clinical isolates and across culture conditions to examine cell-
intrinsic and cell-extrinsic factors impacting microevolution. Strains
passaged in vitro displayed an average rate of 1.17 x 107'" base
substitutions per base pair per generation (Fig. 34). These de novo
substitution rates are similar to those reported for asexual pop-
ulations of both S. cerevisiae and Schizosaccharomyces pombe (39—
41, 44) (SI Appendix, Fig. S2C). Mutations in C. albicans cells
passaged in vitro reflected mutational patterns common to all mi-
croevolution experiments, with more SNPs than indels, and fewer
coding mutations than expected by chance (S Appendix, Fig. S2D).
Isolates passaged in vitro displayed an average LOH rate of 1.61 X
107" per base pair per generation corresponding to 6.2 x 107
events per heterozygous position per generation (Fig. 34).

In contrast to in vitro mutation rates, in vivo rates cannot be
accurately determined as precise generation times have not been
defined in the host. Estimates of 0.09 generations per hour during
systemic infection (31) and 0.14 generations per hour during GI
colonization (45) are only two- to threefold slower than in vitro
growth in rich medium. To avoid using these estimates, we cal-
culated mutation frequencies relative to total passage time. The
standard “laboratory” strain SC5314 displayed the lowest muta-
tion frequencies (both for GOH and LOH) as frequencies in the
other lineages were 1.5- to 6-fold higher (SI Appendix, Fig. S2E).
The environment also potentially impacted the mutation fre-
quency; strains grown in vivo (both GI and systemic models)
showed GOH frequencies that were 4.9- to 11-fold higher than
those in vitro (SI Appendix, Fig. S2F). LOH frequencies were also
higher in vivo than in vitro (6- to 8.3-fold) (SI Appendix, Fig. S2F).
These results suggest that C. albicans cells exhibit higher mutation
frequencies when passaged in the host relative to in vitro culture.

Genome Heterozygosity Levels Are Often Maintained During
Microevolution. Given that LOH events are frequently observed
in C. albicans (22, 24, 25, 46-48), we examined if genome hetero-
zygosity levels changed during passaging. We observed that LOH
and GOH frequencies were balanced in most microevolved lineages
(SI Appendix, Fig. S2G). Thus, genome heterozygosity levels in the
four lineages were often maintained during passaging, with het-
erozygosity levels within —1.5 to +2.1% of starting levels (Fig. 3B).
The striking exceptions to this pattern were two isolates that ex-
perienced very large (>0.27 Mb) LOH events and therefore showed
concomitant decreases (—8.5% and —11.3%) in heterozygous po-
sitions across their genomes. These results establish that, in the
absence of large LOH events, mitotic recombination events (driving
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Fig. 3. Mutation rates in C. albicans and the impact of chromosomal fea-
tures on mutation rates. (A) GOH and LOH mutation rates during in vitro
growth. Rates include both SNP and indel events. (B) Fluctuations in genome
heterozygosity during microevolution relative to starting heterozygosity
levels (red line). Significant decreases in heterozygosity are only observed for
two isolates that underwent LLOH events (red symbols). (C and D) GOH (C)
and LOH (D) mutation rates in specific regions relative to whole-genome
rates. These include heterozygous (HET) regions, repeat regions (MRS and
LTR), Chr END regions (final 10 kb of each chromosome arm), centromeres,
genes encoding ALS and GPI-linked proteins, and TLO genes. Mutations in-
clude both changes in SNPs and indel events. Data points represent in-
dependently evolved isolates, and asterisks indicate significant differences
relative to whole-genome mutation frequencies (t test, *P < 0.05).

LOH) and GOH events (resulting from both de novo base substi-
tutions and indels) often impact similar numbers of positions so that
overall heterozygosity levels can be stably maintained.

Defining Hypervariable Regions Within the C. albicans Genome. To
determine the impact of genomic context on mutation rates, we
compared the frequency of GOH and LOH mutations arising at
different chromosomal features, including centromeres, terminal
chromosome regions, subtelomeric 7LO genes, ALS (agglutinin-
like sequence) genes, other glycosylphosphatidylinositol (GPI)-
linked genes, and annotated repeat regions (Datasets S6 and S7).
Several of these features have been associated with higher mu-
tation rates in C. albicans and model organisms (4, 49-55). For
each feature, we examined the frequency of SNP and indel
mutations relative to the genome average. We found that LOH
(but not GOH) frequencies were elevated at the ends of chro-
mosomes (5.8-fold increase within the 10-kb terminal regions,
P = 0.01), in line with previous observations that C. albicans
telomeric regions are highly dynamic (56) (Fig. 3 C and D). In
contrast, centromeric regions displayed decreased LOH muta-
tion frequencies relative to the genome average. This contrasts
with the high mutation rates observed at S. cerevisiae centro-
meres (53); however, the 3- to 4.5-kb regional centromeres
present in C. albicans are much larger than the point centro-
meres (often <400 bp) found in the model yeast (57, 58).
Repeat sequences are common in fungal genomes and have
been associated with mobile elements and gene regulation (59,
60). However, studies in model yeast have tended to exclude
analysis of repeat regions to simplify genome analyses (39, 44).
C. albicans is unusual among Candida species in that it contains

Ene et al.

nine large major repeat sequence (MRS) elements that span
~1.7% of the genome and are linked to chromosome translo-
cations and chromosome-length polymorphisms (56, 60-63). We
found that microevolved C. albicans lineages exhibited signifi-
cant differences in mutation frequencies between repeat and
nonrepeat regions. For example, MRS elements and long ter-
minal repeat (LTR) retrotransposons showed GOH and LOH
frequencies that were 11.5- and 10-fold higher than the genome
average, respectively (P < 0.04) (Fig. 3 C and D). Importantly, a
number of these mutations were validated by KASP genotyping,
confirming that they arose during microevolution (Dataset S4).

Genes encoding GPI-linked cell wall proteins and ALS family
genes are rich in internal tandem repeats that can vary in number,
and thereby contribute to allelic diversity and phenotypic variation
(64-67). In line with these observations, we found that GPI and
ALS gene families accumulated mutations at higher frequencies
than the genome average (12.5- and 10-fold higher GOH and
LOH rates, respectively, P < 0.005) (Fig. 3 C and D). These results
establish that numerous chromosomal features, including genomic
repeats, telomeric regions, ALS genes, and GPI-linked cell wall
genes, undergo evolution faster than the rest of the genome.

We also compared the distribution of mutations arising in het-
erozygous versus homozygous regions of the genome, while noting
that certain LOH events in C. albicans have been shown to promote
adaptation (30, 68, 69). Heterozygous and homozygous regions were
mapped in each of the four parental strains based on the density of
heterozygous positions per 5-kb window (24). Using this metric, we
found that heterozygous regions varied between 69.5% and 84.2%
of the genome (Dataset S8). Comparison of the frequency of mu-
tations between heterozygous and homozygous regions revealed that
these regions accumulated GOH and LOH mutations in line with
their relative abundance (Fig. 3 C and D). For example, 84.2% of
the P78048 genome is represented by heterozygous regions and
80.2% of all mutations in evolved derivatives of this lineage occurred
in heterozygous regions. We therefore did not observe any bias in
the pattern of either de novo mutations or gene-conversion events
toward either heterozygous or homozygous regions of the genome.

Microevolution Is Punctuated by Frequent SLOH Events and Small
Indels. A wide variety of LOH events have been observed in C.
albicans, with elevated rates reported during exposure to stress,
antifungal treatment, DNA damage, and host passage (22, 31, 32,
70, 71). To characterize these events during microevolution, we
divided LOH tracts into three categories based on length and the
number of heterozygous positions affected: (i) microLOH (mLOH)
events that involve loss of single heterozygous positions, (i)
SLOH events that involve loss of two or more heterozygous po-
sitions yet cover short (<10 kb) genomic regions, and (iii) LLOH
events that are >10 kb and often affect hundreds of heterozygous
positions (Fig. 44). The relative frequency of mLOH and SLOH
events observed during microevolution was similar across experi-
ments, with the minimum size of these events ranging between 1 and
3,090 bp (Liin size) (Fig. 4B). Thus, isolates underwent an average
of 52.3% mLOH and 46.4% SLOH events during passaging (Fig. 4
C and D). The average size of LOH tracts (L,,) varied between
222 bp (P57055) and 889 bp (SC5314) for the four strain back-
grounds and impacted between 1.6 and 3.2 heterozygous positions
(excluding LLOH events) (SI Appendix, Fig. S3 A and B). In con-
trast to frequent mLOH and SLOH events, only three LLOH events
occurred in two microevolved isolates (P76055 and P78048 passaged
in the GI SD model) and involved tracts of 273-1,230 kb that
extended to the ends of the chromosomes.

We also analyzed the 41 indels that occurred in the 28 evolved
isolates (SI Appendix, Fig. S2 H and I), noting that indels in S.
cerevisiae are biased toward insertions in haploid cells and toward
deletions in diploid cells (39, 40). In the evolved C. albicans line-
ages, indels were represented by similar numbers of insertions
(21 events) and deletions (20 events). Indel sizes averaged 3.3 bp
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for in vitro-evolved isolates, whereas indels were two- to threefold
larger for in vivo-passaged isolates (SI Appendix, Fig. S2I), al-
though no significant size differences were found between different
lineages or niches for either LOH events or indels (P > 0.05).
Together, these results provide a comprehensive analysis of LOH
and indel events in C. albicans and highlight that SLOH, most of
which involve homozygosis of only single heterozygous positions,
are the most common LOH event during microevolution.

LOH Events Are Frequently Associated with MRS Repeat and Telomeric
Regions. To examine the distribution of LOH events relative to
chromosomal features, the 196 LOH tracts were mapped within
the C. albicans genome (Fig. 54) and their frequency determined
per 0.2-Mb window (S Appendix, Fig. S3C). Mapping the distance
of each LOH to the closest chromosomal feature revealed that a
large subset of LOH tracts (21%) arose either within MRS regions
or in the 1-kb tracts adjacent to MRS or telomeric regions (Fig.
5B). MRS elements were the main hotspot for these recombina-
tion events, with the start sites for 12% of all LOH tracts being
located at these elements. Not all MRS tracts showed the same
propensity for recombination; MRS6 and MRS7b displayed the
highest LOH frequencies and MRS2, -3, and -5 displayed the
lowest LOH frequencies (SI Appendix, Fig. S3C). In contrast, no
LOH events were detected within 5 kb of the centromeres (Fig.
5B). These findings establish that MRS and telomeric regions are
hotspots for recombination in C. albicans.

New Heterozygous SNPs Emerge Within a Large LOH Tract. Three
large LOH tracts (0.27-1.23 Mbp) were formed during passaging
and involved two isolates evolved in the GI (antibiotic-treated)
model with the SD. LOH events involved the terminal regions of
chromosome (Chr) 2 and Chr 3 in P76055 (GI SD isolate C) and
Chr R in P78048 (GI SD isolate B) (Fig. 54 and SI Appendix, Fig.
S4A4). LOH occurred via truncation of chromosome arms in P76055
GI SD isolate C, as the resulting LOH tracts were monosomic for
both Chr 2 and Chr 3 (ST Appendix, Fig. S4B). In contrast, LOH
likely involved break-induced replication (BIR) or interhomolog
crossing-over in P78048 GI SD isolate B, as the chromosome was
still disomic for the emergent homozygous region (SI Appendix, Fig.
S4B). These events affected thousands of heterozygous positions (as
well as tens of indels) that were present in the parental genomes. In
total, the three LLOH led to the homozygosis of 5,419 sites in
coding regions, 2,135 of which resulted in nonsynonymous changes:
14 produced nonsense mutations and 3 resulted in readthrough
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mutations (SI Appendix, Fig. S4C and Dataset S5). Interestingly, the
LLOH region in P78048 GI SD isolate B showed the reemergence
of multiple heterozygous positions due to de novo base substitutions
(GOH SNPs) within the LOH tract. In fact, a 6.6-fold higher rate of
GOH events was detected within this LLOH tract than was evident
in the rest of the genome (Fig. 5C). The high frequency of de novo
mutations is consistent with an elevated rate of base substitutions
emerging during BIR, as shown for S. cerevisiae (72).

Impact of LOH Events on Mutational Patterns. Chromosomal cross-
overs can induce de novo mutations in DNA regions close to the
cross-over in a wide variety of species (4, 49, 50, 73, 74). We
therefore examined whether the regions flanking emergent LOH
tracts in C. albicans isolates showed altered mutation rates relative
to the genome average. Strikingly, LOH-adjacent sites appeared
highly enriched for mutations; 44 of 136 GOH events (32 de novo
base substitutions and 12 indels) were located within 500 bp of
emergent LOH tracts (Fig. 5D). In fact, 36 GOH events were
located within just 100 bp of LOH tracts. Thus, 32.4% of all GOH
events (26% of base substitutions and 92.3% of indels) were found
in regions close to new LOH tracts, even though these regions
represent only ~1.3% of the genome. GOH rates in LOH-
adjacent regions (500-bp up/down of LOH tract) were therefore
840-fold higher than in the rest of the genome (Fig. 5E).

The pattern of GOH events adjacent to LOH tracts differed from
that in the rest of the genome, with indels particularly enriched in
LOH-adjacent regions (SI Appendix, Fig. S4D). In contrast, GOH
mutations arising in 7LO genes, centromeric regions, or telomeric
regions were not closely associated with LOH (SI Appendix, Fig.
S4D). We further note that de novo base substitutions in LOH-
adjacent regions showed a 75/7Tv ratio of 1.1:1 compared with a
genome average of 1.3:1. This is consistent with high rates of
transversions resulting from translesion polymerases acting to repair
DNA lesions at or close to recombination tracts (75, 76). Both
homologous recombination and nonhomologous end-joining are
considered to be error-prone mechanisms that can introduce indels
close to the site of a DNA break (77). Our data now reveal that
approximately one-third of all GOH indels and base substitutions in
C. albicans arise in regions flanking LOH events and that this is
likely due to mutagenic DNA repair mechanisms.

Large-Scale Chromosomal Changes Acquired During Microevolution.

Sequence read depth across the microevolved genomes revealed
that a subset of isolates underwent changes at the chromosomal
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level. Aneuploidy was observed in 3 of 28 evolved isolates and in
each case involved Chr 7 trisomies (SI Appendix, Fig. S5 A and B).
These aneuploids emerged in three different strain backgrounds
passaged in the GI SD model, suggesting a fitness benefit may be
associated with Chr 7 trisomy in this niche. One of the aneuploid
isolates also became monosomic for two terminal regions in-
volving the right arm of Chr 2 (1.15-Mbp region) and the left arm
of Chr 3 (0.27-Mbp region; P76055 GI SD isolate C) (SI Appendix,
Fig. S4B). Previous studies have similarly observed aneuploid
forms among natural isolates and that chromosome-level changes
can arise during passaging or in response to antifungal treatment
(24, 27, 29, 31, 32, 70, 78). An analysis of copy number variation
across smaller genomic regions (100- to 1,000-bp windows) was
also performed (SI Appendix, Figs. S6 and S7).

Chr 7 Trisomy Promotes Increased Fitness in the Mouse Gl Tract. To
determine whether the emergence of Chr 7 trisomies provides a
fitness advantage in the GI, we performed direct competition ex-
periments between strains that were disomic (2X) or trisomic (3X)

Ene et al.

for this chromosome. Three parental isolates (SC5314, P78048,
and P76055) were genetically marked with the SAT7 nourseothricin
resistance gene integrated at the NEUTSL locus (79), as this does
not impact strain fitness per se (80) but allows for selection.
Microevolved isolates harboring the Chr 7 trisomy (SC5314 GI SD
isolate B, P78048 GI SD isolate B, and P76055 GI SD isolate C)
and the corresponding SATI* parental strains were coinoculated
at a 1:1 ratio into the GI and their relative proportions measured
in mouse fecal pellets over 14 d by quantifying the ratio of SAT*/SAT ~
cells. In all cases, the strains that were trisomic for Chr 7 outcompeted
the corresponding parental strain, with two of the evolved isolates
representing >90% of the recovered population 8 d postinocula-
tion (Fig. 64). This is consistent with Chr 7 trisomies increasing
the fitness of C. albicans isolates in the murine GI tract.

To induce loss of the trisomic Chr 7, aneuploid strains were
serially passaged in vitro for 35 d (~238 generations) and nine
isolates evaluated for Chr 7 copy number by KASP genotyping
(Fig. 6B). We found that two of the nine in vitro-passaged isolates
had lost the trisomic Chr 7, and these strains were competed
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competed in the GI SD colonization model, cells recovered from mouse fecal pellets, and the relative levels of evolved and passaged isolates determined. Error

bars represent +SD; four mice were used for each competition.

against the corresponding Chr 7 3X isolates in the GI SD infection
model. In both strain backgrounds (P78048 and P76055), Chr 7
3X strains displayed a significant fitness advantage relative to their
Chr 7 2X derivatives (Fig. 6C) (P < 0.001). This provides further
evidence that an extra copy of Chr 7 contributes to increased
fitness of C. albicans cells in the GI infection model.

Discussion

This study defines the spectrum of mutations that emerge in
heterozygous diploid genomes of C. albicans during microevolu-
tion, including a comparison of mutational patterns during in vitro
culture with those that emerge during infection of the host. Nu-
merous studies have established that C. albicans exhibits extensive
genomic plasticity, from variation at the level of SNPs to changes
at the whole-chromosome level (24, 25, 30, 32, 56, 81). However,
this work provides a comprehensive picture of the genetic changes
accompanying microevolution in this important pathogen.

Global Patterns of Mutation in C. albicans. Microevolution resulted
in similar mutational patterns regardless of strain background or
environment, and was driven almost exclusively by changes in
heterozygous polymorphisms. These included either new poly-
morphisms due to de novo base substitutions or LOH positions via
gene-conversion events, as well as a relatively small number of
indels. This establishes that “microscale” changes are the most
frequent events arising in the C. albicans genome. We reveal that C.
albicans displays an average de novo base-substitution rate of 1.17 x
107 per base pair per generation during in vitro passaging. This
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genome-wide estimate of C. albicans mutation rates is close to
those reported for mitotically dividing cells of S. cerevisiae and S.
pombe (8, 39, 40, 44), indicating that C. albicans exhibits a de novo
substitution rate similar to that of haploid or homozygous diploid
yeast genomes. Notably, microvariation is equally driven by LOH,
as gene-conversion events occur at frequencies (1.61 x 107'° per
base pair per generation) that are close to those of de novo sub-
stitution rates and impact a similar number of nucleotide positions.

Genome Architecture and Environmental Pressures Impact C. albicans
Microevolution. While overall mutational patterns were similar
between microevolved lineages, de novo substitution and LOH
frequencies varied between different strain backgrounds and en-
vironments. Mutation frequencies varied by sixfold between line-
ages, although no obvious genetic differences were found (such as
“mutator” genotypes due to disruptions in DNA repair genes) that
could account for these differences (SI Appendix). The niche in
which strains were passaged also impacted mutation frequencies;
strains passaged in vivo showed up to 11-fold higher mutation
frequencies than those passaged in vitro (frequencies calculated
relative to the total time of passage). C. albicans may therefore
experience environment- or stress-induced mutagenesis, as dem-
onstrated for a number of bacterial, fungal, plant, and human
studies (82-84). In support of this, C. albicans was previously
shown to undergo stress-induced LOH events in vitro (22), and
LOH events were more frequent during both bloodstream passage
and infection of the oral cavity than in vitro (31, 85).
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Our studies also establish that a number of chromosomal
features impact C. albicans mutation rates. Mutation rates were
higher in repeat regions, telomeric regions, and in genes encoding
GPI-linked cell wall proteins (including ALS family genes) than in
the rest of the genome (Fig. 7). These results are consistent with
multiple reports linking higher mutation rates with repetitive and
telomere-proximal regions of the C. albicans genome (55, 56, 60,
64, 66, 86).

Evidence That Purifying Selection Acts on Emerging Mutations. Mu-
tations accumulated at significantly higher rates in intergenic re-
gions than in coding regions, and the ratio of synonymous to
nonsynonymous mutations was also greater than that expected by
chance. Based on these observations, we estimate that 71-79% of
nonsynonymous mutations were effectively removed from the
population by purifying selection during microevolution. This
implies that selection frequently removes fitness-reducing mutants
from the population. Natural isolates of S. cerevisiae also show a
significant bias toward intergenic over genic SNPs (87), and more
than a third of nonsynonymous mutations were implicated as
being deleterious in one study (88). The present study provides
evidence for purifying selection acting broadly on the diploid C.
albicans genome even over relatively short evolutionary periods.

Aneuploid Forms Frequently Arise During Commensal Colonization.
Aneuploid forms have frequently been observed in C. albicans
(22, 24, 25, 89), and 3 of 28 lineages became aneuploid during
microevolution. Whole-chromosome aneuploidies emerged in dis-
tinct strain backgrounds and in each case involved acquisition of a
third copy of Chr 7 during passaging in the GI tract in mice on a SD
with antibiotics. To determine if Chr 7 trisomy provides a fitness
advantage under these conditions, direct competition experiments
were performed between Chr 7 trisomic strains and euploid con-
trols. In each case, the presence of the trisomy was associated with
increased fitness in the GI. Interestingly, Chr 7 trisomies did not
emerge in isolates passaged in an alternative GI model that used a
purified mouse diet without antibiotics. This suggests that this tri-
somy may not enhance growth in the GI tract per se, but could
provide a specific advantage to attributes of the GI environment
when mice are on the SD.

mLOH Events Are a Major Driver of Genome Dynamics. LOH has long
been recognized as an important mechanism for introducing di-
versity into C. albicans populations (21, 22, 24, 25, 30), although a
global analysis of dynamic events had not been performed. Pre-
vious studies have examined LOH in diploid S. cerevisiae strains
and showed that mitotic tracts are generally longer than meiotic
tracts, with the former averaging 2-12 kb (90, 91). A recent study
also examined genome-wide mitotic events in S. cerevisiae and
showed that LOH tracts ranged from <100 bp to >100 kb, with
small LOH tracts (<1 kb) attributed to local gene conversions,
although the smallest LOH events were excluded from analysis
(8). The present study defines the complete spectrum of LOH
events occurring during C. albicans microevolution and establishes
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Fig. 7. Schematic illustrating the pattern of mutational events across the C.
albicans genome. Figure highlights how certain chromosomal features are
associated with elevated mutation rates.
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in vitro LOH rates of 1.61 x 107'° per base pair per generation (or
4.5 x 1072 per cell division), which are slightly lower than previous
estimates based on LOH events at three loci (63, 92). However,
we note that LOH rates varied considerably between different
genomic regions, with MRS, cell surface proteins, and telomeric
regions representing relative hotspots for LOH.

We found that the majority of LOH events involved very short
mLOH tracts (estimated L,y size = 368 bp). Indeed, over half of
all LOH events impacted only a single heterozygous position
and, critically, a number of these events were validated by KASP
genotyping. In fact, when examining all genetic changes accrued
during microevolution, >30% of these events were due to LOH
at single heterozygous positions, revealing that these represent a
high-frequency event in the C. albicans genome. Consistent with
our data, previous experiments studying the repair of DNA
double-strand breaks in C. albicans revealed SLOH events due to
gene conversion, and only rare LLOH events observed due to
BIR or reciprocal recombination (71). Similarly, recent analysis
of passaged lineages in the water flea Daphnia pulex found that
SLOH events (median ~221 bp) were prevalent (7). We there-
fore propose that SLOH events represent a common mutation in
heterozygous genomes that will have been missed by studies that
lack nucleotide-level resolution.

We note that global LOH frequencies were often balanced by
equivalent frequencies of de novo GOH mutations during micro-
evolution, regardless of genetic background or evolution niche.
Because of this balance, overall heterozygosity levels were stably
maintained (+2%) in the majority of passaged lineages, unless very
large LOH events occurred (described below). The observation
that de novo mutation frequencies often match LOH frequencies
indicates that genomes can retain their heterozygosity levels even
in the absence of outcrossing events over short time spans.

In contrast to frequent microscale LOH events, large LOH
tracts were only observed in two isolates. These events involved
very long LOH tracts (0.27-1.23 Mb) that extended to the ends of
the chromosomes. Previous studies also detected large LOH events
in C. albicans strains grown both in vitro and in vivo (21, 22, 24, 25,
71, 93). We note that while large-scale chromosomal changes are
relatively rare, these impact numerous genes and are therefore the
most likely to have phenotypic consequences. Overall, the three
large LOH events identified here led to homozygosis of over
10,000 heterozygous positions, resulting in 2,135 nonsynonymous
changes, 14 nonsense mutations, and 3 readthrough mutations.
This reveals that large recombination tracts drive extensive geno-
typic changes but may also be heavily selected against given the
large number of heterozygous positions impacted.

An Association Between Recombination Events and de Novo Mutations.
A striking correlation is reported here between de novo mutations
in C. albicans and their proximity to recombination events. Spe-
cifically, GOH rates were elevated 840-fold within 500 bp of
emergent LOH tracts relative to the genome average. Conse-
quently, a third of all GOH events (substitutions and indels) were
in regions flanking new LOH tracts, despite these tracts repre-
senting only ~1.3% of the genome. This phenomenon was ob-
served independent of strain background and was most evident
during host passage where LOH frequencies were higher. The high
rate of mutations adjacent to LOH tracts is likely due to gene
conversion being mutagenic and introducing de novo mutations
into neighboring regions of the genome. Increased rates of trans-
versions in these mutated regions support the activity of translesion
polymerases acting to repair DNA lesions at these sites. This is
consistent with DNA double-strand break repair processes being
both recombinogenic and mutagenic, as described in other species
(50, 72, 94). Our data now indicate that recombination events in C.
albicans also introduce de novo mutations during the repair pro-
cess. Thus, LOH is a stress-inducible event in C. albicans (22) and

PNAS | vol. 115 | no.37 | E8695

GENETICS



this process introduces additional mutations into the genome,
which will further accelerate adaptation.

Concluding Remarks. This study provides a high-resolution analysis
of the spectrum of mutations accumulating in a heterozygous
diploid pathogen. Our data indicate that both cell-intrinsic prop-
erties (e.g., strain background, repetitive chromosomal features)
and cell-extrinsic factors (e.g., host versus laboratory passage)
impact the frequency and distribution of genetic mutations. Fre-
quent microscale changes (predominantly de novo substitutions
and short-tract gene-conversion events) and occasional larger-
scale rearrangements (LLOH or chromosomal aneuploidies) de-
termine genome dynamics. Furthermore, purifying selection plays
a dominant role in dictating which genetic changes are retained
during evolution. Our results provide a detailed picture against
which genomic changes in other heterozygous diploid species can
be compared, and establish the foundation for understanding how
C. albicans adapts to diverse host niches.

Materials and Methods

A complete description of all materials and methods can be found in
SI Appendix.

Strains and Growth Conditions. C. albicans strains were grown at 30 °C in YPD
medium (95). For in vitro evolution, cultures were serially diluted (1/100)
daily for 80 d (bottlenecks every 6.8 generations) and cells collected once a
week. In vitro isolates were collected as a pool and used to prepare
genomic DNA.

Murine Experiments. For animal infections, female BALB/c mice were housed
together with free access to food and water. For systemic infection, C. albicans
cells were grown overnight (YPD, 30 °C) and for each passage three mice were
infected via the tail-vein with 6 x 10° cells. Three days postinfection, the mice
were euthanized and fungal cells isolated from kidneys. Isolates for sub-
sequent passages and for genomic DNA isolation were selected from the
mouse showing the highest virulence outcome. For the Gl SD model, mice
were fed standard rodent chow and their water was supplemented with
penicillin and streptomycin (96). For the GI PD model, mice were fed a purified
diet (AIN-93G, Dyets) and their water was not supplemented with antibiotics
(35). In both models, mice were orally gavaged with 108 cells and continued
with their respective diet and water for 6 wk. At 42 d, isolates were collected
from fecal pellets and used to prepare genomic DNA. For competition ex-
periments using the Gl SD model, C. albicans cells were grown overnight
in YPD at 30 °C and washed with sterile water. Approximately 10® cells
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