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ABSTRACT

The opportunistic fungal pathogen Candida albicans lacks a conventional sexual
program and is thought to evolve, at least primarily, through the clonal acquisition of genetic
changes. Here, we performed an analysis of heterozygous diploid genomes from 21 clinical
isolates to determine the natural evolutionary processes acting on the C. albicans genome.
Consistent with a model of inheritance by descent, most single nucleotide polymorphisms
(SNPs) were shared between closely related strains. However, strain-specific SNPs and
insertions/deletions (indels) were distributed non-randomly across the genome. For example,
base substitution rates were higher in the immediate vicinity of indels, and heterozygous regions
of the genome contained significantly more strain-specific polymorphisms than homozygous
regions. Loss of heterozygosity (LOH) events also contributed substantially to genotypic
variation, with most long-tract LOH events extending to the ends of the chromosomes
suggestive of repair via break-induced replication. Importantly, some isolates contained highly
mosaic genomes and failed to cluster closely with other isolates within their assigned clades.
Mosaicism is consistent with strains having experienced inter-clade recombination during their
evolutionary history and a detailed examination of nuclear and mitochondrial genomes revealed
striking examples of recombination. Together, our analyses reveal that both (para)sexual
recombination and mitotic mutational processes drive evolution of this important pathogen in
nature. To further facilitate the study of genome differences we also introduce an online

platform, SNPMap, to examine SNP patterns in sequenced C. albicans genomes.
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AUTHOR SUMMARY

Mutations introduce variation into the genome upon which selection can act. Defining
the nature of these changes is critical for determining species evolution, as well as for
understanding the genetic changes driving important cellular processes such as carcinogenesis.
The fungus Candida albicans is a heterozygous diploid species that is both a frequent
commensal organism and a prevalent opportunistic pathogen. Prevailing theory is that C.
albicans evolves primarily through the gradual build-up of mutations, and a pressing question is
whether sexual or parasexual processes also operate within natural populations. Here, we
determine the evolutionary patterns of genetic change that have accompanied species evolution
in nature by examining genomic differences between clinical isolates. We establish that the C.
albicans genome evolves by a combination of base-substitution mutations, insertions/deletion
events, and both short-tract and long-tract loss of heterozygosity (LOH) events. These
mutations are unevenly distributed across the genome, and reveal that non-coding regions and
heterozygous regions are evolving more quickly than coding regions and homozygous regions,
respectively. Furthermore, we provide evidence that genetic exchange has occurred between
isolates, establishing that sexual or parasexual processes have transpired in C. albicans

populations and contribute to the diversity of both nuclear and mitochondrial genomes.
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INTRODUCTION

A wide variety of genetic events contribute to the evolution of eukaryotic genomes. In
asexual cells, haploid genomes evolve via the accumulation of point mutations as well as
undergo recombination events that drive DNA expansions/contractions (indels). Heterozygous
diploid genomes also have the capacity to experience loss of heterozygosity (LOH) events, in
which genetic information is lost from one of the two chromosome homologs. In addition, both
haploid and diploid genomes may experience large-scale chromosomal changes such as gross
rearrangements, acquisition of supernumerary chromosomes or other forms of aneuploidy [1, 2].

Many eukaryotic species also generate genetic diversity via sexual reproduction. Here,
recombination between individuals provides an efficient mechanism for producing diverse
progeny. Sexual reproduction can therefore promote adaptation to new environments more
rapidly than asexual propagation [3, 4]. However, this comes at a fithess cost due to the
associated energetic requirements and the fact that only 50% of parental alleles are passed on
to single progeny [5-7]. Sex can also be detrimental by breaking up beneficial allelic
combinations [5, 8]. Facultative sexuality, the ability to alternate between sexual and asexual
forms of reproduction, promotes a flexible lifestyle that can accelerate adaptation in response to
environmental pressures [4, 9].

Sexual reproduction has been extensively studied in the Saccharomyces clade, where
the model yeast Saccharomyces cerevisiae divides mitotically but can also undergo mating and
meiosis to generate recombinant progeny. The related Candida clade includes some of the
most important human fungal pathogens encountered in the clinic [10, 11], although the
Saccharomyces and Candida clades diverged from one another ~235 million years ago [12].
The most clinically-relevant Candida species is C. albicans that, like all Candida species, was
originally designated an obligate asexual organism. However, mating of diploid cells has been

observed in the laboratory and produces tetraploid cells that return to the diploid state via a
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83  parasexual process of concerted chromosome loss (CCL) [13-16]. Mating requires that C.
84  albicans cells undergo a phenotypic transition from the sterile “white” state to the mating-
85 competent “opaque” state [17]. Conjugation of opaque cells can occur via heterothallic or
86  homothallic mating [18], and recombination during CCL involves Spol1, a conserved 'meiosis-
87  specific' factor involved in DNA double-strand break formation across diverse eukaryotes [14,
88 19].
89 Clinical isolates of C. albicans exhibit a largely clonal population structure despite the
90 potential for recombination via parasexual reproduction [20, 21]. Multilocus sequence typing
91 (MLST) separates C. albicans isolates into 17 clades although previously described
92  incompatibility between MLST haplotypes and individual mutations suggests that recombination
93  may act to generate new allelic variants [22]. Analysis of a limited number of haploid
94  mitochondrial loci also reveals allelic mixtures that suggest recombination may have occurred
95  within C. albicans populations [23, 24]. However, despite these observations, C. albicans is still
96 commonly assumed to be an asexual species that does not undergo mating or recombination in
97  nature [25, 26]. Prior studies focused on a subset of genomic loci and present conflicting
98 evidence regarding the role of recombination in shaping C. albicans evolution [20, 22-24, 27],
99  which can now be addressed by a detailed analysis of full genome sequences.
100 In this work, we examined evolutionary patterns in 21 sequenced C. albicans isolates
101  that represent different clades, different sites of infection in the host, and different countries of
102  origin [28, 29]. Our analyses provides a detailed picture of how mutational events drive
103  evolution of the diploid C. albicans genome. We reveal that mutations preferentially accumulate
104 in heterozygous regions of the genome, and that emergent SNPs and indels often cluster
105 together. Moreover, we highlight isolates whose nuclear and mitochondrial genomes appear
106  highly admixed and therefore display evidence of genetic contributions from multiple clades.

107  These results establish that the C. albicans genome is a dynamic landscape shaped both by
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108 local mutations and large-scale rearrangements, and that sexual or parasexual mating has

109 made a significant contribution to genotypic variation.
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110 RESULTS

111 The availability of whole genome sequencing data for 21 diverse C. albicans isolates
112 [28] provided an opportunity to determine how genetic diversity is generated between strains in
113 nature. The C. albicans diploid genome is ~14 megabases (Mb) and consists of eight

114  chromosomes encoding ~6100 genes [28, 30, 31]. SNPs occur at a frequency of ~0.3%

115  between chromosome homologs in the standard laboratory strain SC5314 (i.e., an average of 1
116  SNP every 330 bp) [28, 32]. Among the 21 isolates, we found SNP frequencies varied from
117  0.5% between closely related strains within Clade | to 1.1% between strains from different

118 clades (Table S1). A previous phylogenetic reconstruction using 112,223 SNP positions found
119 that most strains matched their previously assigned fingerprinting clades and MLST subtypes,
120  with the exception of P94015 which clustered separately from other Clade | strains (Fig. 1A)
121  [28]. Strong bootstrap values across the constructed phylogeny of these strains supports a

122 primarily clonal lifestyle in which most polymorphisms are mutations consistent with inheritance
123 by descent (Fig. 1B). Accordingly, SNPs and indels fit a nonrandom distribution across the 21
124  sequenced isolates 2 (((SNPs; 20, N = 302641) = 83118, p < 2E-16, indels; 20, N = 19581) =
125 13825, p < 2E-16, Fig. S1).

126

127  Base substitutions in C. albicans

128 LOH events can distort the patterns of SNPs inherited from ancestral strains (Fig. S2).
129  To help limit these confounding effects, we restricted most analyses to strain-specific SNPs and
130 indels that are unique to individual strains. Approximately 25% of all SNP positions and 10% of
131  all indel positions were strain-specific (66,086 and 6,474 events, respectively; Tables S2, S3).
132 As expected, the number of strain-specific mutations increased with longer branch lengths from
133 the nearest node in the phylogenetic tree (SNPs, rs= 0.60, p = 4.2E-3; indels, rs=0.42, p =

134  0.055; Fig. 1B and Fig. S3). Correlation between these metrics of strain identity supports the

135  use of strain-specific mutations in assessing mutational patterns.
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136 In many eukaryotes, base-substitution mutations are biased towards transitions over
137  transversions, although the cause of this bias is not completely clear [33]. In C. albicans, base
138  substitutions also favored transitions over transversions for both strain-specific SNPs and total
139 SNPs, x* (11, N = 66086) = 18182, p < 2E-16 and (11, N = 302641) = 628000, p < 2E-16,

140  respectively). The ratio of transitions to transversions was 2.21 for strain-specific SNPs and
141 2.50 for all SNPs (Fig. S4). Both coding and noncoding regions encoded more strain-specific
142  transitions than transversions, although coding sequences were more biased than noncoding
143  regions (2.74 versus 1.80, respectively). Base substitutions displayed a 1.39-fold bias towards
144  introducing A/T instead of G/C for strain-specific SNPs that shrank to 1.03-fold when including
145 all SNPs. The fact that substitutions favor transitions resulting in A/T suggests that this may

146  contribute to the overall A/T richness of the C. albicans genome [31].

147

148  Distribution of strain-specific polymorphisms across the C. albicans genome

149 Analysis of the global distribution of strain-specific SNPs revealed a bias against the
150  accumulation of these mutations within protein-coding genes. Thus, most strain-specific

151  polymorphisms (33,818 of 66,086 SNPs and 5,502 of 6,474 indels) were present within the
152  36.7% of the genome representing intergenic regions, suggesting that mutations in coding
153  sequences are selected against (p = 9.71E-16; Fig. 2A,B). As a result, relatively few strain-
154  specific SNPs were present within ORFs across the twenty-one sequenced strains (Fig. 2C).
155  We found that 259 genes exhibited significantly greater SNP densities per nucleotide (nt) than
156  the 0.004 SNPs/nt average for all C. albicans ORFs (Fig. 2C, Table S4). SNP densities within
157  enriched genes were equal to or greater than the intergenic average (0.0066 vs. 0.0063,

158  respectively). Protein-coding genes within this group lacked any enrichment for gene ontology
159  (GO) annotations or pathways (Table S4). However, noncoding snoRNAs (small nucleolar

160  RNAs) were significantly overrepresented among ‘faster-evolving genes’ by GO term analysis,
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161  y%*((2,N=5)=15.6, p = 7.90E-5; Fig. 2D). The five snoRNAs identified from GO enrichment
162  had mutation rates greater than 0.02 SNPs/nt, significantly higher than that of the average rate
163  of 0.0063 SNPs/nt within intergenic regions. Strain-specific polymorphisms clustered towards
164  the 5 end of the snoRNAs (Fig. 2E) and could contribute to variation in functional aspects of

165  protein translation, although this possibility was not explored here.

166 An inspection of strain-specific indels revealed that 3527 (54.5%) were deletions and
167 2948 (45.5%) were insertions. Indels ranged in size from 1 bp to 10 bp with the majority of

168 longer events being insertions (Fig. S5). The frequency of both insertions and deletions

169  decreased as mutations became larger, suggesting that smaller events occur more frequently or
170  are less detrimental to the cell and therefore are retained more often. The incidence of £3

171  nucleotide indels (21.9% of the total) was higher than that expected by chance. When indels
172 were separated into genic or intergenic mutations, intergenic mutations followed a Poisson

173 distribution centered on 0, whereas genic mutations were vastly overrepresented for +3

174  nucleotide indels that do not shift the reading frame (Fig S5). Only ~15% of all indels fell within
175 ORFs (p < 2.2E-16) suggesting that, as with SNPs, indels are selected against within coding

176  sequences (Fig. 2B).

177 Indels have been commonly associated with specific genomic features such as repetitive
178  sequences in other species [34, 35]. Across the sequenced C. albicans isolates, there was a
179  total of 19,581 indel sites across the genome. Of these, 465 indel sites (2.37%) were located
180  within annotated repetitive sequences (long terminal repeats (LTRs), major repeat sequences
181 (MRSs), and retrotransposons). Total indels are therefore overrepresented within these

182  repetitive features (two-tailed Brunner-Munzel (BM) test = 5.15, df = 182.05, p = 6.65E-7).

183  Likewise, strain-specific indels were significantly enriched within repetitive features (47 of 6475;
184  BMtest = 13.004, df=182, p<2.2E-16). Both total and strain-specific SNPs also clustered within

185 repetitive elements (BM test = 14.98, df = 315.62, p < 2.2E-16 and BM test = 12.26, df = 240.02,
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186 p < 2.2E-16, respectively). Thus, mutations within the C. albicans genome are enriched within

187  repetitive regions similar to what has been observed in other species [34, 35].

188 Analysis of the genome-wide distribution of strain-specific SNPs and indels across the
189 21 genomes revealed that these mutation types showed significant clustering with one another
190 (Fig. 1C) (Pearson, t = 11.64, df = 286, p < 2.2E-16). Multiple SNPs often occurred within 100
191  bp of an indel (Fig. 1D) as was confirmed via Sanger sequencing of selected regions (Fig. S6).
192  Enrichment of SNPs was observed immediately adjacent to indels (within 10 bp) but not within
193  indels (Wilcoxon test (W(1.79E7)), p < 2.2E-16; Fig. 1E). Three strains, P60002, P75010 and
194  P94015, encoded a large proportion of strain-specific mutations reflective of their longer branch
195 lengths in the phylogenetic tree, which could potentially skew the analysis (Fig. 1A). However,
196  even after removing these three strains from the analysis and reducing the four major clades to
197  three representative strains each, we still observed a significant association between SNPs and
198 indels (Wilcoxon test (W(3.04E7)), p < 2.2E-16, Fig. S7A). This association highlights that

199  distinct mutagenic events occur in close proximity to one another, and suggests that indel

200 formation or the associated DNA repair processes may be mutagenic in C. albicans.

201 In some species, the introduction of indels can influence the observed mutational bias
202  towards either transitions or transversions [35, 36]. To address this possibility in C. albicans,
203  the transition:transversion ratio was determined for the ~500 strain-specific SNPs located within
204 10 bp of strain-specific indels. Although base substitutions still slightly favored transitions, the
205  1.17 transition:transversion ratio was significantly lower than the genome-wide average ratio of
206 2.21 (p =5.87E-7). This is consistent with mutations close to indels exhibiting a reduced bias
207  towards transitions over transversions due to recruitment of error-prone polymerases during
208 DNA repair [35]. We therefore suggest that a similar mechanism operates in C. albicans and
209 can account for the increased mutation rate adjacent to indels, as well as the local bias in the

210 transition:transversion ratio.

10
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211

212 Association between LOH recombination events and base-substitution mutations

213 The previous study by Hirakawa et al. identified extensive loss of heterozygosity (LOH)
214  tracts in the 21 sequenced C. albicans isolates [28]. Consequently, LOH breakpoints were

215  mapped in each isolate and emphasis was placed on the distribution of LOH events around the
216  mating type-like (MTL) locus on Chr5. The current study extends the analysis of LOH patterns
217  in C. albicans genomes by determining if genome-wide patterns of LOH exist, and if there is an
218  association between LOH tracts and other mutational classes such as base substitutions or

219  indels.

220 LOH regions were defined in Hirakawa et al. using several parameters including

221 contiguous 5 kilobase (kb) windows with a high frequency of homozygous SNPs (>0.4 events
222 per kb; see Methods and [28]). Plotting the incidence of LOH for all chromosomes (Chr) in each
223 of the isolates revealed a striking pattern, whereby the prevalence of LOH increased along each
224  chromosome arm when progressing from centromere to telomere (Fig. 3A and Fig. S8). In fact,
225  the overwhelming majority of all long-tract LOH regions (155 out of 170 regions larger than 50
226  kb) extended to the ends of the corresponding chromosomes (Table S5). This reveals that out
227  of atotal of 336 chromosome arms in the 21 isolates, 155 of these arms show evidence of

228  having undergone a long-tract LOH event. LOH frequency decreased towards the centromeres
229  and did not occur across centromeres except during LOH of whole chromosomes (Fig. 3B).

230 Interestingly, LOH frequencies remained low across the entirety of the right arms of Chr2 and
231  Chr4 (Fig. S8), suggesting that heterozygosity of loci on these arms may be maintained by

232 selection. Aneuploidy did not significantly alter the frequency of heterozygous and homozygous
233  intervals along aneuploid chromosomes relative to euploid chromosomes (p = 0.756).

234 Several studies have revealed that mutation rates can be impacted by the underlying
235 genomic context. For example, accumulation of SNPs was found to be increased in regions

236  adjacent to indels in diverse eukaryotic species [36], and mutation rates were higher in

11
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237  heterozygotes than in homozygotes during meiosis [37]. We therefore examined mutational
238  patterns in C. albicans genomes that are a mosaic of heterozygous and homozygous regions.
239  We subdivided C. albicans genomes into heterozygous (het) or homozygous (hom) regions

240  using defined criteria on all SNPs (see Methods), resulting in 468 het and 445 hom regions,

241  respectively (Table S5). Het regions covered a total of 71.1% of the genome and hom regions
242 28.9%; het tracts were therefore considerably longer on average than hom tracts (~480,000 bp
243  vs. 186,000 bp, respectively). Definition of het and hom regions using all SNPs allowed

244  subsequent examination of the frequencies of strain-specific SNPs within these regions. Strain-
245  specific SNPs comprise only 3% of all SNPs within these genomes and, therefore, do not

246  contribute substantially to the designation of het and hom regions. Notably, het regions

247  contained significantly higher frequencies of strain-specific SNPs than hom regions (1.4E-4 vs.
248  7.3E-5 SNPs/bp, respectively; BM test = -10.6, df = 786.6, p < 2E-16; Fig. 3C). Even after the
249  exclusion of the three outlier strains, P60002, P75010 and P94015, and reducing the four major
250 clades to three representative strains each, there were still significantly higher frequencies of
251  strain-specific SNPs within het than within hom regions (BM test = -7.558, df = 377.0, p = 3.14E-
252 13). Furthermore, all 21 isolates exhibited the same bias towards het regions containing more
253  strain-specific SNPs than hom regions (two-tailed BM test = -1.11, df = 38.5, p = 0.28),

254  indicating that mutations preferentially accumulate in het over hom regions during natural

255  evolution of C. albicans isolates.

256 We note that heterozygous SNPs may have arisen in hom regions but, in some cases,
257  been eliminated by a subsequent LOH event. As LOH can occur in one of two possible

258  directions (due to loss of either homolog A or homolog B), we accounted for mutations

259  potentially lost via LOH by doubling the number of homozygous, strain-specific SNPs within

260 hom regions. Even with this adjustment, het regions still contained a greater density of strain-
261  specific SNPs than hom regions (two-sided BM test = -8.74, df = 717.58, p<2.2E-16). The ~2-

262  fold greater accumulation of polymorphisms in het over hom regions of the C. albicans genome

12
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263  shows parallels with the ~3.5-fold higher mutation rate observed in het vs. hom regions of the
264  Arabidopsis genome during meiosis [37].

265 Sites close to recombination events, including LOH events, have been shown to be

266  associated with elevated mutation rates in some species [36, 38-40]. To determine if there is an
267  increased frequency of SNPs in regions proximal to LOH tracts in C. albicans, the density of
268  SNPs at heterozygous-homozygous transition points was investigated. Analysis of the 745
269 identified transition regions included 1 kb of DNA on either side of the junction points between
270  het and hom regions (with the latter inferred to represent LOH tracts). The SNP density within
271  these transition regions was significantly lower than that in the rest of the C. albicans genome
272  (one-sided BM test = -35.415, df = 748.8, p <2.2E-16; Fig. 3D). Furthermore, SNP density was
273 similar on both het and hom sides of the LOH breakpoint. Thus, base substitutions appear to
274  accumulate less frequently in regions proximal to het/hom breakpoints in the C. albicans

275 genome. One caveat noted here is that this result may be influenced by difficulty in the

276  identification of precise breakpoints between het and hom regions of the genome.

277

278 ldentity by descent during C. albicans evolution

279 A hallmark of phylogenetic reconstructions in asexual species is the ability to track the
280 relatedness of isolates based on inherited polymorphisms [22, 41, 42]. Reconstruction often
281  relies on a maximum parsimony model of ‘identity by descent’, in which more closely related
282  strains share a greater percentage of shared polymorphisms (Fig. 4A). C. albicans SNP

283  patterns generally follow identity by descent; these patterns matched the phylogenetic tree as
284  evidenced by strong bootstrap support at almost all nodes [28], as well as a visual examination
285  of SNP patterns within specific regions (Fig. 4B,C, and Fig. S9). Strikingly, however, certain
286  regions of the genome exhibited clear violations of identity by descent (Fig. 4D,E, and Fig. S10).
287  In heterozygous diploid genomes, these deviations could potentially arise through two

288 mechanisms: (1) by sexual recombination between genetically distinct isolates, or (2) through

13
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289  multiple, independent LOH events that obfuscate the actual pattern of descent (Fig. S11). In the
290 latter case, multiple LOH events could cause loss or retention of SNPs through homozygosis of
291  one chromosome homolog or the other, thereby generating a subset of isolates that appear

292 “recombinant’, i.e., appear to have intermixed genetic content from two different relatives. Such
293  a history can sometimes be inferred by a comparison of SNP patterns within the region of

294  interest in multiple extant strains (Fig. 4A).

295 We note that certain regions appear to have undergone divergent, short-tract LOH

296  events across the 21 isolates, consistent with these events often occurring during asexual

297  divisions (Fig. 4D,E, Fig. S10 and Supplementary Material). In line with this, we identified 514
298  non-overlapping 25 kb windows across the 21 sequenced isolates that do not encode similar
299  polymorphisms to closely-related strains, and could represent regions that had experienced

300 LOH. Interestingly, two strains, P60002 and P94015, contained 390 of these regions (75.9%),
301 although only 214 of the 390 incongruent regions in these two strains (54.9%) overlapped with
302 LOH tracts (hom regions) in these isolates. In contrast, the majority of the incongruent regions
303 in all other strains (117 of 124 regions) overlapped with LOH tracts. This suggests that

304 incongruence in polymorphisms in most strains likely results from divergent LOH events but that
305 LOH does not obviously explain the majority of incongruent polymorphic patterns observed in
306 P60002 and P94015.

307

308 Evidence for recombination in natural isolates of C. albicans

309 Previous studies have provided conflicting messages regarding recombination in natural
310 populations of C. albicans [20, 22-24, 27], and none have examined whole genome data for

311  evidence of inter-clade mixing. We therefore examined the 21 sequenced genomes for mixed
312  evolutionary histories. The similarity of genomic segments from each strain to the overall

313  phylogenetic tree was compared by analysis of SNP patterns using 25 kb sliding windows. To

314  aid visualization of SNP patterns we developed a custom interactive tool, SNPMap

14
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315  (http://snpmap.asc.ohio-state.edu/), which allows users to map the positions of individual

316  mutations, mutation types, and het/hom tracts across user-defined regions of the 21 genomes.
317 Our analysis largely focused on two clinical isolates, P60002 and P94015, that have the
318  weakest bootstrap support within the C. albicans phylogeny and that cluster with different

319  strains when analyzed by MLST or DNA fingerprinting [28], suggesting their genomes may be
320 recombinant. In support of this, examination of Chr4 in P94015 identified one region with clear
321  homology to Clade | which was in close proximity to a region highly homologous to Clade SA
322 (Fig. 5A, Table S6). The region with homology to Clade | (labeled P94015-A in Fig. 5A) shares
323  alarge number of SNPs that are present throughout Clade | but are absent in all other strains
324  with the exception of P94015. Next to this region, a 1 kb segment (region P94015-B) lacks

325 clear homology to any of the other sequenced isolates while, adjacent to this, the SNP pattern in
326  P94015 is virtually identical to that of two Clade SA isolates (region P94015-C).

327 Mating between isolates from different clades would be expected to generate hybrid

328  DNA regions, with SNPs on one homolog of the recombinant strain matching those in one clade
329 and SNPs on the other homolog matching those in a second clade. Identifying inherited SNPs
330 following C. albicans mating in nature is complicated by the fact that, with the exception of

331 SCb5314 [32], haplotypes are not available for the 21 C. albicans genomes. Despite this,

332  phasing of heterozygous SNPs for some isolates can be inferred using SNP patterns from

333  related strain(s) that have undergone LOH for that region (Fig. 5B). The region that

334  experienced LOH will only retain the SNPs that reside on the same homolog (i.e., those that are
335 phased). Using this approach, we phased SNPs for chromosomal regions of closely related
336  strains that are heterozygous in some isolates but homozygous in others. Multiple isolates that
337 have undergone LOH for both alleles strengthen the confidence of phasing assignments within
338 agiven clade.

339 We applied this approach to a region on Chr2 in P94105 that contains polymorphisms

340 identical both to those on homolog A of a Clade SA strain (12 of 12 SNPs are identical) and to
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341 those on homolog A from a Clade Ill isolate (15 of 15 SNPs are identical) (Fig. 5B). Both SNP
342  positions and nucleotide identities are conserved across this hybrid region in P94015 when

343  compared to the corresponding homologs from Clade SA and Clade Il isolates. This region
344  therefore provides a striking example of P94015 inheriting one homolog from a Clade SA strain
345 and one homolog from a Clade lll strain, and establishes a non-clonal origin for this isolate.

346  Analysis of additional regions for isolates P94015 and P60002 provides support for the

347  existence of multiple recombination tracts indicating that mixing has occurred between strains
348  from different C. albicans clades (Fig. S12).

349 To examine global patterns of admixing among the set of 21 isolates, the distribution of
350 all variant positions in each strain was compared to the consensus pattern for each clade using
351  sliding 25 kb windows. The SNP patterns of most isolates resembled the consensus pattern for
352  their assigned clade (98.5% of genomic windows matched their assigned clade), as expected
353  for a population propagating clonally (Fig. 5C). In contrast, many regions within the P60002 and
354  P94015 genomes showed homology to multiple different clades, producing highly mosaic

355 genomes (Fig. 5C). Here, the genomes of P60002 and P94015 matched their assigned clades
356  for only 58.3% and 76.7% of sliding windows, respectively (p = 1.14E-10). The majority of

357 genomic regions in P94015 aligned with Clade | (genome is mostly red in Fig. 5C), whereas
358 numerous segments aligned to regions from three other major clades (SA, II, and Ill). In the
359 case of P60002, Clade SA regions made up the majority of the genome with a smaller number
360  of regions matching Clade | or, to a lesser extent, Clade Il. In line with this, the branchpoint

361 leading to P60002 is the least well-supported node in the phylogenetic reconstruction of all 21
362  isolates [28]. The most parsimonious explanation for these highly mosaic genomes is that they
363  are the products of mating and recombination between isolates from multiple C. albicans clades.
364

365 Analysis of mitochondrial genomes in C. albicans isolates
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366 Haploid mitochondrial genomes provide a more simplified context to search for evidence
367  of recombination than heterozygous diploid genomes. In S. cerevisiae, mitochondrial genomes
368 are biparentally inherited following mating, and recombination can occur between parental

369 genomes prior to zygote division [43]. We therefore performed the first comparative analysis of
370  global SNP patterns in C. albicans mitochondrial genomes using sequencing data from the set
371  of 21 isolates. The mitochondrial genome in C. albicans is ~41 kb in size and a total of 1847
372 SNPs (and 0 indels) were annotated within the 21 isolates, with an average SNP density of 1
373  polymorphism every 476 bp. The mitochondrial genome was highly heterogeneous including
374  areas of high SNP density (e.g., ChrM: 15000-20000) and regions devoid of polymorphisms
375 (e.g., ChrM: 6000-12000) among sequenced isolates. Furthermore, of the 1847 annotated

376  mitochondrial SNPs, only 39 were strain-specific in the set of 21 sequenced genomes (Table
377 S2).

378 C. albicans mitochondrial genomes generally showed clade-specific SNP patterns that
379  were again consistent with a clonal population structure, although resolution of SNP patterns
380 was low due to relatively few clade-defining mitochondrial SNPs (Fig. 6). As with nuclear

381 genomes, examination of mitochondrial genomes of P60002 and P94015 again showed clear
382  evidence of inter-clade mixing. For example, the mitochondrial genome of P94015 contained
383  regions that aligned with mitochondrial segments from both Clade SA and Clade Il (Fig. 6A).
384  Here, there are three polymorphisms that are Clade SA-specific on ChrM: 1-6000 (region

385 P94015-A), and all three are present in P94015 (Fig. 6A). An additional two of the fifteen

386  P94015 polymorphisms in this region are specific to this strain (Table S2). The remainder of the
387  mitochondrial genome in P94015 (region P94015-B) encodes 144 polymorphisms matching the
388  SNP pattern found in Clade Il (with the exception of two strain-specific SNPs). Recombination
389 between Clades | and Il was even clearer in the mitochondrial genome of P60002, as the

390 majority of this genome was identical to Clade | (P60002 — regions A and C), but a 4-kb

391 segment (ChrM: 19000-22000) encoded 34 polymorphisms that were identical to Clade Il and
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392  were entirely absent in Clade | (P60002 — region B, Fig. 6B and Fig. S13). We also found that
393  maximum parsimony approaches mostly separated the P90145 mitochondrial genome into

394  Clade Il and SA regions and the P60002 mitochondrial genome into Clade | and Il regions (Fig.
395 6D), consistent with visual alignments (Fig. 6A,B). Direct Sanger sequencing of the

396  mitochondrial genome (regions 5000-5700,18500-19500 and 29000-30000) supported the SNP
397 designations from whole genome sequencing and therefore establish that recombination has
398  occurred within the mitochondrial genomes of P60002 and P94015 (Fig. 6E, S14).

399 We further note that the single representative of Clade E in our collection, P75010, also
400 displays strong evidence of recombination in its mitochondrial genome (Fig. 6C). The first ~12
401 kb of P75010 (P75010-A) aligns closely with Clade Il and encodes all three clade II-specific
402  SNPs in this region. The following ~7 kb region of P75010 (P75010-B) matches that of Clade |
403  strains, and is followed by a region with clear homology to Clade SA, encoding 22 of 25 Clade
404  SA-specific SNPs. ldentity to several clades infers that multiple recombination events have

405  given rise to this complex SNP pattern. Taken together, these results reveal recombination

406  events have occurred within C. albicans mitochondrial genomes and provide clear evidence that
407  sexual/parasexual processes have occurred during C. albicans evolution.

408

409

410
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411  DISCUSSION

412 Our analysis of C. albicans genome structure reveals a number of important aspects
413  concerning mutational patterns during natural evolution of the species. We highlight that (1)
414  non-coding and heterozygous regions of the genome accumulate more mutations than coding
415 and homozygous regions, respectively, (2) there is a significant association between the

416  positions of emergent SNPs and indels, (3) diverse LOH events contribute to genetic

417  inheritance, including long-tract LOH events that extend to the ends of the chromosomes, (4)
418 there is evidence for selection acting on natural populations, (5) a subset of strains exhibit

419  mosaic nuclear and mitochondrial genomes, and (6) analysis of specific chromosomal regions
420 reveals clear evidence for inter-clade recombination.

421  Mutations driving natural evolution of the C. albicans genome

422 Mutation rates vary across eukaryotic genomes in a context-dependent manner [44, 45].
423  We found that mutation patterns arising in natural C. albicans populations similarly exhibit a
424  non-random distribution across the genome. Our analysis focused on the distribution of strain-
425  specific SNPs, as these SNPs are likely to have emerged since these strains diverged from one
426  another. We found that the location of strain-specific SNPs was biased towards heterozygous
427  over homozygous regions of the genome. This is consistent with recent studies that showed
428 that mutations arising during meiosis occurred more frequently within heterozygous than

429  homozygous regions of eukaryotic genomes, although the mechanism driving this bias is

430 unknown [46, 47]. Our results extend these findings by indicating preferential accumulation of
431  mutations within heterozygous regions during mitotic growth in C. albicans, suggesting that

432  elevated mutation rates may be a common feature associated with heterozygosity.

433 Our analysis also reveals that emergent SNPs and indels cluster together within the C.
434  albicans genome, with a significant enrichment of SNPs within 10 bp of emergent indels. This is
435  similar to what has been observed in other eukaryotic species where indels were found to

436  promote elevated substitution rates close to the founding indel [34-36, 48, 49]. Moreover, the
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437  transition:transversion ratio was significantly lower at these mutation sites compared to the

438 genome average. This is consistent with a model in which the recruitment of error-prone

439  polymerases results in increased mutation rates during indel formation [35].

440 Given that recombination events can be mutagenic [37, 40, 50], we also examined

441  whether de novo SNPs were more prevalent close to the breakpoints between

442  heterozygous/homozygous regions. However, we found that the regions flanking the borders of
443  C. albicans LOH tracts encoded fewer mutations than the genome average. Other studies have
444 similarly found varying associations between recombination crossovers and mutation rates;

445  some recombination break points exhibited no effect on mutation rates [51], some showed

446  increased rates [47], and some displayed reduced rates [52], similar to the current analysis in C.
447  albicans.

448 The location of strain-specific polymorphisms was biased towards non-coding segments
449  of the C. albicans genome. Overall, 51.2% of strain-specific SNPs and 85.0% of strain-specific
450 indels resided in non-coding regions, despite these regions representing just 36.7% of the

451 genome. This indicates that selection is likely limiting both SNP and indel mutations from

452  accumulating in protein-coding sequences in C. albicans. Where mutations did occur within

453  genes, these were biased towards certain gene classes and mutation types. Genes containing
454  the highest SNP frequencies encoded snoRNAS, consistent with studies in other eukaryotes
455  [53]. High expression of these noncoding RNAs makes them particularly vulnerable to

456  mutations during collisions between DNA and RNA polymerases [54] and these genes are also
457  generally more accepting of mutations than protein-coding genes [55].

458  Evolutionary impact of loss of heterozygosity

459 Loss of heterozygosity events are a frequent occurrence in C. albicans genomes [1, 56].
460  Previous analysis of the 21 C. albicans genomes noted that LOH tracts can be highly variable in
461  size, with several isolates containing chromosomes that had experienced whole chromosome

462 LOH [28]. Here, we made the observation that the vast majority of very large LOH tracts
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463  (defined as LOH tracts >50 kb that were not whole chromosome LOH events) initiated between
464  the centromere and the telomere and extended all the way to the chromosome ends. Such
465 LOH events are likely due to break-induced replication, in which one chromosome homolog is
466  used as a template to repair a double-strand DNA break in the other homolog, although

467  reciprocal crossover events can also generate long LOH tracts [26, 57, 58]. The breakpoint for
468  most of these long-tract LOH events varied between individual strains suggesting that

469 independent LOH events had occurred. Short-tract LOH (<50 kb) was also common with

470  approximately of half of these events being shared between related strains (Fig. 3, Fig. S8,

471  Table S5), indicating that homozygosis of certain regions may confer a selective advantage or
472  are not sufficiently deleterious to be selected against. LOH of specific alleles has been shown
473  to alter phenotypes that impact a range of C. albicans traits from growth rates to virulence to
474  drug resistance [29, 59, 60].

475 The cumulative effects of all of these mutational forces on C. albicans genomes are
476  accelerated evolution of heterozygous regions relative to homozygous regions. Eventually, the
477  rapid accumulation of deleterious mutations during clonal growth would be expected to result in
478  afitness decline due to Muller’s ratchet [61, 62]. The occurrence of LOH may counterbalance
479  these forces both by culling mutations from the genome and by reducing heterozygosity to slow
480  evolutionary rates across the genome. LOH events appear at different points during the

481  evolution of individual strains as most LOH tracts are not shared even between closely-related
482 isolates. Indeed, accumulation of emergent strain-specific SNPs within more ancestral LOH
483  tracts demonstrates that these LOH events are not recent occurrences and have further

484  mutated since their origin.

485  Evidence for genetic exchange in clinical C. albicans isolates
486 Studies of C. albicans population structure point to a largely clonal mode of reproduction,

487  yet there is also evidence of mixed evolutionary histories indicative of a sexually/parasexually
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488  reproducing species [21, 22, 24, 27, 63-65]. Furthermore, genes encoded at the mating locus
489  show evidence for ongoing selection consistent with a conserved role in regulating

490  sexual/parasexual reproduction [66]. In this study, we interrogated whole genome data for

491  evidence of genetic admixture, while noting that LOH events can complicate analysis of

492  recombination in diploid strains (Fig. 4, S10). We reveal that a subset of isolates contain

493  mosaic genomes, consistent with these genomes being the products of mating between

494  different C. albicans clades. Both nuclear and mitochondrial genomes of P60002 and P94015
495  show recombinant genotypes supporting a (para)sexual origin for these strains. Genetic

496 information from multiple clades contributed to these genomes and recombination tracts varied
497 inlength from a few kb to hundreds of kb (Fig. 5 and 6). The existence of a subset of C.

498  albicans strains with mosaic genomes is similar to what has been observed in wild and

499  domesticated strains of S. cerevisiae, where both non-mosaic and recombinant mosaic

500 genomes have been identified [67]. Analysis of admixed genomes in P60002 and P94015

501 suggests that recombination events may be relatively ancient, as recombination involves

502 multiple clades and more recent mutational events have obscured the precise evolutionary
503 histories of these strains.

504 Disagreement between strain phylogeny by MLST and Ca3 fingerprinting may also be
505 indicative of recombination in the population. Based on Ca3 fingerprinting, P94015 should

506 cluster with other Clade | strains and is supported by MLST analysis, which groups P94015 and
507 other MLST 6 strains closer to MLST 1/ Clade | than other groups [28]. Yet, whole genome
508 sequencing clusters P94015 closest to Clade SA (and even Clade Il and Clade Il strains) than
509 other Clade | strains. This could reflect how recombination can distort the phylogenetic

510 relationship between strains when based on analysis of a small subset of loci. Analysis of

511  additional C. albicans isolates will help define how prevalent recombination is in the species and

512  whether these recombination events are ancient or more recent occurrences.
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513 Critically, we were able to identify regions in C. albicans genomes that exactly matched
514  the pattern of recombinant SNPs expected from mating events between two extant clades. This
515  was exemplified by one region in P94015 which consisted of multiple SNPs that exactly

516  matched those present in Clade | followed, after a short gap, by a run of SNPs that precisely
517 matched those in Clade SA (Fig. 5B). Recombination events were also clearly evident in

518  mitochondrial genomes of at least 3 of the 21 isolates examined (P60002, P75010 and

519 P94015). Taken together, these studies provide the clearest evidence to date that C. albicans
520 populations have been shaped by (para)sexual exchange.

521 In summary, C. albicans genomes reveal multiple signatures of the forces that have
522  shaped genetic diversity within the species. Both short and long LOH events have played a
523  major role in increasing population diversity, with large tracts extending along the terminal

524  regions of many chromosome arms that impact hundreds to thousands of polymorphisms.

525  Base-substitution mutations and indels cluster within heterozygous regions of the genome,

526  suggestive of faster evolution of these regions, and recombination between isolates has

527 generated mosaic nuclear and mitochondrial genomes with potentially profound consequences
528 for adaptation. The diploid heterozygous genome of C. albicans is therefore a highly dynamic
529  platform on which selection can act.

530
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531 Materials and Methods

532  Variant calling, Processing, and Display

533 Whole genome sequencing, variant identification, and Loss of Heterozygosity (LOH)

534  windows were identified in a previous study (Hirakawa et al. 2015). Briefly, BWA 0.5.9 [68] read
535  alignments were filtered with a minimum mapping quality of 30 using SAMtools [69]. To reduce
536 the incidence of false positive SNPs called near indels, poorly aligned regions were realigned
537 using GATK RealignerTargetCreator and IndelRealigner (GATK version 1.4-14) [70]. Both prior
538  SNP variants and variants present in the mitochondrial genomes and indels for both

539  mitochondrial and nuclear genomes described here used GATK UnifiedGenotyper, and filtered
540 using the GATK VariantFiltration using hard filters (QD<2.0, MQ<40.0, FS>60.0,

541 MQRankSum<-12.5, ReadPosRankSum<-8.0). The genome sequences used in this study are
542  available under BioProject ID PRINA193498 (http://www.ncbi.nih.gov/bioproject). SNP data is

543 available from dbSNP (http://www/ncbi.nih.gov/projects/SNP) under noninclusive ss#

544 1456786277 to 1457237021. SNPs were called homozygous if greater than 90% of the reads
545  contained the non-reference nucleotide. This high threshold also reduced miscalling due to
546  trisomic chromosomes/chromosomal regions.

547 To assess heterozygous and homozygous variant calls, the number of reads at each
548 variant position was divided by the total number of reads at that position in that strain. On

549  average, each variant position had 52.17 reads with an interquartile range from 33 to 71 reads.
550  The distribution of the allelic ratio at each variant is plotted in Figure S15. The mean number of
551 reads of the allele divided by the total number of reads for heterozygous positions was 0.4499
552  and for homozygous regions, 0.9889. Thus, a 90% threshold was used for homozygous regions
553  whereas heterozygous regions span from 10-50%.

554 From this dataset, strain-specific SNPs and indels were parsed into a separate set for
555  additional analysis. Strain-specific variant features were required to be uniquely called in only

556  one of the 21 strains at its genomic position. The data sets are available online in a searchable
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557 interface, using R shiny for the backend: [snpmap.asc.ohio-stagte.edu]. Manual interrogation of
558 100 variants using the Integrated Genome Viewer [71] confirmed the variant presence and call
559  quality metrics in all 100. Manual interrogation of SNP-indel pairs in the pileup confirmed 98%
560 (49 of 50) are valid using the same criteria.

561 To adjust for mutations in homozygous regions that may have occurred but then lost due
562  to LOH, the following calculation was used for each homozygous region: ((homozygous

563  SNPs/all SNPs)+1)*homozygous SNPs)/length. This effectively doubles the number of

564  homozygous SNPs in hom regions to account for heterozygous SNPs that are lost due to LOH.
565  Even with this doubling, significantly more emergent SNPs occurred in het regions than in hom
566  regions.

567 Phylogenetic construction of strain relatedness

568 The methods used to construct the phylogeny of the sequenced strains was previously
569  described in Hirakawa et al. [28]. Briefly, the phylogenetic relationship of strain relatedness was
570  constructed using all whole genome SNP calls, which totaled 113,339. A distance based tree
571  was estimated relying on maximum parsimony and a stepwise matrix where homozygous

572  positions are two steps away compared to one step for heterozygous positions. SNP positions
573  were resampled in 1,000 bootstrapped samples and each node indicates the bootstrap support.
574  Determination of LOH

575 Previously defined heterozygous and homozygous genomic region were used as

576  detailed in [28]. Briefly, the SNP density of homozygous and heterozygous positions was

577  calculated across the genome in non-overlapping 5 kb windows for each isolate. The resulting
578 5 kb windows were managed as follows:1) Homozygous regions shared between individual

579  strains and SC5314 were identified and marked as homozygous; 2) a single 5 kb window

580 adjacent to these regions lacking any polymorphisms was merged into homozygous tracts if
581  present; 3) contiguous, adjacent windows with a significantly higher frequency of homozygous

582  SNPs than SC5314 homozygous regions (>0.4 SNPs/kb) were merged allowing one intervening
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583  window lacking sufficient polymorphism into homozygous tracts. These regions were defined as
584  homozygous whereas remaining regions covered by 5 kb windows of the genome were

585  designated heterozygous and contained significantly more heterozygous SNPs. The borders
586  between homozygous and heterozygous regions were manually inspected for accuracy.

587 Introgression/Tree Violations

588 Two independent methods were used to assign clade designations for nuclear and

589  mitochondrial genomes in non-overlapping 25,000 or 750 bp windows, respectively. The first
590 process assigned the clade that best resembled the query strain’s SNP pattern. However,

591 Clade | contains fewer SNP calls due to alignment to the SC5314 reference genome (also a
592  Clade | isolate) that can introduce an artificial bias. Therefore, a dataframe was constructed
593  where each row represented any SNP contained within any strain in the query window. A SNP
594  could only be counted as a single row so the identity of that SNP position was recorded as “0”
595 for the absence of the SNP, “1” for a heterozygous position, and “2” for a homozygous position.
596  The correlation between the target strain’s resulting numeric “SNP” profile and each other

597  strains was individually calculated. Scores from strains within the same clade were averaged
598 and taken as the absolute value: Clade score = abs(mean(cor(query strain SNP, strain X

599  SNP))). The clade with the highest similarity score (and thus greatest proportion of shared

600 SNPs) was selected as the most similar clade for that window. This process was repeated

601  across the full genome. As a followup, this process was repeated with removing all strains

602  within the query strain’s clade and the scores recalculated.

603 The second phylogenetic approach used an expression matrix listing the 21 strains

604  against all possible SNP positions present for each non-overlapping window. For each cell, we
605 denoted a 0 if the respective SNP was not present in the respective strain, a 1 if one copy of the
606  SNP was present, and a 2 if both copies were present. A distance matrix using a binary method
607 (R dist) was constructed from this data and finally resulted in a phylogenetic tree (R hclust). The

608  appropriate number of K clusters for the phylogenetic output of each window was estimated by
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609 traversing through all 21 possible values (1 to 21) incrementally using R cutree. The first k-value
610  was chosen that allowed for the target strain to cluster with at least two other strains that were
611  members of the same clade as defined by the current phylogenetic relationship among the

612  sequenced strains. These criteria effectively eliminate Clade E because it only contains one
613  strain. Additionally, this approach was assessed for congruence manually across candidate
614  regions.

615  Sanger sequencing

616 The association between SNPs and indels identified in the NGS data was tested by

617  amplification of specific regions that were either shared among a number of strains (P75063) or
618  strain-specific (P60002). Two regions were PCR amplified using primers

619 AGTCGGTGATGTCTATAGTG / GCTGTCCTTGGATCATTGAT to amplify Chr7:48017..48664
620 in P75063 and TTCTGCTGTTGCTGCTGCTA / CTGTCAACTGTCAACCAAAG to amplify

621 ChrR: 19979596..1998145 in P60002. Amplicons were purified and Sanger sequenced.

622 Mitochondrial SNPs were verified using 3 sets of primers to amplify different regions of
623  ChrM across the 21 natural isolates. Two isolates were analyzed from each clade including
624 P60002, P75010, and P94015 strains. Primers TTAGTAGTGTCGGTGTCTTC/

625 AGAGAGGGTTTTGGTTAGGG were used to PCR amplify ChrM: 4899..6076,

626 GAATCTCAGAGACTACACGT / GTGGTATACGACGAGGCATT were used for ChrM:

627  18265..20660, and TGGGAAGTAGAGGCTGAAGA /| AGGGGCATTATAAGGAGGAG were
628  used for ChrM: 28094..29548. PCR amplicons were purified and Sanger sequenced.

629  Statistical Testing

630 Statistics were performed as Student’s T-test unless otherwise indicated. All statistical

631 tests were performed in the R 3.2.5 programming environment [72].

632
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860 FIGURE LEGENDS

861 Figure 1. Distribution of polymorphisms among 21 clinical isolates of C. albicans.
862  A. Number of heterozygous (purple) and homozygous (orange) strain-specific SNPs
863  and insertion/deletions (indels) are plotted for each isolate. Clade designations for each
864  isolate are color coded. B. There are two types of sequence variants among the set of
865 21 isolates; single nucleotide polymorphisms (SNPs) shared by multiple isolates and
866  SNPs that are specific to individual strains. Variants encoded by multiple strains

867  suggest origins in a common ancestor, whereas strain-specific polymorphisms likely
868  arose specifically in individual strain backgrounds. C. Relative frequency of strain-

869  specific SNPs (blue) and strain-specific indels (orange) were plotted across the genome
870 using 5 kb sliding windows. D. Number of strain-specific SNPs within 100 bp of each
871  strain-specific indel was plotted. The average number of strain-specific SNPs in an

872  equal number of random 100 bp windows bootstrapped 1000 times is shown (red line).
873  E. Distance to the nearest strain-specific SNP for each strain-specific indel was

874 measured in a 100 bp window (with non-overlapping 10 bp intervals) surrounding the
875 indels.

876

877 Figure 2. Strain-specific SNPs are enriched at intergenic positions and snoRNAs.
878  The ratio of genic to intergenic strain-specific SNPs (A) and indels (B) was calculated
879  for each of the sequenced isolates and falls below the fraction of the genome that

880 encodes protein-coding genes (red line). C. The density of strain-specific SNPs from all
881 sequenced isolates was measured for all genes in the C. albicans genome and plotted

882 against the average SNP density for all isolates (red line). D. The placement of the
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883  SNPs was determined by breaking snoRNAs into five equal segments. SNPs were
884  significantly enriched in the 5’ end of the RNAs. * denotes p < 0.01. E. Genes enriched
885 for strain-specific SNPs were identified and functional enrichment was assessed using

886 GO term analysis. snoRNAs were significantly enriched for strain-specific SNPs.

887

888 Figure 3. Loss of heterozygosity (LOH) events influence the C. albicans genome
889 landscape. A. Number of strains that show LOH for 50 kb windows across the C.

890 albicans genome aligned to their chromosomal position. B. Number of chromosomes
891 that are homozygous for 5 kb windows within 150 kb of the centromere. C. SNP

892  frequency for each of the 445 heterozygous (het) and 468 homozygous (hom) regions
893  across the 21 sequenced genomes was plotted. Normalized SNP density is calculated
894  using the number of SNPs within a het or hom region divided by the region length, and
895 is significantly elevated for het regions (red) relative to hom regions (blue). D. One kb
896 segments flanking the 745 LOH transition points were separated into their respective
897 het and hom segments and assessed for SNP density. The genome average was

898 calculated by randomly selecting an equal number of 2 kb windows across the genome
899 and bootstrapping for 1000 iterations.

900

901 Figure 4. Mutational patterns following identity by descent and loss of

902 heterozygosity are widespread. A. Two patterns of polymorphisms exist within

903 sequenced genomes. One shows polymorphisms are phylogenetically congruent

904 indicative of identity by descent, and the other shows polymorphisms that violate the

905 phylogenetic relationship implicating mechanisms other than direct inheritance.
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906 Shading denotes similarity in overall SNP patterns. Heterozygous SNPs are purple and
907 homozygous SNPs are orange. Polymorphisms for the set of C. albicans genomes are
908 plotted for two loci (B, C) that display SNP patterns consistent with inheritance by

909 descent. D. The polymorphism pattern is plotted for a locus that does not follow

910 inheritance by descent. Similar genotypes are color-coded and connected to each

911 other. E. A cartoon depicting LOH of heterozygotes in opposing directions provides the
912  most parsimonious explanation for the observed SNP patterns.

913

914 Figure 5. Evidence for recombination in C. albicans isolates. A. All SNPs are

915  shown for a 20 kb region of Chr4 for the 21 sequenced genomes. For each strain, dark
916 grey bars are heterozygous genomic regions while lighter bars indicate regions that are
917 mostly homozygous. The SNP pattern in P94015 indicates one region with homology to
918 Clade | (P94015-A) next to a region without clear homology to any specific clade

919 (P94015-B) followed by a region with homology to Clade SA (P94015-C). B. SNPs for a
920 2.5 kb region of Chr3 were phased to individual homologs for Clade SA and Clade Il by
921 using LOH of a closely-related strain for reference. One homolog from each clade

922 matched the exact SNP pattern in a ‘hybrid’ region present in P94015 (both the position
923 of the SNP and the actual base substitution matched between P94015 and the Clade
924  SA or Clade Ill homolog). C. Consensus SNP patterns for each clade were used to

925 assess genome similarities between all isolates in 25 kb sliding windows. The closest
926  match for each window was color-coded by clade. The SNP patterns for two strains,
927 P60002 and P94015, contained regions assigned to multiple clades. dark grey-SA,

928 blue-Clade Ill, mustard-Clade II, red-Clade I, light grey-no clade consensus.
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929

930 Figure 6. Mitochondrial genomes in C. albicans display recombinant genotypes.
931  The mitochondrial (mt) genome sequences of 21 clinical isolates of C. albicans were
932 compared. The positions of SNPs that differ from the SC5314 assembly are shown

933  excluding ChrM:35000-41000 due to the absence of any SNPs in this region. The mt
934 genomes for P94015 (A), P60002 (B), and P75010 (C) are highlighted to show the

935 mosaic configuration of SNPs relative to other clades. The mt genome in P94015

936 contains regions that align with those of Clade Il and Clade SA (clade-specific pattern
937 marked with an asterisk with key positions shaded), whereas the P60002 mt genome
938 aligns with sequences for Clades | and Il. A 6 kb region devoid of SNPs is more lightly
939 shaded. The three clade SA-specific SNPs in the region that demonstrate alignment of
940 P94015-A are colored black to aid visual alignment. D. The similarity of mt regions from
941 each isolate was compared by analyzing 2 kb windows from each strain relative to

942  consensus SNP patterns for each clade. The window was color-coded to designate the
943  clade with greatest similarity. dark grey-SA, blue-Clade Ill, mustard-Clade I, red-Clade
944 1, light grey-no clade consensus. E. Two strains from Clade SA and Clade | along with
945 P60002 and P94015 were Sanger sequenced across three separate 1 kb regions of
946 their mitochondrial genomes. Chromatograms highlighting variant positions consistent
947  with recombination between clades producing the SNP patterns present in P60002 and
948  P94015 are shown along each chromosome.

949

950
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951 Supporting Information Legends

952  Figure S1. The distribution of polymorphisms is non-random. The number of
953  strains encoding each SNP (A) or indel (B) was determined and the frequency plotted.

954 A best-fit line (red) was plotted for each distribution.

955 Figure S2. LOH can obfuscate inheritance by descent patterns of shared

956 polymorphisms. LOH of opposing alleles in a common ancestor can make it appear
957 that mutations arose independently despite mutations sharing a common origin. LOH of
958 homolog A in Clade Il produces a different SNP pattern than that of Clade Il although

959  both arose from the same ancestral strain.

960 Figure S3. Number of polymorphisms correlates with branch length. The branch
961 length on the phylogenetic tree to the nearest node was correlated against the number

962 strain-specific SNPs (A) or strain-specific indels (B).

963 Figure S4. Transitions are present more frequently than transversions during
964  strain evolution. The percentage of SNPs that result in transitions and transversions

965 was calculated both for all SNPs and for strain-specific SNPs.

966 Figure S5. Characterization of indels across C. albicans isolates. The number of
967  strain-specific indels was plotted for either intergenic (A) or genic (B) mutations based
968 on the indel size, ranging from 1-10 nucleotides. Blue indicates deletions and yellow

969 indicates insertions.

970 Figure S6. Verification of SNP-indel association by Sanger sequencing. Four
971 regions that contained SNPs tightly linked to indels were chosen to be assessed by

972  Sanger sequencing. The genomic DNA from Chr7 in strain P76055 (A), Chr5 in GC75
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973 (B), Chr7 in P87 (C), and Chr2 in P57072 were Sanger sequenced and encoded the
974  putative SNPs and indels (colored boxes) as expected from whole genome sequencing.
975 The reference SC5314 sequence is shown for comparison to the Sanger sequenced
976  DNA below along with the chromatogram aligned to the polymorphisms identified from

977  whole genome sequencing. Below each schematic are listed the informative sites.

978 Figure S7. Associations of strain-specific variants corrected for clade bias.

979  Strains-specific mutations from 12 strains (Clade I: 12C, L26, P78048; Clade II: P57072,
980 P76055, P76067; Clade Ill: P34048, P78042, P57055; Clade SA: P87, GC75, P75063)
981  were retained to ensure that clade representation did not bias these associations. A.
982  The relative frequency of strain-specific SNPs (blue) and indels (orange) was plotted
983  across the genome using 5000 bp sliding windows. Distance to the nearest SNP for
984 each indel was measured in a 100 bp window (with non-overlapping 5 bp intervals)

985 surrounding the indels for either strain specific (B) or all (C) variants.

986 Figure S8. Mapping of heterozygous and homozygous regions of C. albicans

987 genomes. Schematic showing heterozygous (red) and homozygous (blue) regions of
988 sequenced C. albicans isolates. Note that most long-tract LOH events (>50 kb) start
989  between the centromere and the telomere and extend to the ends of the chromosomes.
990 Chromosomes are displayed along the bottom with green circles indicating

991 centromeres, blue boxes denoting major repeat sequence (MRS) loci, and the orange

992  box signifying the MTL locus.

993  Figure S9. C. albicans SNP patterns generally follow inheritance by descent.

994  Polymorphisms for the set of C. albicans genomes are plotted for two loci that display
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995  SNP patterns consistence with inheritance by descent. Heterozygous and homozygous

996 SNPs are purple and orange, respectively.

997 Figure S10. LOH alters inheritance patterns of C. albicans polymorphisms.

998  Polymorphism patterns are plotted for two loci (A, C) that do not follow inheritance by

999 descent. Similar genotypes are color-coded and connected to each other. Cartoons
1000 depicting LOH of heterozygotes in opposing directions to produce the observed SNP
1001  pattern (B, D) provide the most parsimonious explanation for those two loci.

1002  Heterozygous and homozygous SNPs are purple and orange, respectively.

1003  Figure S11. Modes of inheritance in C. albicans. Both LOH and mating can impact
1004  SNP patterns in C. albicans strains. Analysis of the distribution of heterozygous and
1005 homozygous SNPs can help differentiate between these two possibilities’. Following
1006 LOH, all affected SNPs are homozygosed and derived strains will therefore contain
1007  homozygous variants of homolog A or homolog B. LOH can therefore make the

1008  precursor to these LOH events (Strain B in the figure) appear ‘recombinant’, as it will
1009  contain heterozygous SNPs at positions that are homozygous in the lineages that
1010 underwent LOH. In contrast, strains that are related due to recombination may share
1011 only heterozygous SNPs between lineages or may share a mix of heterozygous and
1012  homozygous SNPs, with homozygous positions due to inheritance of the same SNP
1013  from both parents (see also Figure 3B). These patterns may be further complicated by

1014  additional short-tract LOH events, as indicated on the right of the figure.

1015  Figure S12. Evidence for recombination in two C. albicans strains. The SNP
1016  patterns for two regions highlight recombinant genotypes in strains P60002 (A) and

1017  P94015 (B). The DNA segments corresponding to different clades are aligned next to
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1018  the appropriate group and labeled according to homologous tracts. Heterozygous and
1019 homozygous SNPs are purple and orange, respectively. C. Consensus SNP patterns
1020 for each clade were used to assess genome similarities between all isolates in 50 kb
1021  sliding windows. In this case, all strains from the same clade were removed to force the
1022  closest match for each window to be assigned by color-coding to the most similar clade.
1023  The SNP patterns for two strains, P60002 and P94015, stand out with respect to their
1024  position in the constructed phylogenetic tree and assigned clade. dark grey-SA, blue-

1025 Clade lll, mustard-Clade I, red-Clade I, light grey-no clade consensus.

1026  Figure S13. Alternative mode of recombination in the P60002 mtDNA genome.
1027  The mitochondrial genome of P60002 may be the result of recombination between
1028 clade SA (P60002-B,E), clade | (P60002-A,C,F), and clade Il (P60002-D,G), although
1029  we note that the resolution of SNP patterns cannot distinguish all clades (e.g., regions

1030 B, E have identical SNP patterns in both clade SA and clade ).

1031  Figure S14. Verification of mitochondrial SNPs by Sanger sequencing. Two

1032  strains from Clades I, II, 1ll and SA, as well as P60002, P75010, and P94015 were

1033  sequenced across three separate 1 kb regions of the mitochondrial genomes to assess
1034  variant calls from whole genome sequencing. Chromatograms highlighting variant
1035  positions consistent with recombination between clades producing the SNP patterns

1036  present in P60002 and P94015 are shown along each chromosome.

1037  Figure S15. Read depth of variant calls define heterozygous and homozygous
1038  positions. The proportion of reads encoding a variant at each position was calculated
1039 relative to the total number of mapped reads at that position. Plotting each position for

1040 all strains produced a distribution that was separated at 90% of reads encoding a
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1041 variant allele. The distribution of variant position <90% were defined as heterozygous

1042  and those >90% as homozygous.

1043  Figure S16. Positioning of SNPs and indels across C. albicans genomes. A. The
1044  relative frequency of all SNPs (blue) and indels (orange) was plotted across the genome
1045  using 5000 bp sliding windows. B. Number of SNPs within 100 bp of each strain-

1046  specific indel was plotted. The average number of SNPs in an equal number of random
1047 100 bp windows bootstrapped 1000 times is shown (red line). C. The distance of the
1048 nearest SNP to all indels for each strain pair was plotted. (Compare to association of

1049  strain-specific SNPs and indels in Figure 1C).

1050  Figure S17. Associations of strain-specific variants with genic content when

1051 corrected for clade bias. Strains-specific mutations from 12 strains (Clade I: 12C,
1052  L26, P78048; Clade II: P57072, P76055, P76067; Clade Ill: P34048, P78042, P57055;
1053 Clade SA: P87, GC75, P75063) were retained to ensure that clade representation did
1054  not bias these associations. The ratio of genic to intergenic strain-specific SNPs (A) and
1055 indels (B) was calculated for each of the 12 isolates and falls below the fraction of the
1056  genome that encodes protein-coding genes (red line). C. The density of strain-specific
1057  SNPs from these 12 isolates was measured for all genes in the C. albicans genome and
1058  plotted against the average SNP density for thesel isolates (red line). D. Genes

1059  enriched for strain-specific SNPs were identified and functional enrichment was

1060 assessed using GO term analysis. snoRNAs were significantly enriched for strain-

1061  specific SNPs in these 12 isolates. E. The placement of the SNPs was determined by
1062  breaking snoRNAs into five equal segments. SNPs were significantly enriched in the &’

1063 end of the RNAs.

42


https://doi.org/10.1101/310201

bioRxiv preprint doi: https://doi.org/10.1101/310201; this version posted April 28, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1064 Table S1. Percentage of the genome encoding SNPs among the sequenced C.

1065 albicans isolates.

1066  Table S2. Strain-specific SNPs among sequenced C. albicans isolates.

1067 Table S3. Strain-specific indels among sequenced C. albicans isolates.

1068 Table S4. Genes with significant enrichment of strain-specific SNPs. Gene lists are

1069  provided at three different SNPs/nt cutoffs.

1070  Table S5. Heterozygous and homozygous regions for the sequenced C. albicans

1071 isolates.

1072

1073

1074
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