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Polyploidization events such as whole-genome duplication and inter-species hybridization are major evolutionary forces
that shape genomes. Although long-term effects of polyploidization have been well-characterized, early molecular evolu-
tionary consequences of polyploidization remain largely unexplored. Here, we report the discovery of two recent and in-
dependent genome hybridizations within a single clade of a fungal genus, Trichosporon. Comparative genomic analyses
revealed that redundant genes are experiencing decelerations, not accelerations, of evolutionary rates. We identified a re-
lationship between gene conversion and decelerated evolution suggesting that gene conversion may improve the genome
stability of young hybrids by restricting gene functional divergences. Furthermore, we detected large-scale gene losses from
transcriptional and translational machineries that indicate a global compensatory mechanism against increased gene dosag-
es. Overall, our findings illustrate counteracting mechanisms during an early phase of post-genome hybridization and fill a

critical gap in existing theories on genome evolution.
[Supplemental material is available for this article.]

Polyploidization events such as whole-genome duplication
(WGD) and inter-species hybridization are major evolutionary
forces that shape eukaryotic genomes (Dehal and Boore 2005;
Scannell et al. 2007; Sémon and Wolfe 2007; Jaillon et al. 2009;
Van de Peer et al. 2009). Ohno (1970) proposed an important
theory that explains the enhanced evolutionary capability of poly-
ploid genomes, stating that the emergence of functionally re-
dundant genes would relax their evolutionary constraints and
accelerate divergent evolution of their functions. This theory has
been confirmed in a wide range of eukaryotes from ancient
Vertebrata (Brunet et al. 2006), Saccharomycetaceae fungi (Kellis
et al. 2004; Byrne and Wolfe 2007), Paramecia (McGrath et al.
2014), and Brassicaceae plants (Arabidopsis Genome Initiative
2000; Vision et al. 2000). Nonetheless, although these studies
established long-term benefits of polyploidization, early con-
sequences and mechanisms of polyploidization remain largely
unexplored.

Genome hybridization, in contrast to WGD, which is a rare
event, is estimated to occur in >25% of plant and 10% of animal
species (Mallet 2005) and generally involves younger species. In
fungi, a multitude of hybrids have given rise to species that are in-
strumental in industrial fermentation and critical plant and ani-
mal pathogens. Furthermore, in addition to the issue of globally
increased gene dosage that is common between WGD and ge-
nome hybridization, a hybrid species has to resolve the issue of in-
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compatible genes and proteins encoded by its two parental
genomes. Recent analyses of several fungal hybrids have revealed
mechanisms such as extensive loss of heterozygosity (Li et al.
2012; Louis et al. 2012; Stukenbrock et al. 2012) and gene expres-
sion reprogramming (Tirosh et al. 2009) that may help hybrid
genomes stabilize. Gene conversion, which is capable of homoge-
nizing redundant paralogs (Takuno et al. 2008; McGrath et al.
2014), can also play a role in resolving incompatibility between
the two parental genomes of a hybrid. Despite these discoveries,
to gain further insights into molecular consequences of post-poly-
ploidization evolution, a comprehensive data set that permits
comparisons between closely related polyploid and nonpolyploid
genomes is absolutely critical.

Here, we report a discovery of two recent inter-species hy-
bridization events within the genus Trichosporon of Basidiomy-
cota fungi, which contains many agriculturally important and
pathogenic yeasts (Kurtzman et al. 2011). Although primarily
asexual, Trichosporonaceae likely possess sexual cycles (O'Gor-
man et al. 2009), and a possible basal member of this order has
been shown as such (McLaughlin and Spatafora 2014). Their ge-
nome data enabled in-depth analyses of the early genome evolu-
tionary processes following the two independent hybridization
events.

© 2016 Sriswasdi et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publication
date (see http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it
is available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/by-
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Results

Recent and independent genome
hybridizations in Trichosporon yeasts

We sequenced the genomes of Tricho-
sporon coremiiforme, T. faecale, T. inkin,
and T. ovoides and downloaded that of
T. asahii strain CBS2479 (Supplemental
Table S1; Yang et al. 2012). The genome
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sizes of T. coremiiforme and T. ovoides
(40-42 Mb) relative to those of closely
related T. asahii, T. faecale, and T. inkin
(20-25 Mb) suggested that these two spe-
cies experienced recent genome expan-
sions. Although some basidiomycetous
fungi are able to enter dikaryotic states,
no dikaryons were detected via fluores-
cent microscopy (Supplemental Fig. S1).
Gene orthology analysis revealed that
~70% of ortholog groups in T. coremii-
forme (4472 of 6260 groups) and
T. ovoides (3932 of 5657 groups) each con-
sists of two homeologs (paralogs resulting
from polyploidization). Most important-
ly, we were able to reconstruct extensive syntenic alignments
between 74% of T. coremiiforme genes and 89% of T. asahii genes
and between 79% of T. ovoides genes and 98% of T. inkin genes
(Supplemental Fig. S2), which altogether constituted convincing
evidence that the larger genomes resulted from polyploidizations.

To determine the type of the two polyploidization events
(self-duplication or inter-species hybridization), we reconstructed
the two subgenomes in each of T. coremiiforme and T. ovoides
and characterized their phylogenetic histories relative to other
Trichosporon species. For simplicity, we named the two subge-
nomes A and B, with subgenome A representing the one that is
evolutionarily closer to the reference nonpolyploid genomes
(T. asahii for T. coremiiforme and T. inkin for T. ovoides). For
T. ovoides, a homeolog copy whose sequence is more identical to
that of the ortholog in T. inkin was assigned to subgenome A
and the other homeolog copy was assigned to subgenome
B. This produced an assignment that is >93% consistent with the
scaffold structure in all but three scaffolds and identified possible
large-scaled recombination events in the remaining three scatfolds
(Methods). The same method was not applicable for T. coremii-
forme because of high sequence identity between its subgenomes:
With T. asahii as reference, T. coremiiforme subgenomes differ by
<1% in terms of amino acid sequence identity level. Therefore,
we instead used doubly conserved synteny structures in 7. coremii-
forme to identify homeologous scaffolds and assign each scaffold as
a whole to a subgenome (Methods). Phylogenetic reconstructions
by both maximum likelihood and maximum parsimony methods
yielded a consistent tree with 100% bootstrap support for all
branching points and revealed that both T. coremiiforme and
T. ovoides are inter-species hybrids with independent origins (Fig.
1A). Using the well-characterized WGD in Saccharomycetaceae
(Kellis et al. 2004; Scannell et al. 2006) as a calibration point, the
difference in sequence divergence levels across the hybrid subge-
nomes (ds=0.6753 for T. coremiiforme and 1.3763 for T. ovoides)
and across the post-WGD genomes (ds=8.2356) suggested that
the Trichosporon hybridization events are at least six to 12 times
more recent (Fig. 1B). These estimates correspond well with the

Figure 1.

Recent hybridization events in T. coremiiforme and T. ovoides. (A) Phylogenetic tree recon-
structed from more than 3000 gene ortholog groups that are present in all nonpolyploid Trichosporon
genomes and remain two-copy in either T. coremiiforme or T. ovoides. Subgenome assignments (A
and B) were made from (1) gene homeologous relationships, (2) sequence identities to nonhybrid
orthologs, and (3) phylogenetic analyses. Subgenome A represents the one that is evolutionarily closer
to either T. asahii in the case of T. coremiiforme or T. inkin in the case of T. ovoides. Sequences of genes
belonging to each subgenome or genome were concatenated together and used to estimate the aver-
age substitution rates. Branch lengths are proportional to the synonymous substitution rates (ds) which
are also indicated as branch labels. (B) Phylogenetic relationship between Trichosporon and selected
Ascomycota fungi. Pairwise ds estimations were derived based on 822 gene ortholog groups that are
present in all species and remain two-copy in both T. coremiiforme and T. ovoides (a total of 10 ortholo-
gous/homeologous genes per group). These estimates suggest that the hybridization events in
Trichosporon are at least six to 12 times more recent that the genome duplication event in the
Saccharomycetaceae lineage.

much higher retention rates of two-copy homeologs in T. coremii-
forme and T. ovoides (>70%, compared to <15% in S. cerevisiae).

Losses of genes belonging to transcription
and translation machineries

The gene-loss patterns after the two hybridization events are large-
ly independent at the individual gene level. Regardless of whether
ahomeolog pair is retained as two-copy in T. coremiiforme, its gene-
loss rate is consistently ~30% in T. ovoides (Table 1), although these
species are closely related and each gene-loss event might convey
similar changes in fitness potentials. When mapped onto an S. cer-
evisiae protein complex data set (Pu et al. 2009), of 192 complexes,
27 and 44 complexes experienced multiple gene losses in T. core-
miiforme and T. ovoides, respectively, with 14 complexes in com-
mon. A considerable number of transcription and translation
machineries are found among these complexes (Supplemental
Tables S2, S3), and they generally experience higher loss rates of
their component genes than other protein complexes. In T. core-
miiforme, the overall gene-loss rate among protein complexes in-
volved with transcription and translation (43 of 192 complexes)
is 33% and is significantly higher than that among other complex-
es (21%, permutation test P-value <1 x 107°). A modest but similar
trend was observed in T. ovoides (28% for complexes involved with
transcription and translation and 26% for other complexes, per-
mutation test P-value=0.301). Cytoplasmic ribosomal proteins,
in particular, lost a copy of 27 of 55 genes in T. coremiiforme and
16 of 59 genes in T. ovoides (Supplemental Table S4). If stoichiom-
etry constraint—a pressure to maintain dosage balance between
interacting proteins—is the driving force behind the elevated
gene-loss rates in protein complexes involved with transcription
and translation, gene-loss events will be concentrated among
interaction partners of single-copy genes, where stoichiometry is
disrupted. However, permutation tests on the protein-protein
interaction networks involving these complexes revealed that
this is not the case (Methods). Also, there is no difference in the
levels of background sequence conservation (represented by the
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Decelerated evolution in young fungal hybrids

Table 1. Gene losses are largely independent between T. coremii-
forme and T. ovoides

T. ovoides
Two-copy Single-copy Total
Two-copy 2784 1224 (30.5%") 4008
T. coremiiforme  Single-copy 872 346 (28.4%) 1218
Total 3656 1570 (30.0%) 5226

“Numbers shown here are numbers of gene ortholog groups (e.g., 2784
two-copy ortholog groups contain 5568 genes).

bPercentages represent the fraction of the total number of genes in
each row.

sequence identity level between nonhybrid orthologs in T. asahii
and T. faecale) between ribosomal proteins that remain two-copy
and those that have lost a copy (Mann-Whitney U test, P-value =
0.7478). Therefore, extensive losses of transcriptional and trans-
lational machineries may instead indicate a mechanism to allevi-
ate unfavorable effects of global gene and protein overexpression
caused by increased gene dosages.

Different levels of subgenome divergences and dominances
in the two hybrids

The existence of two independent hybridization events among
closely related Trichosporon fungi gives us a unique opportunity
to compare and contrast evolutionary consequences of hybrid
genomes in these lineages. As evident from the reconstructed phy-
logenetic relationship, evolutionary distance between T. ovoides’
subgenomes is greater than that between those of T. coremiiforme
(Fig. 1A). At amino acid sequence level, T. ovoides’ subgenomes
are 84.7% identical, whereas T. ovoides’ subgenome A and T. inkin’s
genome are 91.2% identical (Fig. 2A). On the other hand, amino
acid sequence identity levels between the T. coremiiforme’s subge-
nomes and T. asahii’'s genome are largely the same at 92%-93%
(Fig. 2A), indicating a degree of resemblance between the genome
hybridization in T. coremiiforme and a WGD. Such differences
in subgenome divergences in T. coremiiforme and T. ovoides can
have a profound influence on the gene-loss patterns in these hy-
brids, particularly because more diverged subgenomes likely pro-
duce more incompatible protein complexes and interactions.
Indeed, we identified a strong gene-loss bias in T. ovoides (70% of
gene-loss events occurred on subgenome B, binomial test P-value
=1.9x 107**) in contrast to a balanced gene-loss distribution in
T. coremiiforme (46% of gene-loss events occurred on subgenome
B) (Fig. 2B). These results were derived exclusively from gene-loss
events that occurred inside doubly conserved synteny structures
so as to minimize the impact of genome sequencing, assembly,
and subgenome assignment qualities; the higher number of
gene-loss events for T. ovoides directly resulted from higher cover-
age of the doubly conserved synteny structures on its genome.
Losses of genes belonging to cytoplasmic ribosomal large and
small subunits are also more biased in T. ovoides, with 10 of 13 or
77% loss on subgenome B (binomial test P-value =0.0461), than
in T. coremiiforme, with 10 of 16 or 62.5% loss on subgenome A (bi-
nomial test P-value =0.2272) (Supplemental Table S4). In terms of
evolutionary rates, as represented by the ratio of nonsynonymous
to synonymous substitution rates (dn/ds), T. ovoides’ subgenomes
exhibit larger and more significant divergences than those of
T. coremiiforme. The median dy/ds differences between homeologs
from each subgenome is 7.4% in T. ovoides (paired Wilcoxon
signed-rank test, P-value =3.3 x 107°) and 2.7% in T. coremiiforme

(paired Wilcoxon signed-rank test, P-value=0.01). These find-
ings illustrate the larger discrepancy of post-hybridization evolu-
tionary pressures on T. ovoides’ subgenomes than on those of
T. coremiiformes’.

Global deceleration of evolutionary rates following
genome hybridization

With the genome sequences of three closely related nonhybrid
Trichosporon species, we quantitatively probed the impact of recent
hybridization on gene evolutionary rates. Since genome hybridi-
zation is expected to relax gene evolutionary constraint, the evolu-
tionary rates of redundant genes in the two hybrids would be
higher than those of their counterparts in nonhybrid species.
We defined the background evolutionary rate of each T. coremii-
forme gene as the weighted average dy/ds of its orthologs in T. asa-
hii and T. faecale (with the synonymous substitution rates ds as
weights) and the background evolutionary rate of each T. ovoides
gene as the dy/ds of its ortholog in T. inkin (Fig. 3A). We then cal-
culated the fold differences between the dy/ds of genes in the two
hybrids and the corresponding background dy/ds and classified
these genes as either evolutionarily accelerated, neutral, or
decelerated at a twofold threshold. This revealed that decelerated
homeolog pairs—those whose evolutionary rates decreased
after hybridization—significantly outnumber accelerated homeo-
log pairs (binomial test P-value=0.0052 in T. coremiiforme and
2.24x 1075 in T. ovoides) (Fig. 3B). These observations were stable
upon changing the fold-change threshold for calling genes as ac-
celerated, neutral, or decelerated. Furthermore, we identified sig-
nificant overlaps between evolutionarily decelerated homeolog
pairs in the two hybrids, which indicate that deceleration of evolu-
tionary rates may be a systematic response in early post-hybridiza-
tion genomes (Fig. 3C). The absence of any significant enrichment
foracceleration or deceleration of evolutionary rates among single-
copy genes suggests that the involved mechanisms operate exclu-
sively on redundant homeologs (Supplemental Fig. S3).

In general, decelerated gene evolution can be due to strength-
ened negative selection. If this is the case, redundant genes that are
more evolutionarily decelerated might be enriched for those that
have specific functions or high numbers of protein interaction
partners. However, we did not observe any significant relationship
between the decelerated genes and gene ontology annotations

A A
40 |- - - - T. coremiiforme (A)-(B) n 100 —
2 30} — T. ovoides (A)-(B) I
- /A 80
£ 2 7
a 2
o 10} / <= 847
S / ¢ 60
e 0 = §
3 - ji— jif QL
3 40 T. asahii-T. coremiiforme (A) é w0 €
S 30k T. asahii-T. coremiiforme (B) S S
g — T.inkin-T. ovoides (A) v € kY
L I 3
S 20 [ — 7 inkin-T. ovoides (8) 20 S N
T o o
10 = ~
0 o-
0 20 40 60 80 100 Subgenome: [l A [ B

Sequence Identity (%)

Figure 2. Considerable subgenome divergence in T. ovoides. (A)
Distribution of amino acid sequence identity levels between homeologous
genes from the two subgenomes of T. coremiiforme or T. ovoides (top) and
between orthologous genes from T. coremiiforme and T. asahii or between
those from T. ovoides and T. inkin (bottom). (B) Distribution of gene losses in
T. coremiiforme and T. ovoides on each of their subgenomes. Only gene
losses occurring inside doubly conserved synteny are included.
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Figure 3. Deceleration of evolutionary rates following genome hybridi-
zation. (A) Diagram illustrating how background dy/ds are defined.
Background d\/ds are calculated as the weighted average of dy/ds on
the phylogenetic tree branches leading to nonpolyploid species (blue
branches, weighted by branch ds). dy/ds ratios are then calculated as
the ratio of dy/ds of the branches leading to hybrid species (red branches)
over the background dn/ds. (B) The number of homeologous gene pairs
with varying patterns of acceleration or deceleration in evolutionary rates.
The threshold for calling genes as evolutionarily accelerated or decelerated
is ttwofold in d\/ds ratio. Arrows and labels indicate the directions of en-
richment and the binomial test P-values (under the null hypothesis that a
gene pair is equally likely to become evolutionarily accelerated or deceler-
ated). (C) Overlap of evolutionarily accelerated and decelerated homeolo-
gous gene pairs between the two hybridization events. The “accelerated”
group consists of accelerated/accelerated and accelerated/neutral pairs.
The “decelerated” group consists of decelerated/decelerated and deceler-
ated/neutral pairs. The number of gene pairs in each species and the over-
lap size are shown. Fisher’s exact test and hypergeometric test P-values are
indicated below each comparison.

or numbers of protein interaction partners (S. cerevisiae gene an-
notation and protein-protein interaction data sets were used)
(Methods). An alternative explanation could be that gene con-
version—a mechanism capable of preserving and homogeniz-
ing homeolog sequences and functions (Takuno et al. 2008;
McGrath et al. 2014)—removed nonsynonymous mutations
from these genes. Because gene conversions create long identical
sequence tracts between homeologs, we utilized these signatures
to probe for evidence of gene conversions among hybrid homeo-
logs (Methods). In T ovoides, homeologs that had likely undergone
gene conversions exhibited a significant degree of decelerated evo-
lutionary rates compared to those that had not (Mann-Whitney U
test, P-value =3 x 107%) (Supplemental Figs. S4, S5). Furthermore,
we observed a threefold enrichment in the number of T. ovoides
homeolog pairs that have lower sequence divergence between
themselves than to their orthologous counterparts in T. inkin
when only decelerated homeologs were considered (5.5% among
all gene pairs versus 17.7% among decelerated homeologs)
(Supplemental Fig. S4). Given that T. ovoides’ subgenome A is evo-
lutionarily much closer to T. inkin than to subgenome B (Fig. 14),
strengthened negative selection pressure alone cannot explain
such enrichment. In T. coremiiforme, we detected a weaker relation-
ship between gene conversions and decelerated evolutionary rates.
This may be due to higher intrinsic levels of sequence identity be-
tween T. coremiiforme homeologs masking the evidence of gene
conversion.

Convergent changes in evolutionary rates among homeolog pairs

Another curious observation was the lack of homeolog pairs with
divergent changes in evolutionary rates—i.e., the pair whose one
gene becomes evolutionarily accelerated, whereas the other be-
comes decelerated (Fig. 3B). We observed unique and consistent
enrichments of homeologous genes with convergent directions
of change in evolutionary rates (2.6-2.8 fold enrichments,
Fisher’s exact test, P-values <4.4x 107 in all cases) (Fig. 4A;
Methods) that are in contrast with the classical evolutionary sce-
nario in which one homeolog copy remains under evolutionary
pressure to maintain its function, whereas the other becomes
less constrained. Quantitatively, homeologous genes in each hy-
brid exhibit significant positive correlations in their post-hybridi-
zation evolutionary rate changes (Pearson’s correlation coefficient
=0.4880 in T. coremiiforme and 0.6267 in T. ovoides, permutation
test P-values <0.0001) (Fig. 4B). Because these analyses were based
on the changes in evolutionary rate following genome hybridiza-
tion, no correlation should be expected if each homeologous
gene evolves independently. Importantly, the lack of such strong
positive correlations between nonhybrid T. asahii and T. faecale
orthologs (Pearson’s correlation coefficient=0.1937) clearly in-
dicates that the background evolutionary closeness between
T. ovoides’ and T. coremiiforme’s subgenomes cannot account for
these findings.

Finally, we turned our attention to homeolog pairs in which
both gene copies became evolutionarily accelerated. Levels of ami-
no acid sequence conservation of accelerated homeolog pairs are
significantly higher than those of others with a median of 96%
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Figure 4. Convergent changes in evolutionary rates among hybrid
homeologs. (A) Bar plots showing the enrichment of homeologous gene
pairs with varying patterns of changes in evolutionary rates. The number
of expected gene pairs in each class is based on the global frequency of ac-
celerated/neutral/decelerated genes and the assumption that each gene
of a homeologous pair independently became accelerated/neutral/decel-
erated. Only gene pairs with convergent changes (both accelerated or
both decelerated) are enriched. Numbers followed by multiplication signs
indicate the fold differences in gene pairs between observed and expected.
(B) Scatterplots showing the correlation between dy/ds ratios of home-
ologous genes. Numbers in the parentheses indicate Pearson’s and
Spearman’s correlation coefficients in that order. Control data set was cre-
ated from the dy/ds ratio between T. asahii, T. faecale, and T. coremiiforme
(average between subgenome A and B) as indicated. This represents the
background level of correlation in evolutionary rate changes across closely
related genomes but outside the context of hybridization.
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average sequence identity among T. asahii, T. faecale, and T. core-
miiforme, and a median of 93% between T. inkin and T. ovoides
(Mann-Whitney U test, P-value=6.3x107* for T. coremiiforme
and 2.7 x 10" for T. ovoides) (Fig. 5A). Also, analyses of evolution-
ary rates show that accelerated homeologs are not evolving faster
than nonaccelerated homeologs in the hybrid genomes, but that
the key differences lie in their background evolutionary rates
(Fig. 5B). A plausible explanation might be that conserved genes
with low background evolutionary rates can tolerate larger increas-
es in evolutionary rates (i.e., become evolutionarily accelerated)
while maintaining functional integrity.

Discussion

Here, we identified and characterized two recent and independent
genome hybridization events in the Trichosporon genus of Basidio-
mycota fungi, in which different levels of subgenome divergence
impact the degrees of subgenome dominance (Fig. 2). Frequent
gene losses among transcriptional and translational machineries
were observed in both hybrids (Supplemental Tables S2, S3).
Although stoichiometric constraint could also explain high
gene-loss rates among protein complex subunits, the lack of en-
richment of gene losses between direct protein—protein interaction
partners makes this hypothesis unlikely. Instead, because poly-
ploidization introduces a drastic increase in gene dosage that has
to be resolved (Gout and Lynch 2015), these gene losses may occur
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Figure 5. Accelerated evolution of highly conserved genes. (A)
Distributions of average amino acid sequence identities taken over all pair-
wise comparison of genes from species surrounding each hybrid species,
i.e., T. coremiiforme-T. asahii-T. faecale gene group or T. ovoides—T. inkin
gene group. The comparisons are between gene ortholog groups that
became evolutionarily accelerated following a hybridization event (gene
groups that are present as two-copy in a hybrid species and both gene
copies exhibit acceleration in evolutionary rates) and those that did not
(other two-copy genes). Genes with accelerated evolutionary rates are en-
riched for highly conserved genes. (B) Box plots comparing dy/ds values of
hybrid two-copy genes to their corresponding background. The whiskers
cover ~99.3% of the distribution. Data for the evolutionarily accelerated
gene group and the rest of the genome are shown. Mann-Whitney U
test P-values between the background groups are indicated: (left) T. core-
miiforme with the weighted average of T. asahii and T. faecale genes as
background; (right) T. ovoides genes with T. inkin genes as background.

under a common evolutionary pressure to rapidly neutralize global
mRNA and protein overexpression. Because previous studies of
WGD reported that slowly evolving genes such as ribosomal pro-
teins tend to be retained in the long term (Davis and Petrov
2004; Brunet et al. 2006; McGrath et al. 2014), the opposite ten-
dencies found here may reflect either differences between the
early and late effects of polyploidization or those between WGD
and genome hybridization. We assume that the former is more
likely because T. coremiiforme is almost indistinguishable from a re-
cent WGD, and the effect of increased genes dosages would be es-
pecially severe during the early phase of post-polyploidization.
The uniparental gene losses of ribosomal subunit genes (Supple-
mental Fig. S4) are consistent with a previous study of a young
Saccharomycetaceae hybrid (Louis et al. 2012), in which uniparen-
tal losses of ribosomal RNA genes were detected. These observa-
tions may indicate a mechanism similar to nucleolar dominance,
in which a hybrid genome epigenetically silences one parental
set of ribosomal RNA genes. Furthermore, in addition to dosage re-
duction, early losses of specific ribosomal subunit paralogs can al-
ter gene expression regulation and localization (Komili et al. 2007)
and profoundly shape subsequent evolutionary landscapes.

In both Trichosporon hybrids, redundant homeologs exhibit
consistent patterns of decelerated and correlated evolutionary
rates (Figs. 3, 4), which indicates that homeologous genes in these
hybrids share a significant degree of evolutionary homogeneity.
Furthermore, a positive correlation between gene conversion and
decelerated evolution (Supplemental Fig. S4) likely suggests a
role of gene conversion in maintaining the functional integrity
of redundant genes (Katju et al. 2008; Marais et al. 2010; Fawcett
and Innan 2011). Although gene conversion often affects essen-
tial, highly constrained genes, we did not detect any significant
difference in the levels of sequence conservation (represented by
the sequence identity level between nonhybrid orthologs in T. asa-
hii and T. faecale) between genes affected by gene conversion and
those that were unaffected. This may be because these hybrid ge-
nomes are too young for the differences to show or because gene
conversion in young hybrid genomes also plays a role in homoge-
nizing incompatible genes. Although accelerated, divergent evolu-
tion of redundant homeologous genes following polyploidization
may be advantageous for the resulting lineages, the same may not
hold true for young hybrid genomes that are still unstable.
Homogenization of homeologs would extend their lifetime until
the genomes become stabilized (Takuno et al. 2008), consequently
delaying subfunctionalization and neofunctionalization of redun-
dant genes. Although some homeolog pairs became evolutionarily
accelerated, they are restricted to highly conserved genes, and their
evolutionary rates resemble those of other homeologs (Fig. 5). This
suggests that these homeologs are actually under a similar degree
of selective pressure as the genome averages and are not more evo-
lutionarily relaxed.

In summary, we have illustrated key aspects of an early phase
of post-hybridization genome evolution. Although it should be
noted that a part of these mechanisms may be specific to the
Trichosporon genus and there may be biases caused by imperfect ge-
nome sequences, assemblies, and gene ontology data sets, consis-
tent findings were yielded for both T. coremiiforme and T. ovoides.
Preservation of gene functions by deceleration and homogeni-
zation of homeolog evolutionary rates, and a global reduction of
gene and protein expression by extensive gene losses from tran-
scriptional and translation machineries, would be essential in
stabilizing recently hybridized Trichosporon genomes. Accelerated
and divergent evolution of homeologs—well-characterized
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hallmarks of post-polyploidization evolution—likely become
dominant after the adverse effects of recent polyploidization
have been resolved. Our findings not only establish Trichosporon
yeasts as a model platform for interrogating early consequences
of genome hybridization, but also highlight its multistage nature
(Aury et al. 2006; Conant 2014), filling in a critical gap in the cur-
rent understanding of eukaryotic genome evolution.

Methods

Genome sequencing and assembly

T. coremiiforme JCM 2938, T. ovoides JCM 9940, T. faecale JCM
2941, and T. inkin JCM 9195 strains were provided by the Japan
Collection of Microorganisms at RIKEN BioResource Center.
Culture and DNA extraction from freeze-dried cell masses were per-
formed as described (Raeder and Broda 1985; Takashima and
Nakase 2000). Genomic DNA was purified using Genomic-tip
100/G (Qiagen) according to the manufacturer’s instruc-
tions. Paired-end DNA libraries with insert size of 200-300 bp
were derived from 1 pg genomic DNA followed by fragmentation
with an S2 ultrasonicator (Covaris) and sequencing with Illumina
HiSeq 2500 (Illumina). Mate pair libraries with insert size of ~3 kb
were prepared with Nextera Mate Pair Sample Prep Kit (Illumina)
according to the manufacturer’s protocol with some modifications
(Park et al. 2013) and sequenced using HiSeq 2500 to generate 151-
bp paired-end reads. For T. faecale, additional mate pair libraries
with insert sizes of ~5 and 8 kb were prepared and sequenced using
MiSeq to produce 301-bp paired-end reads. All mate pair reads
were processed with NextClip v0.8 (Leggett et al. 2014) to trim
adapter sequences. Estimated sequencing depths range from
114x for T. coremiiforme to 419x for T. faecale. ALLPATHS-LG
versions 52155 (for T. faecale and T. inkin) and 52488 (for T. core-
miiforme and T. ovoides) (Gnerre et al. 2011) were used to assemble
the reads into scaffolds with default parameters. Library genera-
tion, sequencing, and assembly were performed at the Genome
Network Analysis Support Facility, RIKEN CLST (Yokohama,
Japan). Assembly quality was assessed using CEGMA version 2.5
(Parra et al. 2009) and REAPR version 1.0.18 (Supplemental Table
S1; Hunt et al. 2013). CEGMA was run with default parameters.
REAPR analyses were performed using identical sets of reads that
were used by ALLPATHS-LG. The smaltmap and pipeline modules
were run with default parameters. The perfectfrombam module
was run with the following parameters: min insert = 100, max in-
sert =500, repetitive max qual = 3, perfect min qual=4, and per-
fect min alignment score=150. For T. asahii, the published
genome for strain CBS 2479 (Yang et al. 2012) was used.
The genome sequence data was also used in a separate study that
focuses on fungal systematics (Takashima et al. 2015).

Gene annotation

Protein-coding genes on each draft genome were predicted using
GeneMark-ES version 2 (Ter-Hovhannisyan et al. 2008) with de-
fault settings. The hidden Markov model for GeneMark was first
trained on T. asahii CBS 2479 genome and then applied to other
genomes. Genes of all sizes were predicted, but only those that
translate to at least 100 amino acids in length were retained for
further analyses. Performance of GeneMark was evaluated by
two methods. First, we compared our prediction of T. asahii CBS
2479 genes to those included with the published genome.
Overall, similar numbers of genes were predicted (7996 here versus
8068 published) with 7429 BLASTP matches with E-values <1 x
10~ and 7000 matches with >80% amino acid sequence identity.
Second, we compared the list of genes predicted by GeneMark to

those made by AUGUSTUS version 2.5.5 (Stanke et al. 2008).
The built-in gene structure model in AUGUSTUS that was trained
with data from Cryptococcus neoformans, a Basidiomycota fungus in
the same order as Trichosporonaceae, was used. Across T. faecale,
T. coremiiforme, T. inkin, and T. ovoides, both methods generated
similar lists of genes with 0.8%-8.8% differences in the numbers
of genes predicted, 90%-92% BLASTP matches with >80% se-
quence identity, and 95%-97% BLASTP matches with E-values
<1 x 107>, Additionally, GeneMark produced slightly higher num-
bers of reciprocal best hits between Trichosporon and C. neoformans
genes than AUGUSTUS did (54.68% of C. neoformans genes for
AUGUSTUS and 55.85% for GeneMark).

Ortholog group assignment

Ortholog relationship assignments between Trichosporon species
were first performed pairwise at the amino acid sequence level
using inParanoid version 4.1 (Remm et al. 2001). Then, the results
were merged into all-species ortholog groups using MultiParanoid
(Alexeyenko et al. 2006). Ortholog groups containing one gene
from T. asahii, at most one gene from T. inkin and T. faecale, and
at most two genes from T. coremiiforme and T. ovoides were selected
for further analyses. At this stage, a total of 7637 ortholog groups
were obtained. Also, inParanoid was used to map orthologous rela-
tionships between genes from T. asahii, Saccharomyces cerevisiae,
Candida glabrata, and Lachancea waltii. Protein sequences for
C. neoformans, S. cerevisiae, C. glabrata, and L. waltii were down-
loaded from the National Center for Biotechnology Information
(NCBI), the Saccharomyces Genome Database, the Candida
Genome Database, and the Yeast Gene Order Browser database
(http://ygob.ucd.ie/), respectively.

Synteny structure reconstruction

Synteny relationships between Trichosporon species were recon-
structed by the aid of Gene Order Browser (GOB; source code pro-
vided by the author) (Byrne and Wolfe 2005). The list of predicted
genes’ ortholog group assignments were used as inputs for GOB.
Gene order in T. asahii genome was used as reference for aligning
T. faecale and T. coremiiforme genes, and gene order in T. inkin
genome was used as reference for aligning 7. ovoides genes. A syn-
tenic segment was defined as a contiguous region of conserved
gene orders on T. coremiiforme or T. ovoides genome with no larger
than 20-kb gaps in between consecutive genes. An overlap be-
tween two syntenic segments was defined as doubly conserved
syntenic segment (Kellis et al. 2004). Extensive synteny structures
were identified for both T. asahii-T. coremiiforme and T. inkin—
T. ovoides pairs, each involving >88% coverage of nonpolyploid
and >73% of post-polyploid genomes (Supplemental Fig. S2).
Because the 20-kb gap threshold corresponds roughly to the
length of six to seven consecutive genes (based on Trichosporon
genome statistics) and may cause underdetection of synteny
breaks, we also reconstructed synteny structure using a tighter
10-kb gap threshold. As evident in Supplemental Figure S2, the ge-
nome coverages of synteny structure decreased by <1% in hybrid
genomes and <5% in nonhybrid genomes. Hence, the impact of
synteny break misidentification is minimal at the 20-kb gap
threshold.

Subgenome assignment

Two subgenome reconstruction methods were considered. The
first method is a synteny-based method that assumes that each as-
sembled scaffold belongs to a subgenome. Doubly conserved syn-
teny structures are used to define pairs of homeologous scaffolds,
and subsequent phylogenetic analyses are used to assign each of
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the paired scaffolds into subgenomes. The second method is a ref-
erence genome-based method that relies on nonhybrid genomes
as reference points (7. asahii for T. coremiiforme and T. inkin for
T. ovoides). Each gene of a homeolog pair is assigned to one of
the two subgenomes based on its sequence similarity to the non-
hybrid ortholog.

For T. coremiiforme, the reference genome-based method pro-
duced an interspersed pattern of subgenome assignments, and so
we investigated the level of sequence similarity between T. coremii-
forme and T. asahii. Whole-genome alignments were performed us-
ing LAST version 658 (Kietbasa et al. 2011) with T. asahii genomes
as database and T. coremiiforme as query. Rareness limit for initial
matches (-m parameter, default = 10) was set at 100 to increase sen-
sitivity. E-score threshold of 1 x 10~'° was applied during post-pro-
cessing of LAST’s output. Only alignments that map one region
from T. asahii genome to exactly two regions of lengths at least
1000 bases on different scaffolds in T. coremiiforme were consid-
ered. This revealed that two subgenomes of T. coremiiforme are al-
most equidistant from T. asahii with a median difference in
sequence identities of only 0.97%—a likely reason behind the in-
terspersed subgenome assignment pattern made by the reference
genome-based method.

Hence, for T. coremiiforme, only the synteny-based method
could to be used. To ensure high confidence, only doubly con-
served synteny containing at least 10 pairs of genes were con-
sidered in the reconstruction process. This resulted in 33
homeologous scaffold pairs involving 34 distinct scaffolds being
identified. Next, overlapping scaffold pairs were merged—for ex-
ample, if scaffold A is homeologous to scaffolds B, C, and D, and
scaffold B is homeologous to scaffolds E and F, then we can infer
that scaffolds A, E, and F belong to one subgenome, whereas scaf-
folds B, C, and D belong to the other. However, this merging pro-
cess did not connect all 33 scaffold pairs into a unique subgenome
assignment. Although we could infer that (1) scaffolds 0, 6, 7, 8,
12, 13, and 17 of T. coremiiforme are homeologous to scaffolds 2,
9, 14, 18, 19, 20, 21, 23, 24, 28, 33, and 36, and (2) scaffolds 1,
22,26, 27, and 29 of T. coremiiforme are homeologous to scaffolds
3, 10, and 15, we could not tell which of the first two subgenomes
corresponds to which of the latter two subgenomes. Subsequent
phylogenetic analyses were required to ultimately determine that
scaffolds O, 6, 7, 8, 12, 13, and 17 are on the same subgenome as
scaffolds 3, 10, and 15.

For T. ovoides, the median difference in sequence identities
among each of its two subgenomes to T. inkin is 7%, and both re-
construction methods were applicable. The synteny-based method
produced a subgenome assignment covering 28 distinct scaffolds,
and the reference genome-based method produced an assignment
covering 46 distinct scaffolds, including all 28 covered by the for-
mer. In 25 of 28 scaffolds covered by both methods, the two assign-
ments agreed on 93% of the genes (5466 of 5875 genes). In the
other three scaffolds, strong evidence for chromosomal recombi-
nations was observed. In scaffold 5, the reference genome-based
method assigned 162 genes to one subgenome and 423 genes to
the other (a 27% to 73% ratio). However, when gene order was tak-
en into account, we found that 93% of the first 143 genes on this
scaffold were assigned to one subgenome and 93% of the other 442
genes were assigned to the other subgenome. Similar results were
found for scaffold 6, in which 95% of its first 296 genes were as-
signed to one subgenome and 94% of the remaining 237 genes
were assigned to the other; in scaffold 13, 98% of its first 120 genes
were assigned to one subgenome, and 95% of the remaining 111
genes were assigned to the other. Because the reference genome-
based method produced a subgenome assignment with higher
scaffold coverage, a good agreement with synteny-based recon-
struction, and capability to capture chromosomal recombination,

we selected T. owoides subgenome assignments produced by this
method for subsequent analyses.

Gene-loss analysis

To probe the distribution of gene losses between subgenomes of
T. coremiiforme or T. ovoides with high confidence, only gene losses
that occurred within doubly conserved syntenic segments were
counted. This consideration minimized the impact of genome mis-
assembly and collapse of repetitive regions as those errors tend to
disrupt doubly conserved synteny structure. Based on subgenome
assignments, the numbers of gene losses on syntenic segments
corresponding to the same subgenome were then added together.
This covered 607 gene losses in T. coremiiforme and 1214 in
T. ovoides (Fig. 2B). The difference in gene counts is due to higher
coverage of synteny structure and subgenome reconstruction in
T. ovoides. For each single-copy gene that does not belong to a dou-
bly conserved syntenic segment, we assign its subgenome using
the majority subgenome assignment of neighboring genes. In
T. coremiiforme, because each scaffold was assigned to a subgenome
as a whole, all single-copy genes on a scaffold were assigned to the
same subgenome. In T. ovoides, we assigned a single-copy gene to
the majority subgenome assignment of up to 20 homeologous
genes surrounding it (up to 10 upstream genes and 10 downstream
genes). If fewer than 10 genes are present on either side, only those
genes would be included. In case of a tie or when there are no near-
by homeologous genes (e.g., in region with heavy gene losses), that
single-copy gene was labeled as of unknown origin.

Phylogenetic reconstruction

Initial phylogenetic analyses to determine the tree topology were
performed in MEGA version 6 build# 6140226 (Tamura et al.
2013) using both Maximum Likelihood (ML) and Maximum
Parsimony (MP) methods and PhyML version 3.1 (Guindon and
Gascuel 2003; Guindon 2010). Amino acid sequences of 2623
gene ortholog groups that are present in all five Trichosporon spe-
cies and remain as two-copy in both T. coremiiforme and T. ovoides
were aligned using MUSCLE (Edgar 2004), and the results were
mapped to their nucleotide sequences. Aligned sequences belong-
ing to the same species or subgenomes (in the case of T. coremii-
forme and T. ovoides) were concatenated together. Each isolated
subgenome pair in T. coremiiforme (see “Subgenome assignment”)
was analyzed separately at this stage. The Jukes-Cantor substitu-
tion model and the Subtree-Pruning-Regrafting (SPR) method
were used. Bootstrap count was set to 100 in MEGA (as the software
crashed at 1000 bootstrap value) and 1000 in PhyML. Designating
the subgenomes of T. coremiiforme and T. ovoides, which are evolu-
tionarily closer to T. asahii and T. inkin, respectively, as the subge-
nome A and the other as B, both MEGA and PhyML produced the
following tree topology with 100% bootstrap support: ((T. ovoides
B, (T. ovoides A, T. inkin)), (T. faecale (T. coremii. B, (T. coremii. A,
T. asahii)))). This tree topology was used in all subsequent analyses.
Neither changing the nucleotide substitution model (in both
MEGA and PhyML) nor switching between codon and nucleotide
model (in MEGA) affected the topology and bootstrap support of
the resulting phylogenetic trees.

Synonymous and nonsynonymous substitution rate calculations

PAML version 4.8 (Yang 2007) was used to calculate phylogenetic
trees along with branch-specific substitution rates. First, we tested
the molecular clock hypothesis of equal evolutionary rates for the
Trichosporon tree using the likelihood ratio tests on the ML trees es-
timated with and without molecular clock assumption. The test
statistic is 114.50 with a degree of freedom of 7-2 =35, and so the
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molecular clock assumption was rejected (P-value <1 x 1077). In all
cases hereafter, PAML was used without the clock assumption
(clock =0). The corresponding section of the Trichosporon phyloge-
netic tree topology characterized above, ((T. ovoides B, (T. ovoides A,
T. inkin)), (T. faecale (T. coremii. B, (T. coremii. A, T. asahii)))), was
used as input for each ortholog group. For example, for an ortholog
group containing two homeologous genes in T. coremiiforme and
one gene each in T. inkin, T. faecale, and T. asahii, the tree topology
(T. inkin, (T. faecale (T. coremii. B, (T. coremii. A, T. asahii)))) was
specified. We restricted our analyses to 4951 high-confidence
ortholog groups which are present in all three nonhybrid
Trichosporon species. Among these, 3768 ortholog groups are
present as two-copy in T. coremiiforme, 1126 groups are present
as single-copy in T. coremiiforme, 3478 groups are present as two-
copy in T. ovoides, and 1399 groups are present as single-copy in
T. ovoides. Sequence alignment for genes in each ortholog group
was made with MUSCLE at the amino acid sequence level, and
the result was mapped to their nucleotide sequences. The codeml
module of PAML was used with the following parameters: F3X4 co-
don frequency model, no molecular clock, jones.dat empirical
amino acid substitution model, and different dy/ds ratio for each
branch. From each ML tree generated by codeml, we took the dy
and ds values of the branches directly leading to a nonhybrid spe-
cies or a subgenome of a hybrid species as the dy and ds estimates
for that gene. For example, given the following codeml output:

ds tree:

((((TAsahii: 0.304562, TCoremiiformeA: 0.269537): 0.000837,
TCoremiiformeB: 0.260308): 0.087016, TFaecale: 0.249978):
0.960206, TInkin: 0.171225);

dy tree:

((((TAsahii: 0.002948, TCoremiiformeA: 0.010789): 0.001026,
TCoremiiformeB: 0.009370): 0.002769, TFaecale: 0.003763):
0.047983, TInkin: 0.000017).

The dy and ds estimates for the T. asahii gene here would be
0.002948 and 0.304562, respectively. Once all estimates were ob-
tained, a filter ds < 2 was applied to remove ortholog groups whose
synonymous substitutions may be oversaturated from further
analyses. Ultimately, we obtained dy and ds estimates for 7150 T.
coremiiforme two-copy genes (3575 pairs), 1080 T. coremiiforme sin-
gle-copy genes, 6028 T. ovoides two-copy genes (3014 pairs), and
1267 T. ovoides single-copy genes.

Estimation of the ages of Trichosporon hybridization events

The whole-genome duplication event in Saccharomycetaceae fun-
gi (Kellis et al. 2004) was used as a calibration point for estimating
relative ages of the two hybridization events in the Trichosporon
lineage. First, orthologous relationships between Trichosporon
genes and genes from S. cerevisiae, C. glabrata, and L. waltii were
identified using inParanoid. Amino acid sequences of 822 gene
ortholog groups—which are present in all eight species and are pre-
sent as two-copy in T. coremiiforme and T. ovoides—were aligned us-
ing MUSCLE, and the resulting alignments were mapped to their
corresponding nucleotide sequences. Then, the map-aligned nu-
cleotide sequences of genes belonging to the same species or the
same subgenome of a hybrid species were concatenated together.
Although it would be preferable to directly compare the levels of
sequence divergence between homeolog pairs in Trichosporon
hybrids to those between duplicated gene pairs in S. cerevisiae
and C. glabrata, low duplicated gene retention rates in Saccharo-
mycetaceae (<15%) combined with low coverages of ortholog
mapping between distant fungal lineages inhibited such analysis.
Instead, we had to use the level of sequence divergences between S.
cerevisiae, C. glabrata, and L. waltii as rough representatives for the

timing of the Saccharomycetaceae genome duplication event. The
codeml module of PAML was used to calculate pairwise sequence
divergence (runmode = —2) shown in Figure 1B. The input tree to-
pology was fixed as (((T. ovoides B, (T. ovoides A, T. inkin)), (T. faecale
(T. coremii. B, (T. coremii. A, T. asahii)))), (L. waltii, (S. cerevisiae, G.
glabrata)))—the combination of Trichosporon tree topology deter-
mined above and the known relationship between Saccharomyce-
taceae fungi. This yielded estimated divergence levels between
T. coremiiforme subgenomes as ds=0.6753, between T. ovoides
subgenomes as ds=1.3763, between S. cerevisiae and G. glabrata
as ds=8.2356, and between S. cerevisiae-G. glabrata and L. waltii
as ds=68.0845. Hence, the timing of hybridization events in
Trichosporon are about at least six to 12 times younger than the
whole-genome duplication event in Saccharomycetaceae, and
could be up to 50 to 100 times younger.

Evolutionary rate analyses

dn/ds values were used to represent the evolutionary rates of genes.
In order to probe the changes in dy/ds following each genome hy-
bridization event, dy/ds of the phylogenetic tree branches leading
to nonpolyploid species were used to define the “background evo-
lutionary rates.” For T. coremiiforme, the background evolutionary
rates were calculated as the weighted-average of dy/ds of the
branches leading to T. faecale and T. asahii (with ds as weights,
this is equivalent to the ratio of average dy over average ds of the
two branches). For T. ovoides, the dy/ds of the branch leading to
T. inkin was directly used as its background. Changes in evolution-
ary rates were then defined as the log (base 2) ratios of dx/ds of the
phylogenetic tree branches leading to T. coremiiforme or T. ovoides
over their corresponding background dn/ds. A twofold threshold
was used to classify genes as evolutionarily “decelerated,” “acceler-
ated,” or “neutral.”

To evaluate the degree of correlation of evolutionary rates
between the two subgenomes of each Trichosporon hybrid, two
analyses were performed. First, based on the frequency of “deceler-
ated,” “accelerated,” and “neutral” genes in each species, an ex-
pected distribution of homeolog pairs with each of the six
possible combinations—decelerated/decelerated, decelerated/ac-
celerated, decelerated/neutral, accelerated/accelerated, accelerat-
ed/neutral, and neutral/neutral—was computed. Enrichment of
each group was determined as the fold differences between ob-
served and expected homeolog pair counts. Fisher’s exact tests
for the enrichments of decelerated/decelerated, or accelerated/ac-
celerated, homeolog pairs were performed on 2 x 2 tables contain-
ing the frequencies of decelerated and nondecelerated genes, or
accelerated/nonaccelerated genes, on subgenome A and B, respec-
tively. Second, the correlation coefficients of changes in dy/ds be-
tween homeologous genes were compared to coefficients derived
from sets of 10,000 randomized gene pairing (permutation test),
and the coefficient was calculated using the dy/ds ratios of T. fae-
cale and T. asahii over T. coremiiforme (Fig. 4B). The latter data set
represents a baseline correlation of changes in evolutionary rates
across closely related genomes outside the context of genome
hybridization.

Gene conversion detection

We used GENECONV v1.81a (Sawyer 1989) to detect gene conver-
sion between two-copy genes. Sequence alignment of each ortho-
log group consisting of a reference gene in nonpolyploid species
(T. asahii or T. inkin) and two genes in post-hybrid species
(T. coremiiforme or T. ovoides) was performed using MUSCLE and
used as input for GENECONV. Permutation test parameters for
GENECONV were set at 10,000 permutations and a maximum
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P-value of 0.05. Overall, 2623 ortholog groups were analyzed. At
P-value of 0.05, gene conversions were detected in 496 and
178 homeolog pairs from T. coremiiforme and T. ovoides, respective-
ly. After adjusting for multiple-testing via Bonferroni correction,
the number of detected gene conversions became 160 and 34,
respectively.

Protein complex and protein—protein interaction analyses

The protein complex data set for S. cerevisiae was downloaded from
http://wodaklab.org/cyc2008/ (Pu et al. 2009), which consists of
408 manually curated complexes identified in small-scale experi-
ments. Of these, 201 complexes could be mapped to some T. core-
miiforme or T. ovoides genes. Mitochondria-related complexes
(seven complexes whose names start with “mitochondrial”) and
duplicated complexes (two complexes: SLIK [Saga-like] complex
which contains the same set of genes as the SAGA complex, and
H* transporting ATPase Golgi which contains the same set of genes
as H* transporting ATPase vacuolar) were then removed. The final
complex countis 192 complexes, consisting of 1091 T. coremiiforme
genes and 1094 T. ovoides genes. To classify whether a protein com-
plex is involved with transcription and translation processes, we
performed literature searches on all 192 complexes and annotated
43 complexes as such. The numbers of T. coremiiforme and T. ovoides
single-copy and two-copy genes that belong to each complex were
calculated, and complexes with multiple single-copy genes were
shown in Supplemental Tables S2, S3. For T. coremiiforme, 27 com-
plexes contain multiple single-copy genes, and 11 of these are in-
volved with transcription and translation processes. For T.
ovoides, 44 complexes contain multiple single-copy genes, and 17
of these are involved with transcription and translation processes.
The overlap between two species consists of 14 complexes, eight of
which are involved with transcription and translation processes. To
test the significances of gene losses from protein complexes, we per-
formed permutation tests (up to 10,000 permutations) by random-
ly shuftling ortholog gene group states (single-copy and two-copy).
These tests therefore preserve the global gene-loss rates and control
the discrepancy in protein complex sizes. Protein complexes in-
volved in transcription and translation experienced significantly
more gene losses (32.65% gene-loss rate) than other complexes
(20.89% gene-loss rate) in T. coremiiforme (permutation test P-value
<1x107%). In T. owoides, the difference is modest, with 28.29%
gene-loss rate for complexes involved in transcription and transla-
tion compared to 26.23% for other complexes (permutation test
P-value=0.301).

The protein interaction data set for S. cerevisiae was down-
loaded from the Saccharomyces Genome Database (Cherry et al.
2012) at http://downloads.yeastgenome.org/curation/literature/
interaction_data.tab, in July 2014. Self-loop and duplicated inter-
actions between the same protein pairs were removed. Three sub-
networks of the protein-protein interaction data set were
considered: the network containing 192 protein complexes
defined above (4742 interactions), the network containing 38
components of the cytoplasmic ribosomal large subunit (270 in-
teractions), and the network containing 26 components of the cy-
toplasmic ribosomal small subunit (121 interactions). Network
permutation using the edge-switching algorithm (Rao et al.
1996) was performed 1000 times for the calculation of P-value.
In each network, the number of interactions between single-
copy genes was used as the test statistic to probe the extent of
stoichiometry preservation. The rationale is that because the ma-
jority (>70%) of genes exist as two-copy in these hybrid species,
evolutionary pressures to maintain stoichiometric balance would
be strongest surrounding each single-copy gene, and gene losses
should occur more often among direct interaction partners of sin-

gle-copy genes. However, we detected no such signal in these anal-
yses. Besides the case of cytoplasmic ribosomal small subunit in T.
ovoides with permutation test P-value=0.292 (seven interactions
between single-copy genes, 5.81 interactions on average among
randomized networks), the number of interactions between sin-
gle-copy genes in all other networks were less than expected (per-
mutation test P-values range from 0.5 to 0.7).

Gene ontology enrichment

T. asahii genes were first mapped to S. cerevisiae genes using
inParanoid as described above. In total, 2797 genes could be
mapped. Gene ontology (GO) annotation for S. cerevisiae genes
was downloaded from UniProt Knowledgebase in March 2014.
Adding the C. neoformans gene annotation data set did not im-
prove annotation coverage. GO enrichment analyses were per-
formed using DAVID (Huang et al. 2009a,b). DAVID analyses
were performed using the set of 2797 S. cerevisiae orthologs of T.
asahii genes as the background gene set. Enrichment analyses for
the sets of decelerated/decelerated and accelerated/accelerated
homeolog pairs in T. coremiiforme and T. ovoides were performed.
No significant enrichments were detected at a false discovery rate
threshold of 1%.

Data access

Assembled genome sequences from this study have been sub-
mitted to the NCBI Whole Genome Shotgun database (WGS;
http://www.ncbi.nlm.nih.gov/Traces/wgs/) under accession num-
bers JXYKO0000000 (T. faecale), JXYLOOOO0O0OO (T. coremiiforme),
JXYMO00000000 (T. inkin), and JXYNOOOOOOOO (T. ovoides). Raw
sequence reads are available at NCBI BioProject (http://www.ncbi.
nlm.nih.gov/bioproject/) under accession numbers PRJDB3698
(T. faecale), PRIDB3697 (T. coremiiforme), PRIDB3701 (T. inkin), and
PRJDB3702 (T. ovoides).
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