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Reconstruction of ancestral chromosome architecture
and gene repertoire reveals principles of genome
evolution in a model yeast genus
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Reconstructing genome history is complex but necessary to reveal quantitative principles governing genome evolution.
Such reconstruction requires recapitulating into a single evolutionary framework the evolution of genome architecture
and gene repertoire. Here, we reconstructed the genome history of the genus Lachancea that appeared to cover a continuous
evolutionary range from closely related to more diverged yeast species. Our approach integrated the generation of a high-
quality genome data set; the development of AnChro, a new algorithm for reconstructing ancestral genome architecture; and
a comprehensive analysis of gene repertoire evolution. We found that the ancestral genome of the genus Lachancea contained
eight chromosomes and about 5173 protein-coding genes. Moreover, we characterized 24 horizontal gene transfers and 159
putative gene creation events that punctuated species diversification. We retraced all chromosomal rearrangements, includ-
ing gene losses, gene duplications, chromosomal inversions and translocations at single gene resolution. Gene duplications
outnumbered losses and balanced rearrangements with 1503, 929, and 423 events, respectively. Gene content variations
between extant species are mainly driven by differential gene losses, while gene duplications remained globally constant
in all lineages. Remarkably, we discovered that balanced chromosomal rearrangements could be responsible for up to
14% of all gene losses by disrupting genes at their breakpoints. Finally, we found that nonsynonymous substitutions reached
fixation at a coordinated pace with chromosomal inversions, translocations, and duplications, but not deletions. Overall, we
provide a granular view of genome evolution within an entire eukaryotic genus, linking gene content, chromosome rear-
rangements, and protein divergence into a single evolutionary framework.

[Supplemental material is available for this article.]

Eukaryotic genomes evolve through the accumulation of point mu-
tations and chromosomal rearrangements that ultimately contrib-
ute to the evolution of the gene repertoire. Point mutations can
promote gene inactivation by pseudogenization of coding se-
quences (Mighell et al. 2000; Lafontaine and Dujon 2010) but
also participate in gene gain by de novo gene creation from noncod-
ing sequences (Khalturin et al. 2009; McLysaght and Guerzoni
2015). Balanced rearrangements—including translocations, inver-
sions, and chromosome fusion/fission—modify gene order and ori-
entation. Although these rearrangements are often thought to
occur mostly in intergenic regions (Peng et al. 2006; Poyatos and
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Hurst 2007; Berthelotetal. 2015), they have the potential to modify
gene expression, create new gene combinations, and disrupt genes
at their breakpoints (Rowley 1998; Perez-Ortin et al. 2002; Avelar
etal. 2013; Quintero-Rivera et al. 2015). Unbalanced chromosomal
rearrangements include deletions and duplications of the chromo-
some segments, which promote reduction and expansion of the
gene repertoire, respectively (Llorente et al. 2000; Dujon et al.
2004; Wapinski et al. 2007; Butler et al. 2009; Souciet et al. 2009;
Scannell etal. 2011; Gabaldon et al. 2013). Whole-genome duplica-
tion (WGD) and hybridization events also affect gene repertoire, as
well-documented in yeasts (Semon and Wolfe 2007; Louis et al.
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2012; Morales and Dujon 2012; Marcet-Houben and Gabaldon
2015). The impact of horizontal gene transfers (HGTs), although
seemingly important in Pezizomycotina, is limited in Saccharomy-
cotina, with only a few dozen reported events so far (Rolland et al.
2009; Galeote et al. 2010; Marcet-Houben and Gabaldon 2010;
Wisecaver et al. 2014; Marsit et al. 2015).

Comparative genomics has been instrumental in identifying
these mechanisms and deciphering their contribution to genome
evolution. Notably, the study of synteny conservation across mul-
tiple species allowed critical conceptual advances in the under-
standing of genome dynamics. Comparative studies on synteny
conservation revealed highly variable rates of chromosome rear-
rangements between individual lineages both in vertebrates and
in yeasts (Bourque et al. 2005; Fischer et al. 2006). Interestingly,
a comparative study between 12 Drosophila genomes reported
that the disruption of synteny regions via chromosomal inversions
approximated a linear process over time (Bhutkar et al. 2008). At a
broader evolutionary scale, reconstructions of ancestral gene con-
tent in Proteobacteria and Archaea showed that gene losses and/or
duplications correlated with amino acid substitution rates (Snel
et al. 2002; Csuros and Miklos 2009). Similarly, linear correlations
between the rates of genomic rearrangements such as gene dupli-
cations and losses, HGTs and gene creations, and the rate of non-
synonymous substitutions were recently reported in bacteria
(Puigbo et al. 2014). By analogy to the traditional molecular clock
(Zuckerkandl and Pauling 1962), the investigators coined the term
“genomic clock” to describe the coordinated pace of fixation be-
tween point mutations and large-scale rearrangements. The first
attempt to define a genomic clock in yeast was based on the corre-
lation between synteny conservation and amino acid identity be-
tween orthologous genes (Rolland and Dujon 2011).

Reconstructing genome history is a rather difficult task re-
quiring efficient reconstruction of ancestral genome organization
and precise characterization of the chromosomal rearrangements
that occurred along different lineages. Reconstruction of ancestral
genome architecture has benefited from the development of
several computational models (Ma et al. 2006; Faraut 2008;
Muffato and Roest Crollius 2008; Alekseyev and Pevzner 2009;
Ouangraoua et al. 2011; Gagnon et al. 2012). However, integrating
the reconstruction of ancestral genome architecture into an evolu-
tionary framework has only been achieved in a limited number of
cases. In yeast, Wolfe and colleagues manually reconstructed the
ancestral genome of Saccharomyces cerevisiae as it was before the
WGD event and identified at least 144 structural rearrangements,
as well as 124 genes that are present in the actual S. cerevisiae
genome but absent from its ancestor (Gordon et al. 2009). These
investigators also traced the complete rearrangement history of
the Lachancea kluyveri genome since its common ancestor with
S. cerevisiae (Gordon et al. 2011). In vertebrates, a recent study
used ancestral genome reconstruction to explain the distribution
pattern of rearrangement breakpoints in Boreoeutherian genomes
(Berthelot et al. 2015). The investigators found a strong positive
correlation between gene density and evolutionary rearrangement
breakpoints and showed that this property could be extended
to yeast genomes. Finally, Weng et al. (2014) recently reconstruct-
ed the ancestral genome organization of highly rearranged
Geraniaceae plastid genomes and characterized the rearrangements
unique to each genus. They found that the degree of plastid
genome rearrangements was correlated with nonsynonymous
substitution rates but not with synonymous substitution rates,
compatible with the existence of a genomic clock in plastid
genomes.

Based on genome comparison between three previously se-
quenced Lachancea species, we predicted that the number of rear-
rangements that reached fixation in this genus was sufficiently
high, but not too high, to provide key information on the dynam-
ics of chromosome evolution (Fischer et al. 2006; Payen et al. 2009;
Souciet et al. 2009; Drillon and Fischer 2011; Gordon et al. 2011).
Therefore, we undertook the reconstruction of genome history in
this genus to seek for quantitative rules that govern the evolution
of genomes. First, we sequenced, assembled, and annotated the ge-
nomes of seven additional Lachancea species. With 10 fully se-
quenced, assembled, and annotated genomes, the Lachancea
clade is the most densely sampled yeast genus at the genomic level
within the Saccharomycetaceae family. Second, we developed a
new computational method called AnChro, to reconstruct ances-
tral genome organization and identify all balanced rearrange-
ments that accumulated during evolution. We combined these
reconstructions with an exhaustive survey of the gene repertoire
and revealed general principles that govern genome evolution in
this yeast genus.

Results

High-quality reference genomes of the Lachancea genus

We sequenced and assembled into one scaffold per chromosome
the nuclear genomes of seven Lachancea species (see Methods).
Haploid genome sizes range from 10.2 to 11.3 Mb (Fig. 1A). All
Lachancea species have eight chromosomes, each containing one
centromere with the three typical elements CDEI, CDEII, and
CDEIIl (Supplemental Fig. S1; Supplemental Table S1), except
Lachancea fantastica that has only seven chromosomes because
of a telomere-to-telomere fusion (Supplemental Fig. S2; Supple-
mental Table S2). The genomic GC content ranges from 41.2%-—
47.3% (Supplemental Table S2). In L. kluyveri, a region of 1 Mb con-
taining the MAT locus and covering almost the whole left arm of
chromosome C, has an average GC content of 52.9%, which is sig-
nificantly higher than the 40.4% global GC content of the rest of
the genome (Payen et al. 2009; Souciet et al. 2009). The ortholo-
gous counterpart of this chromosomal region is found in all other
Lachancea species, but none of them presented the GC content
heterogeneity characterized in L. kluyveri, reinforcing the hypoth-
esis of an introgression event at the origin of this chromosomal
arm (Friedrich et al. 2015).

We annotated the coding and noncoding elements of the sev-
en newly sequenced genomes and reannotated the three previous-
ly sequenced genomes. Protein-coding genes range from 4997 in
Lachancea meyersii to 5378 in L. kluyveri, and pseudogenes range
from 52 in Lachancea cidri to 104 in Lachancea nothofagi (excluding
Lachancea waltii where gaps in the original sequence [Kellis et al.
2004] artificially increase the number of pseudogenes to 295)
(Supplemental Table S2). On average, coding sequences represent
between 67% and 77% of the genome (Fig. 1A), similar to most
Saccharomycotina sequenced genomes (Dujon et al. 2004).
Finally, we found a small number of Class I retrotransposons
(from one to 17) in all species except in L. cidri and L. meyersii,
while Class II elements are more widespread, with at least one
copy in L. cidri and Lachancea fermentati and up to 41 copies in
L. fantastica (Supplemental Table S2; Sarilar et al. 2014).

We found no correlation between genome size and either the
number of genes, the cumulative size of coding sequences, or the
transposable element content. However, we found a clear positive
correlation between genome sizes and the cumulative sizes of
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Figure 1. (A) Cumulative sequence length of the annotated genetic elements in the 10 Lachancea genomes. The percentages of protein-coding sequenc-
es are in parentheses. (B) Genome size in Lachancea positively correlates with intergene length (top) but not with cumulative gene length (bottom). (C)
Phylogeny of 34 Saccharomycetaceae species inferred from a maximum likelihood analysis of a concatenated alignment of 756 families of syntenic homo-
logs. The tree topology within the Lachancea clade remains identical for several reconstruction methods: concatenation tree, majority tree, and extended
majority rule consensus (eMRC) tree (see Methods). Internal branches within the Lachancea clade are named b, to be. The corresponding internode cer-
tainty (IC) values, indicating the robustness of the eMRC tree topology, are given. (WGD) Whole-genome duplication. (D) Relationship between orthol-
ogous protein similarity and the number of conserved synteny blocks within different yeast genera. The Lachancea genus is the only clade showing a
continuum of genome reorganization and pairwise protein similarities over a large evolutionary range.

intergenic regions and introns (Fig. 1B; Supplemental Fig. S3). The between genome sizes are mainly due to variations in noncoding
largest size variation in intergenic regions equals a total of 1.38 Mb sequence length and not to differential gene or transposable ele-
between L. fermentati and L. meyersii, showing that the differences ment content. Interestingly, other studies also reported genome
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size changes targeted toward intergenic regions. A decrease in gene
density with increasing genome size was observed in Ascomycota
genomes, (Kelkarand Ochman 2012), and a similar correlation was
observed for 81 Saccharomycotina mitochondrial genomes (Freel
et al. 2015b).

A robust species tree to reliably reconstruct genome history

Establishing a robust species phylogenetic tree is a crucial prerequi-
site to any evolutionary reconstruction. The phylogenetic position
of the Lachancea clade was first inferred from a maximum likeli-
hood analysis of a concatenated alignment of 756 families of syn-
tenic homologs (see Methods) shared by 36 species (Supplemental
Table S3). The resulting tree shows that all Lachancea species
share a monophyletic origin, supporting the existence of the ge-
nus (Fig. 1C).

We further reconstructed all gene trees for the 3598 sets of
orthologs present in the 10 Lachancea species and in S. cerevisiae
(see Methods). A total of 796 different topologies were observed
among the 3598 individual gene trees. The most prevalent topol-
ogy was shared by 472 gene trees (majority topology). The same to-
pology was systematically retrieved from the concatenations of the
corresponding 472 alignments, the 3598 alignments, or the 756
families of syntenic homologs (Supplemental Fig. S4). We also
showed that the extended majority rule consensus (eMRC) tree
(Felsentein 1995) topology was identical to both the concatena-

# HGTs | # gene creations Y
# gene duplications \/

# gene deletions | # gene disruptions v
(examples)

[# CDS and pseudogenes]

tion and the majority topologies (see Methods). We applied the in-
ternode certainty (IC) measure (Salichos and Rokas 2013; Salichos
etal. 2014) to estimate the robustness of the eMRC topology. Six of
eight internal branches have good supporting values (IC higher
than 0.8) (Fig. 1C). Branches b, and bg have the lowest IC values
(0.47 and 0.22, respectively); however, their corresponding bipar-
titions are 7.2 and 3.2 times more frequent than their second most
prevalent bipartitions, indicative of a weaker but still exploitable
phylogenetic signal (Fig. 1C). Altogether these analyses show
that the Lachancea phylogeny is robust and reliable for genome
history reconstruction.

HGTs and gene creation events contributed to the gene
repertoire evolution

We characterized 24 events of putative HGT that correspond to a to-
tal of 85 coding sequences (CDS) in Lachancea (0.2% of the CDS and
pseudogenes; see Methods). Twenty-three events are novel com-
pared to previously reported HGT cases (Rolland et al. 2009;
Morel et al. 2015). The 24 HGT families are similar to proteins
from Pezizomycotina species (10 cases), from other eukaryotes (three
cases) and from bacteria (11 cases) (Supplemental Table S4). The
phyletic patterns show that eight HGTs are common to several
Lachancea species; therefore, the transfers would have happened
along internal branches of the tree (Fig. 2). Nine HGT families are
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Figure 2.

S. cerevisiae

Evolution of the Lachancea gene repertoire. The number of gene duplications (in blue) and losses (in red) were estimated on each branch of the

tree under a birth-death evolutionary model (Methods). The total number of gene losses indicated on the figure (1036) comprises the 107 cases of dubious
loss (see text). The statistical significance of the enrichment of gene losses associated to rearrangements compared to the proportion of genes associated to
rearrangements is indicated by an asterisk (P < 0.05) or double asterisk (P< 10~*). Notable examples of gene losses are in parentheses below their corre-
sponding branches. The phyletic patterns of the 51,110 CDS and 1018 pseudogenes were used to map HGTs and gene creation events (in green) in
the different branches of the tree (Methods). The number of species-specific singletons is in gray at the tip of each terminal branch. The total number
of genes in each ancestral genome and the number of genes and pseudogenes in extant species are indicated between squared brackets.
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similar to proteins of unknown function; three are similar to pro-
teins involved in DNA metabolism, i.e., a transcription regulator
(pseudogene), an endonuclease, and a serine recombinase previ-
ously described (Rolland et al. 2009); and the 12 others are similar
to proteins with catalytic activities mostly belonging to oxidation-
reduction processes (Supplemental Table S4). Interestingly, homo-
logs of the polysaccharide lyase family 3 of the phytopathogen
fungus Botrytis cinerea (noble rot fungus) are present in L. fantastica,
L. meyersii, Lachancea thermotolerans, and L. waltii (Family ID 4751)
(Supplemental Table S4). Polysaccharide lyases are mostly found in
phytopathogens because they catalyze the eliminative cleavage of
pectin, which is a major component of the primary cell wall of
many plants. L. fantastica, L. waltii, and L. thermotolerans were iso-
lated from plant-associated habitats, while L. meyersii was isolated
from seawater. Consistently with ecological distribution, the ho-
molog in L. meyersii is highly diverged and only partially similar
to the members in the three other species. Overall, our study sug-
gests that the contribution of HGTs on the evolution of the gene
repertoire in yeast is probably underestimated.

We also characterized 596 taxonomically restricted gene
(TRG) families that are specific to the Lachancea clade without any
detectable homolog in the nonredundant sequence database or
conserved domain in the PFAM database (see Methods). Sixty-six
TRG families (encompassing 316 CDS and four pseudogenes) com-
prise members in atleast two different Lachancea species and/or sev-
eral paralogs within a given Lachancea species (Supplemental Table
S5). Therefore, they could result from de novo gene formation
events that occurred in the Lachancea clade. Their phyletic patterns
were used together with a birth-death-innovation evolutionary
model (see Methods) to map these events on the Lachancea tree
(Fig. 2). The evolutionary rates for these 66 TRG families are gener-
ally above the median evolutionary rate of the set of orthologous
genes (see Methods) but remain within the distribution, suggesting
thatnoremote homolog would have been missed because of unusu-
ally high divergence. Four families show a nonsaturated rate of syn-
onymous substitutions (ds<1), and all of them have a mean
pairwise ratio of nonsynonymous over synonymous substitution
rates of dn/ds < 1, suggesting that they could be under purifying se-
lection (Supplemental Table S5).

The remaining 530 singletons bear the usual characteristics of
TRG (Khalturin et al. 2009); they globally have a lower GC content,
asmaller size, and a lower codon adaptation index (CAI) value than
orthologous gene sequences. With 131 predicted genes, the L. kluy-
veribranch encompasses the highest number of species-specific sin-
gleton genes. We used the available population genomic data
(Friedrich et al. 2015) to check whether these CDS are conserved be-
tween the genomes of L. kluyveriisolates werecently sequenced. We
found that 114 CDS have homologs conserved in several strains
and, therefore, probably correspond to real genes. The remaining
17 CDS are absent or pseudogenized in all other sequenced ge-
nomes, suggesting that these genes should be considered dubious.
For the other nine species for which no population data are avail-
able, all 403 species-specific singletons are also presently considered
as dubious genes. Altogether, the nonvertically inherited genes in
Lachancea would result from a minimum of 24 HGT and 159 gene
creation events, which have enriched the genus’ gene repertoire.

The genus Lachancea covers a unique continuous evolutionary
range in Saccharomycotina

The number and size of conserved synteny blocks between
Lachancea species reveal that they share a continuum of intermedi-

ate levels of genome reorganization, ranging from highly collinear
genomes down to significantly reordered chromosome maps
(Fig. 1D). This continuous range of relatedness is also recognizable
through the pairwise protein similarities shared between
Lachancea orthologs, ranging from 69%-83% (Fig. 1D). More im-
portantly, divergence in the genus Lachancea, in both terms of pro-
tein sequences and chromosome reorganization, remains below
the thresholds beyond which the accumulation of too many
mutations and rearrangements leads to the progressive loss of
detectable synteny blocks, which prevents any reliable recon-
struction of genome history (Drillon and Fischer 2011). Such
continuous evolutionary range is so far unique among sequenced
Saccharomycotina species (Fig. 1D) and makes the genus
Lachancea an ideal candidate for the evolutionary reconstruction
of genome history.

AnChro, a new computational tool to reconstruct ancestral genome
architecture

We developed a new computational method of ancestral genome
reconstruction named AnChro. This tool is part of an integrated
suite of software named CHROnicle (freely available at www.lcgb
.upmc.fr/CHROnicle/). Briefly, in the first step of the reconstruc-
tion, SynChro identifies conserved synteny blocks between pair-
wise combinations of genomes (Drillon et al. 2014). In the
second step, ReChro constructs cycles of linked breakpoints be-
tween adjacent synteny blocks, and in the last step, AnChro infers
the ancestral gene order by comparison with external reference ge-
nomes (see Supplemental Information).

There are nine ancestral genomes in total in the Lachancea
phylogenetic tree (named L.A1 to L.A9) (Figs. 2, 3). Genome recon-
structions for these nine ancestors resulted in eight ancestral ge-
nomes composed of eight chromosomes and in one composed
of nine scaffolds, probably because one ancestral adjacency was
not reconstructed (Fig. 3, L.A4). The number of genes per ancestral
genome varies between 4446 for L.A1 and 4799 for L.A9 (Fig. 3).
Each ancestral genome is provided as a list of ordered ancestral
genes with their corresponding orthologous genes in all 10 extant
Lachancea species (Supplemental Table S6). The robustness of
AnChro’s reconstructions was comprehensively tested by (1) cal-
culating the probability of reconstructing ancestral genome orga-
nization with a single centromere by chromosome, given that
AnChro does not use any information of centromere position to re-
construct ancestral genome organization (see Supplemental
Information); (2) comparing the reconstructions to previously
published ancestral genomes (Fig. 4; Supplemental Information;
Gordon et al. 2009, 2011; Jones et al. 2012); and (3) benchmarking
AnChro against four existing reconstruction software tools on
both real and simulated genome data sets (Fig. 4; Supplemental
Information). All these tests showed that AnChro achieved the
most reliable and complete reconstruction of ancestral chromo-
some architecture.

Unbalanced rearrangements outnumbered balanced
rearrangements

We performed two independent analyses to identify both
balanced chromosomal rearrangements, i.e., translocations, inver-
sions, and chromosome fusion/fission, and unbalanced rearrange-
ments, i.e., duplications and deletions, that occurred since
divergence from the last common ancestor of the genus.

To identify balanced rearrangements, we used SynChro
(Drillon et al. 2014) to compute the synteny blocks between
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Figure 3. Chromosomal history of the Lachancea genomes. The chromosomal structures of the 10 extant species and the ancestral genomes L.A2 to L.A9
are represented as a function of the genome structure of L.A7, the last common ancestor of the clade. The number of genes of each ancestral genome is
indicated with brackets. The total number of translocations and inversions accumulated between two genomes is indicated above each branch.
Rearrangements involving MAT, HML, HMR, rDNA, or centromeres are indicated below each branch. The relocation of the rDNA array occurred in the
branch between L.A4 and L.A5. This transposition event occurred intra-chromosomally from an ancestral site, represented as a purple region in L.A4, to
a new genomic location close to the green centromere in L.A5. The relative orientation of the rDNA and the centromere was inverted between [.A4
and L.A5, suggesting that the rDNA relocation resulted from two intra-chromosomal inversions involving one breakpoint reuse (Supplemental Fig. S5;
Supplemental Table S6). The interval between MAT and HML was never broken and was inherited intact from L.A7 in all extant species except L. kluyveri,
which lost both HML and HMR. The HMR cassette underwent many rearrangements (three translocations, one inversion, and one duplication) but always
remained subtelomeric. The HML, HMR, and the MAT loci were located on the same chromosome in the last common ancestor of the genus, L.AT, with one
silent cassette at each chromosome end. The only Lachancea species that also harbors the three sexual loci on a single chromosome is L. fermentati, but this
organization is not inherited from L.AT as it results from additional translocations in the branch between L.A3 and L. fermentati. Therefore, none of the
present-day Lachancea species has retained the original chromosomal organization of the sexual loci. The inset plot recapitulates the total number of trans-

locations and inversions that accumulated since each extant species diverged from the last common ancestor, L.AT.
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consecutive ancestral genomes in internal branches of the tree and
between an ancestor and an extant genome in the terminal
branches. The SynChro stringency parameter was set to zero to al-
low building synteny blocks comprising a single inverted ortholo-
gous gene-pair (see Supplemental Information). These blocks
subsequently served as inputs for ReChro to identify all the bal-
anced rearrangements that occurred in each branch of the tree, in-
cluding single gene inversions. We identified a total of 423
balanced rearrangements (Fig. 3). The number of rearrangements
accumulated between L.AI and the different Lachancea species
was highly variable, from 22 in L. kluyveri up to 152 in Lachancea
dasiensis (Fig. 3, inset plot). These rearrangements correspond to
136 inversions, including nine with endpoints at telomeres; 147
translocations, including 140 reciprocal translocations; seven telo-
meric nonreciprocal translocations; and 140 rearrangements for
which it was not possible to discriminate between inversions
and translocations because of breakpoint reuse. We identified
102 cases of inversion corresponding to individual chromosomal
events with no overlap or breakpoint reuse with other rearrange-
ments. The size distribution of these 102 inversions fits a power
law, clearly showing that small inversions are favored over longer
ones (Fig. SA). Only two very large inversions of 318 and 351 genes
were found.

We used a birth-death evolutionary model on the gene
family classification of the complete set of protein-coding genes
from the 10 Lachancea genomes to identify unbalanced rearrange-
ments (see Methods). We characterized 1503 gene duplications
and 1036 gene losses. We checked all gene losses by looking for
syntenic homologs that would have been missed during either ge-
nome annotation or gene family clustering because of a level of
divergence that could have exceeded the threshold. We filtered
out 107 cases of such dubious losses, leaving a total of 929 gene
losses, clearly outnumbered by the 1503 gene duplications. We
then determined their positions in the phylogenetic tree (Fig.
2). For 132 gene families where the phyletic patterns clearly indi-
cated which members of the family corresponded to the dupli-
cated copies, we found 94 inter- and 38 intra-chromosomally
duplicated copies. The distribution of the distances between in-
tra-chromosomally duplicated copies is bimodal, with 20 events
separated by <10 kb, possibly resulting from tandem duplications
(Supplemental Fig. S6).

At the level of the entire clade, unbalanced rearrangements
are six times more abundant than inversions and translocations.
Note that this ratio might be overestimated because the number
of gene duplications and losses characterized in this work does
not necessarily correspond to the number of events that occurred
since some duplications and deletions could have involved several
genes at the same time. Altogether, this detailed and exhaustive
catalog of balanced and unbalanced chromosomal rearrangements
positioned on the different branches of the phylogenetic tree pro-
vides the opportunity to identify quantitative principles govern-
ing genome evolution.

The number of genes in extant genomes is driven
by the number of ancestral gene losses

The Lachancea gene repertoire underwent 1686 expansion events
due to 1503 gene duplications, 159 putative gene creations, 24
HGTs, and 1947 reduction events, corresponding to 1018 pseudo-
genizations by point mutations or small indels and 929 gene losses
by deletion or disruption of the coding sequence by a rearrange-
ment breakpoint.

By integrating all these gene expansions and reductions, we
estimated that the last common ancestor of the genus Lachancea,
L.A1, contained about 5173 genes (Fig. 2). The number of genes
in extant genomes ranges from 4768 in L. waltii to 5378 in L. kluy-
veri, not very different from the estimated ancestral number of
genes. These comparable figures might give the impression that
the total gene number in Lachancea genomes has reached equilib-
rium where gene expansion events roughly equal gene reduction
events. However, we observed between 200 and 400 gene gains
per lineage since the divergence from L.AI, while gene losses
were highly variable, ranging from 31 in L. kluyveri to 466 in L. fan-
tastica. As a result, we found a negative correlation between the
number of genes in extant genomes and the number of gene losses
that occurred since the divergence from the last common ancestor
of the clade (R*=0.85, P=1.4 x 10~%) (Fig. 5B), but not with the
number of gene duplications or HGTs/de novo creations.
Therefore, despite more abundant gene gains, the variation of
the number of genes between extant genomes mainly results
from the number of gene losses that occurred along the different
branches of the tree. Remarkably, the especially low level of gene
losses in L. kluyveri raises the exciting possibility that most gene
losses occur by nonhomologous end joining (NHEJ), since essen-
tial components of this DSB repair pathway have been specifically
lost in L. kluyveri (Gordon et al. 2011, and see below).

Finally, we found a negative correlation between the number
of genes and pseudogenes present in extant genomes and the
number of balanced rearrangements (inversions and transloca-
tions) that accumulated since the divergence from the last ancestor
L.AI (R*=0.70, P=1.7 x 107°) (Fig. 5B). This relationship was rath-
er unexpected and suggested that fixed balanced rearrangements
could be responsible for a significant proportion of gene losses.

Balanced rearrangements frequently disrupt genes
at their breakpoints

We tested whether some gene losses could result from gene disrup-
tion caused by inversions or translocations with endpoints within
coding sequences. From our initial estimate of 929 gene losses, we
excluded the 125 losses specific to L. waltii because the sequencing
gaps in the current genome assembly artificially increase the num-
ber of gene losses in this branch (Kellis et al. 2004; Di Rienzi et al.
2011), yielding 804 gene losses, which were positioned in the dif-
ferent branches of the tree. For each lost gene, we considered its
two flanking genes in the species that did not undergo the loss.
We then determined the positions of the orthologs of these flank-
ing genes in the genome that underwent theloss. For each position,
we looked at whether at least one of these orthologs was at the ex-
tremity of a synteny block involved in a balanced rearrangement
predicted by ReChro on the corresponding branch. We found that
109 losses colocalized with a rearrangement breakpoint in a given
branch of the tree (Fig. 2). This result suggests that up to 14% of
all gene losses (109/804) could result from the disruption of a cod-
ing sequence by an inversion or a translocation event. We calculat-
ed the statistical significance of this result by testing the global
enrichment of gene losses associated to rearrangements compared
with the proportion of genes associated to rearrangements (x> test,
P<1.9 x 107%%). The same calculation performed on each branch of
the tree showed significativity in only seven out of the 17 branches
because of the small sample size in each branch (Fig. 2).
Remarkably, we found three gene relics, i.e., highly degenerated
remnants of genes (Lafontaine et al. 2004), within intergenic se-
quences corresponding to rearrangement breakpoints. Such relics
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could correspond to ancient genes disrupted by a rearrangement
(Supplemental Fig. S7). These three cases correspond to gene dis-
ruptions that occurred in terminal branches of the tree and could
therefore correspond to the most recent events that were not
yet erased by the accumulation of subsequent point mutations
and indels. Overall, these three gene relics support our finding
that balanced rearrangements contributed to a significant number
of gene losses.

Nonsynonymous substitution rates correlate with the number
of inversions, translocations, and duplications, but not deletions

We tested whether the accumulation of large-scale chromosomal
mutations and small-scale point mutations were coordinated dur-
ing evolution, individually for each type of rearrangement. We
correlated the number of rearrangements on each branch with
branch lengths in the concatenation phylogenetic tree that repre-
sent the rates of fixed nonsynonymous substitutions. The number
of balanced rearrangements per branch shows a significant posi-
tive correlation with the branch lengths (R*=0.69, P=1.7 x 107°)
(Fig. 5C). This correlation holds when inversions and transloca-
tions are treated separately (R*=0.57 and R*=0.52, respectively;
data not shown). Remarkably, the 109 gene disruptions resulting
from balanced rearrangements show a similar positive correlation
with branch lengths (R*=0.61, P=3.5x10™%) (Fig. 5D). We also
found that the number of gene duplications positively correlated
with branch lengths (R>=0.31, P=0.016) (Fig. SE). In contrast,
the subset of 695 (=804 — 109) gene deletions that are not associat-
ed with breakpoints show no significant correlation with the
branch lengths (R>=0.04, P=0.39) (Fig. SF). We identified 45
gene relics among these 695 losses, resulting from the accumula-
tion of point mutations and/or small deletions rather than from
large deletions of entire ORFs. Removing these events from the
analysis does not result in a significant correlation between DNA
deletions and branch lengths (R*=0.05, P=0.37; data not shown).
These 45 gene relics are equivalent to the 723 annotated pseudo-
genes (excluding the L. waltii genome). We tested the correlation
between these losses and branch lengths, focusing on terminal
branches of the tree encompassing 103 out of 723 species-specific
pseudogenes and 35 out of the 45 detected relics. No correlation
was observed between those 138 events and terminal branch
lengths (R*=0.008, P=0.82), similarly to what was found for
gene deletions.

Overall, these observations suggest the existence of a con-
served genomic clock that applies to nonsynonymous substitu-
tions, inversions, translocations, and duplications along each
branch of the tree. However, deletions and pseudogenizations
seem to accumulate independently from the other types of muta-
tional events.

Functional consequences of gene repertoire evolution
in Lachancea include the loss of the NHE] and the crossover
interfering pathways

Identifying all events that contributed to the evolution of the
Lachancea gene repertoire allowed us to establish which main func-
tional categories could be affected by gene losses and gains. We
found that all essential genes in the S288c S. cerevisiae reference
strain are conserved in all 10 Lachancea species, except 46 cases in
L. waltii probably due to sequencing gaps (Kellis et al. 2004). No ma-
jor change was observed in the gene repertoire involved in DNA
replication, cell cycle checkpoints, or DNA repair, except the
NHE]J pathway that is missing from L. kluyveri (Gordon et al.

2011). We confirmed that the orthologs of LIFI and NEJ1 were
missing from the L. kluyveri reference genome (Fig. 2) and from
the 28 sequenced strains of L. kluyveri (Friedrich et al. 2015). A relic
of NEJ1 was found next to a rearrangement breakpoint in the
L. kluyveri genome, suggesting that the loss of NEJI resulted from
a gene disruption event (Supplemental Fig. S7). DNL4 was found
asapseudogene, while a truncated copy of POL4 of 104 amino acids
was annotated as a gene even if the average length in the other
Lachancea species is 561 amino acids. All NHE] factors LIF1, NEJ1,
DNL4, and POL4 were found in the other nine Lachancea species
(except LIF1 in L. waltii that is annotated as a pseudogene because
of a sequencing gap) (Supplemental Table S7). Interestingly, the
lower number of gene losses in L. kluyveri explains its larger gene
complement of about 250 genes compared with the other
Lachancea species (Fig. 2). This raises the exciting possibility that
most gene losses occurred by NHE]J in the other species.
Moreover, L. kluyveri underwent the smallest number of inversions
and translocations among all Lachancea species since they diverged
from their last common ancestor (Fig. 3, inset plot), suggesting that
the NHE] pathway could also participate in the formation of bal-
anced rearrangements. On the contrary, the L. kluyveri lineage
shows no clear deficit of duplication events compared with other
Lachancea species such as Lachancea mirantina, L. cidri, or L. fermen-
tati (Fig. 2), which is consistent with previous evidence that
segmental duplications result from a replicative mechanism inde-
pendent from the NHE] pathway (Payen et al. 2008).

Remarkably, most genes from the ZMM pathway that gener-
ates interfering crossovers during meiosis are lost in Lachancea spe-
cies except in L. kluyveri (Supplemental Table S8), suggesting a
major change in the regulation of meiotic crossover within the ge-
nus Lachancea. While ZIP1 is ubiquitous, ZIP2, CST9, SPO22,
SPO16, and the MutS homologs MSH4/5 are present in L. kluyveri
only. In addition, MLH2, whose function seems to be related to
meiotic recombination and to mismatch repair, is also absent
from all the Lachancea species except L. kluyveri. These seven genes
were probably lost after the divergence of L. kluyveri from the rest of
the clade (along the b, branch in Fig. 2). The ZMM pathway also
comprises HFM1/MER3 that has homologs in L. kluyveri, L. waltii,
L. dasiensis, and L. nothofagi (Supplemental Table S8). These genes
are conserved in synteny in these species, suggesting that they
were inherited vertically from their last common ancestor.
Therefore, the phyletic pattern of HFM1 involves four indepen-
dent losses (Fig. 2). A gene relic corresponding to HFM1 (also
known as MER3) was only found in L. meyersii; none of the ZMM
gene losses were found associated to a rearrangement breakpoint.
Altogether, this suggests a major change in the regulation of mei-
otic crossover distribution between L. kluyveri and the other species
of the clade. Interestingly, the ZMM pathway is found in many eu-
karyotes, including S. cerevisiae, plants, and mammals, but it has
been lost independently several times during evolution, notably
in yeasts, where it is absent from Schizosaccharomyces pombe,
Yarrowia lipolytica, and Debaryomyces hansenii (Munz 1994;
Richard et al. 2005).

Discussion

Our work combined a significant methodological contribution
and a comprehensive comparative genomic analysis on a high-
quality genome data set that we generated to achieve a detailed re-
construction of genome history in the model Lachancea yeast ge-
nus. We discovered relationships between genome size, gene
content, chromosomal rearrangements, and rates of protein
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divergence that suggest the existence of several evolutionary prin-
ciples so far uncharacterized.

Our methodological contribution consists in the develop-
ment of AnChro for the reconstruction of ancestral genome archi-
tecture. AnChro proposes a new conceptual framework based on
two original principles. First, our algorithm uses synteny blocks re-
sulting from pairwise comparisons between extant genomes. This
preserves the information of synteny conservation shared between
closely related genomes even if more distantly related species are
present in the clade. In contrast, for algorithms that use universal
blocks, the presence of more distant species in the analysis restricts
the synteny information to the highest common denominator to
all species. Second, AnChro combines the advantage of reconstruct-
ing reliable adjacencies as in synteny-based methods and of iden-
tifying the balanced rearrangements on the branches of the tree as
in distance-based methods. The combination of these two ap-
proaches presents the additional advantage of allowing the recon-
struction of more ancestral adjacencies than by each method alone
(Supplemental Information). The association of AnChro’s recon-
structions with an independent inference of gene duplications
and losses under a birth-death evolutionary model using a third-
party tool and the identification of candidates for HGT and de
novo gene creation events allowed us to achieve a detailed recon-
struction of genome history in the model yeast genus Lachancea.

Gene duplication is a major driving force in genome evolu-
tion as previously anticipated by Ohno (1970). Yeast has exempli-
fied the evolutionary importance of gene duplications and losses
since the demonstration of an ancestral WGD in the S. cerevisiae
lineage (Wolfe and Shields 1997; Fischer et al. 2001; Dietrich
et al. 2004; Kellis et al. 2004; Scannell et al. 2007). Interestingly,
a study performed at a larger evolutionary scale in fungi reported
an excess of gene losses over gene duplications in lineages that di-
verged before the WGD (Wapinski et al. 2007). However, this anal-
ysis relied on published genomes with highly heterogeneous
annotations, which may have had a deep impact on the inference
of the number of evolutionary events, as acknowledged by the in-
vestigators themselves. In our case, the high-quality genome data
set coupled with accurate annotations across more closely related
species allowed a more precise quantification of the different types
of genomic events. We found that gene duplications outnumbered
gene losses, suggesting that gene duplication would also be the
dominant evolutionary process in a protoploid genus that di-
verged from the S. cerevisiae lineage before the WGD. A similar
trend was observed in the CTG yeast clade that did not undergo
WGD and comprises most of the Candida species, including
Candida albicans (Butler et al. 2009). These findings confirm the
previously anticipated quantitative importance of segmental du-
plications in yeast genomes (Llorente et al. 2000; Dujon et al.
2004; Souciet et al. 2009).

We characterized 102 chromosomal inversions at single gene
resolution. Previous estimates of the distribution of inversion
length were constrained by the size of the synteny blocks into
which inverted segments were identified (Fischer et al. 2006;
Bhutkar et al. 2008). Furthermore, we found that the distribution
of inversion lengths fits a power law of coefficient a.=1.86 (Fig.
SA). It is tempting to speculate that the power law relationship be-
tween the number and the length of fixed inversions indicates that
inversions preferentially occur between regions coming into 3D
contact in the nucleus since the 3D contact probability between
two regions in the yeast nucleus decays with increasing genomic
distance as a power law of coefficient 1.5 (Wong et al. 2012).
Obviously, other parameters are likely to influence inversions

such as chromatin accessibility as suggested by a recent study
showing that the distribution of evolutionary breakpoints be-
tween five mammalian genomes depends on the 3D contact prob-
ability but also on the DNA accessibility in regions of open
chromatin (Berthelot et al. 2015). Another parameter could be a
higher selective cost associated with large heterozygous inversions
compared with small inversions that could be better tolerated dur-
ing the pairing of homologous chromosomes during meiotic
prophase.

Our reconstruction of the Lachancea genome history sheds
light on several genome evolution principles. We found that the
gene number in extant genomes is negatively correlated to both
the number of gene losses and the number of balanced rearrange-
ments (inversions and translocations) that were fixed since diver-
gence from the last common ancestor (Fig. 5SB). On the contrary,
while gene duplications were more abundant than gene losses,
their number remained relatively homogeneous in all lineages,
and therefore, they do not correlate with the gene complement
in extant species. Remarkably, we found that gene losses are signif-
icantly enriched at balanced rearrangement breakpoints, repre-
senting 14% of the total gene losses. This strongly suggests that
translocations and inversions contribute to the reduction of the
gene repertoire by disrupting genes at their breakpoints. Further
support comes from the identification of three truncated gene rel-
ics present at rearrangement breakpoints (Supplemental Fig. S7).
In humans, numerous abnormal phenotypes, including intellec-
tual disability and congenital anomalies, are caused by gene dis-
ruptions resulting from balanced rearrangements (Fruhmesser
et al. 2013; Schluth-Bolard et al. 2013; Moyses-Oliveira et al.
2015; Schneider et al. 2015). This would occur in 6% of de novo
reciprocal translocations and 9% of de novo inversions, but these
events are detrimental and therefore remain rare in the popula-
tion. By opposition, balanced rearrangements that reach fixation
in populations are thought to be less detrimental because they
are usually considered to occur in intergenic regions (Peng et al.
2006; Poyatos and Hurst 2007; Berthelot et al. 2015). Here, we
show that numerous balanced rearrangements that occurred with-
in coding sequences reached fixation in yeast populations. Our
study provides the first genome-scale quantification of this phe-
nomenon in a eukaryotic genus.

Finally, we showed that the number of balanced and unbal-
anced rearrangements varies greatly between lineages, leading to
genomes in extant species that were differently rearranged com-
pared with the ancestral genome of the genus (Figs. 2, 3). Such var-
iable rates of genome rearrangements were already described in
vertebrates and in yeasts (Bourque et al. 2005; Fischer et al.
2006). Furthermore, we found that nonsynonymous substitutions
and inversions, translocations, and duplications reach fixation ata
coordinated pace within each branch of the phylogenetic tree (Fig.
5). Previous works reported comparable correlations in Drosophila,
bacteria, Archaea, and plastid genomes (Snel et al. 2002; Bhutkar
et al. 2008; Csuros and Miklos 2009; Puigbo et al. 2014; Weng
et al. 2014). Puigbo et al. (2014) coined the term genomic clock
to describe the concept of coordinated pace of fixation between
amino acid substitutions and large-scale rearrangements. This
term might be misleading in the sense that a clock-like process is
expected to follow a constant rate in time. This is clearly not the
case here because the rates of substitution and number of rear-
rangements vary between branches. In bacteria, gene loss has
been reported to be a more uniform, “clock-like” process than
gene gain, suggesting that gene loss would be mostly neutral,
whereas gene gain would be under positive selection or controlled
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by genetic drift enabled by population bottlenecks (Puigbo et al.
2014). In contrast, we found that gene deletion and pseudogeniza-
tion are the only types of events that show no apparent correlation
with protein sequence divergence. Overall, our findings open new
questions on the respective selective value of various mutational
events in eukaryotes. Further work is now needed to determine
whether a genomic clock can be observed in a wider number of
taxa. So far, the complete genome of approximately 100 yeast spe-
cies have been published, and this number is still increasing. There
are about 1200 known Saccharomycotina yeast species (Hittinger
etal. 2015), and the project to sequence and analyze their genomes
was recently initiated (http://www.y1000plus.org/). This will allow
testing in this entire yeast subphylum of the existence of the evo-
lutionary principles that we uncovered in the genus Lachancea.
Further work will be needed to determine whether these principles
also apply in other organisms such as vertebrates.

Methods

Strain selection, ploidy, karyotypes, and culture conditions

We selected seven Lachancea species: L. cidri, L. fermentati (both
formerly called Zygosaccharomyces species) (Kurtzman 2003),
L. meyersii (Fell et al. 2004), L. dasiensis (Lee et al. 2009), L. miran-
tina (Pereira et al. 2011), L. nothofagi (Mestre et al. 2010), and L. fan-
tastica nomen nudum (Fig. 1). We renamed the strain CBS6924 as
L. fantastica nomen nudum because it was erroneously classified as
L. thermotolerans. These species were isolated worldwide often
in association with plants, plant products, or insects. Several iso-
lates from all different species were collected except for L. fantastica
and L. mirantina, which were represented only by one strain.
Electrophoretic karyotyping was performed for all strains as previ-
ously described (Neuveglise et al. 2000) (Supplemental Fig. S8).
The ploidy of each strain was assessed using flow cytometry as pre-
viously described (Agier et al. 2013). Natural isolates were mainly
haploids in all 10 species, while diploids were found in five species
only (Supplemental Table S9). One haploid strain per species was
selected for sequencing: L. meyersii CBS 89517, L. fantastica nomen
nudum CBS 6924, L. nothofagi CBS 116117, L. dasiensis CBS 10888,
L. fermentati CBS 6772, L. cidri CBS 2950, and L. mirantina CBS
11717 (Supplemental Table S10). Note that two other species,
Lachancea lanzarotensis and Lachancea quebecensis, were described
and sequenced during the course of this work and are not taken
into consideration in this study (Gonzalez et al. 2013; Freel et al.
2015a, 2016; Sarilar et al. 2015).

DNA extraction, sequencing, and assembly of Lachancea genomes

Nuclear DNA was separated from mitochondrial and plasmid
DNA by CsCl gradient (Supplemental Methods). Sequencing was
carried out with a combination of Roche 454 in single-read and
paired-end 8 kb on a GS-Flex+ apparatus, and Illumina in single
read of 50 bp on a HiSeq2000 apparatus. Illumina reads allowed
the correction of sequencing errors in homopolymer blocks that
generated erroneous frameshifted genes. Genome assemblies
were achieved with Celera Assembler version 6.1 (Myers et al.
2000) and Newbler v2.7 (454 Life Sciences) (Supplemental
Methods).

Annotation of Lachancea genomes

The genomes of L. kluyveri and L. thermotolerans were used as refer-
ences for gene structure annotation in the seven newly sequenced
genomes and for the reannotation of L. waltii. We first completed
the two reference genome annotations by detecting genes in inter-

genic regions through BLASTX against the UniProt fungi database.
Gene models were annotated for the seven newly sequenced ge-
nomes with an annotation transfer pipeline that we developed
with the AMADEA Biopack platform (Isoft, http://www.isoft.fr/
bio/biopack_en.htm) (Supplemental Methods). Manual curation
of gene models consisted of resolving gene models with missing
start or stop codons, with not properly defined introns or with
frameshifts. Additional CDSs were identified in intergenic regions
of the 10 species by BLASTX search against the nr database and
manual curation. Moreover, ORFs longer than 150 amino acids
without any homologs in the nr database were predicted with
Orffinder (NCBI). tRNA genes were predicted with tRNAscan-SE
(v.1.3.1) (Lowe and Eddy 1997) with default searching parameters
of tRNAscan and EufindtRNA; covariance model: tRNA2-euk.cm.
The snRNA genes were searched by BLASTN using L. kluyveri and
L. thermotolerans known snRNA sequences as query. We identified
complete and partial transposable elements as well as solo-LTRs us-
ing BLAST against known transposable elements of Ty1/Copia,
Ty3/Gypsy, and class-II superfamilies. Elements of the Rover and
Roamer families are described elsewhere (Sarilar et al. 2014).
The position of centromeres in the seven newly sequenced
Lachancea genomes and in L. waltii was inferred from synteny con-
servation with already annotated centromeres in L. thermotolerans,
L. kluyveri, and Zygosaccharomyces rouxii (Souciet et al. 2009). CDEI,
CDEII, and CDEIII motifs were identified with the MEME program
(Bailey and Elkan 1994), using the oops mode on both strands
(Supplemental Methods).

The functional annotation of protein-coding genes has been
established on the basis of homology with S. cerevisiae genes (SGD
S$288C ORF translations, release February 3, 2011, available at
http:// downloads.yeastgenome.org/sequence/S288C_reference/
orf_protein/) or the NCBI Reference Sequence (RefSeq) database
(release 58 of March 11, 2013, available at http://www.ncbi.nlm.
nih.gov/refseq/) for putative genes without homologs in S. cerevi-
siae (Supplemental Methods).

Phylogenetic analyses

Orthologous genes were defined as syntenic homologs. Synteny
block reconstructions were computed with the SynChro algorithm
(Drillon et al. 2014) for all pairwise combinations between 36 yeast
species (Supplemental Table S3). We inferred by transitivity 756
and 3598 groups of syntenic homologs composed of only one
gene per species in the 36 yeast and 10 Lachancea species,
respectively.

A multiple alignment of each group of orthologs was generat-
ed at the amino acid level with the MAFFT algorithm (linsi imple-
mentation, default parameters) (Katoh and Toh 2008). The best
substitution model was determined by ProtTest (Abascal et al.
2005). PhyML reconstructions were performed from the concate-
nation of the multiple alignments for the Saccharomycotina set
(756 orthologous groups: 486,399 aligned positions) and for the
Lachancea set (either all 3598 orthologous genes—1,983,702
aligned positions—or the 472 orthologous groups whose individ-
ual trees have the eMRC topology—387,091 aligned positions), us-
ing the LG model and a gamma-law distribution with four
categories of evolution rates (Guindon and Gascuel 2003). In all
cases, 500 bootstrap replicates were performed.

We selected the 15,227 most strongly supported bipartitions
(bootstrap value >0.95) out of the 32,391 bipartitions present in
the 3598 individual gene trees to construct an unrooted eMRC
tree that displays the most prevalent bipartitions in the data set.
Each internal branch in the eMRC tree is associated with its
gene support frequency (GSF), i.e., the number of gene trees sup-
porting it (Gadagkar and Kumar 200S5). To estimate the level of
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incongruence in this set of gene trees, we calculated the IC as
recently proposed by Salichos et al. (2014). Tree certainty (TC)
values are the sum of the IC values for all internodes. TC values
range from zero (maximum conflict among individual gene
trees) to eight (total number of internal nodes in our 11 taxon
eMRC tree, no conflict among the individual gene trees). The
eMRC tree, IC, and TC values were calculated with RAXML V8
(Stamatakis 2014). All phylogenetic reconstructions were achieved
by considering all aligned positions as homologous characters, i.e.,
no removal of gap positions because identical tree topologies with
negligible variations of TC values were obtained with or without
considering gapped positions.

Gene families

An all-against-all BLASTP (version 2.2.28+) comparison was per-
formed between amino acid translations of all CDS from the 10
Lachancea species and S. cerevisiae, with default options and
Smith-Waterman alignment (Altschul et al. 1997). Hits with an
E-value lower than 10~* were clustered with TribeMCL with an in-
flation value I=6.5 (Supplemental Methods; Enright et al. 2003).
The detailed composition of all gene families and singletons is pro-
vided in Supplemental Table S12; their repartition among the
10 species, in Supplemental Table S2.

Systematic search for homologs to the Lachancea protein
families was performed in the nr database with PSI-BLAST using
a position-specific scoring matrix (PSSM) built from the family
multiple alignments (only one iteration is performed). A search
for homologs to Lachancea singletons was performed in the nr da-
tabase with BLASTP (Altschul et al. 1997). Hits with an E-value low-
er than 103 with at least 25% sequence identity and coverage of
the longest sequence of at least 50% were considered as significant.
Similarity search against the PFAM database (version 27.0) was per-
formed with hmmsearch from the HMMER3 package (Mistry et al.
2013), and hits with an E-value lower than 10~ were considered
significant. Search for conserved protein domains was also per-
formed with rpsblast from the BLAST 2.2.29+ distribution, against
the CDD database, version 01/10/2014.

Gene content evolution

Gene acquisitions and losses were inferred with the BadiRate pro-
gram (Librado et al. 2012). For nonvertically inherited gene fami-
lies (HGTs and TRGs), we used the birth, death, and innovation
(BDI) model with free rates (FRs) estimated by the Wagner parsi-
mony method (CWP). For vertically inherited families, we used
the birth and death model with FR and CWP, assuming that all
families derived from ancestral genes present in the common an-
cestor of all Lachancea species.

CAI values were calculated for all TRGs using CAlJava,
(Carbone et al. 2003). Rates of synonymous substitutions (ds)
and rates of nonsynonymous substitutions (dn) were estimated
with the yn0O program from the PAML package (Yang 1997).

For the 127 L. kluyveri-specific TRGs, the CDS were consid-
ered physically absent from a given L. kluyveri strain if their se-
quencing coverage (estimated by mpileup in samtools) in the
BAM files from the 28 sequenced L. kluyveri strains (Friedrich
etal. 2015) was lower than the mean coverage minus two standard
deviations for the core genome of that strain (L. kluyveri syntenic
homologs).

Ancestral genome reconstruction

Ancestral genome reconstruction was performed with the
CHROnicle suite of programs freely available at www.lcgb.upmc.
fr/CHROnicle/ that comprises SynChro, ReChro, and AnChro. All

the details about the ancestral gene order reconstruction steps,
the identification of chromosomal rearrangements in the different
branches of the tree, and the validation of the reconstructions are
in the Supplemental information file. AnChro source code can also
be found in the Supplemental Material.

Data access

Accession numbers and/or website sources for all yeast species
used in this work are listed in Supplemental Table S3. Genome
sequences and (re)annotations of the 10 Lachancea species are
available on the GRYC website: http://gryc.inra.fr. The sequenc-
ing reads and the seven new genome assemblies from this study
have been submitted to the European Nucleotide Archive (ENA;
http://www.ebi.ac.uk/ena) under the following accession num-
bers: PRJEB12910, PRJEB12928, PRJEB12929, PRJEB12930,
PRJEB12931, PRJEB12932, and PRJEB12933.
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