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Abstract

Microbe domestication has a major applied relevance but is still poorly understood
from an evolutionary perspective. The yeast Torulaspora delbrueckii is gaining impor-
tance for biotechnology but little is known about its population structure, variation
in gene content or possible domestication routes. Here, we show that T. delbrueckii is
composed of five major clades. Among the three European clades, a lineage associ-
ated with the wild arboreal niche is sister to the two other lineages that are linked to
anthropic environments, one to wine fermentations and the other to diverse sources
including dairy products and bread dough (Mix-Anthropic clade). Using 64 genomes
we assembled the pangenome and the variable genome of T. delbrueckii. A comparison
with Saccharomyces cerevisiae indicated that the weight of the variable genome in the
pangenome of T. delbrueckii is considerably smaller. An association of gene content
and ecology supported the hypothesis that the Mix-Anthropic clade has the most
specialized genome and indicated that some of the exclusive genes were implicated
in galactose and maltose utilization. More detailed analyses traced the acquisition of
a cluster of GAL genes in strains associated with dairy products and the expansion
and functional diversification of MAL genes in strains isolated from bread dough. In
contrast to S. cerevisiae, domestication in T. delbrueckii is not primarily driven by al-
coholic fermentation but rather by adaptation to dairy and bread-production niches.
This study expands our views on the processes of microbe domestication and on the

trajectories leading to adaptation to anthropic niches.

KEYWORDS
galactose metabolization gene, maltose metabolization gene, microbe domestication, microbial
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1 | INTRODUCTION

In recent decades the study of microbe domestication has uncov-
ered major genomic and phenotypic transformations linked to the
adaptation to anthropic niches and to the emergence of traits rel-
evant for the properties of numerous fermented foods and bever-
ages. Evidence for the domestication of fungi and bacteria has been
obtained from the study of a wide diversity of microbial transforma-
tions. Moreover, emblematic mechanisms of microbe evolution and
adaptation, which resulted in substantial human benefit, have been
uncovered in the study of Aspergillus oryzae (Gibbons et al., 2012)
used for sake, miso and soy sauce, Penicillium spp. (Cheeseman et al.,
2014), employed as starters in soft and blue-veined cheeses, lactic
acid bacteria (Makarova et al., 2006) responsible for fermentations
of vegetables and milk, and of yeasts of the genus Saccharomyces,
especially S. cerevisiae (Pontes et al., 2020), used for the production
of alcoholic beverages and different products based on leavened
dough.

Although S. cerevisiae is strongly associated with yeast do-
mestication and to wine and bread production, other yeasts also
occur spontaneously in human-driven fermentations. Those non-
Saccharomyces yeasts are also candidates for having undergone
processes of artificial selection, but given that their biology is less
well understood, their roles in fermentations are more obscure. In
such cases, when a clear link between the desired properties of the
product and the emergence of novel traits is absent or not evident
in the sense of the definition of domestication provided by Diamond
(2002), using the concept of “quasi-domesticate” (Pontes et al., 2019)
might be justified, even if temporarily, until a better understanding
of the contribution to the final product is established.

The yeast Torulaspora delbrueckii has long been associated
with winemaking (Castelli, 1954) and is frequently found in spon-
taneous wine fermentations (van Breda et al., 2013). This species
has several characteristics that are relevant for winemaking, espe-
cially if used in combination with S. cerevisiae. The most relevant
oenological properties of T. delbrueckii are the ability to increase
the sensorial complexity of wine while simultaneously contribut-
ing to ethanol production (Azzolini et al., 2012), but not to the
accumulation of undesirable compounds (Renault et al., 2009).
Another area of relevance for T. delbrueckii is the bread industry.
This yeast appears to also have an ecological preference for colo-
nizing artisanal bread dough (Almeida & Pais, 1996a). It contributes
to dough leavening and, because it tolerates freezing and osmotic
stresses, it is suitable for commercial applications in frozen dough
formulations (Almeida & Pais, 1996; Alves-Aradjo et al.,, 2004,
Hernandez-Lopez, Prieto, & Randez-Gil, 2003). Besides these
industrial applications, which have not yet been fully explored,
T. delbrueckii is found in other anthropic environments worldwide
related to the artisanal fermentation of foods and beverages.
Indeed, this species has been infrequently found in a diverse array
of fermented products ranging from cocoa (Papalexandratou et al.,
2011), to olives (Kotzekidou, 1997), tequila (Lachance, 1995) and
cheese (Welthagen, 1998).

The yeast Torulaspora delbrueckii has long been associated with
winemaking (Castelli, 1954) and is frequently found in spontaneous
wine fermentations (van Breda et al., 2013). This species has several
characteristics that are relevant for winemaking, especially if used
in combination with S. cerevisiae. The most relevant oenological
properties of T. delbrueckii are the ability to increase the sensorial
complexity of wine while simultaneously contributing to ethanol
production (Azzolini et al., 2012), but not to the accumulation of
undesirable compounds (Renault et al., 2009). Another area of rel-
evance for T. delbrueckii is the bread industry. This yeast appears
to also have an ecological preference for colonizing artisanal bread
dough (Almeida & Pais, 1996a). It contributes to dough leavening
and, because it tolerates freezing and osmotic stresses, it is suitable
for commercial applications in frozen dough formulations (Almeida
& Pais, 1996; Alves-Araujo et al., 2004; Hernandez-Lopez, Prieto, &
Randez-Gil, 2003). Besides these industrial applications, which have
not yet been fully explored, T. delbrueckii is found in other anthropic
environments worldwide related to the artisanal fermentation of
foods and beverages. Indeed, this species has been infrequently
found in a diverse array of fermented products ranging from cocoa
(Papalexandratou et al., 2011), to olives (Kotzekidou, 1997), tequila
(Lachance, 1995) and cheese (Welthagen, 1998).

Similar to what is known in S. cerevisiae, wild isolates of T. del-
brueckii have been found in arboreal niches in different regions
(Carvalho et al., 2018; Limtong & Koowadjanakul, 2012). Yet, unlike
in S. cerevisiae, an exhaustive survey of the the natural diversity of
T. delbrueckii and its partition along different geographical locations,
niches and technological specializations is still missing. Furthermore,
given that both S. cerevisiae and T. delbrueckii can thrive in natural and
artificial environments, this further justifies the need for a detailed
population study and the investigation of domestication events in
T. delbrueckii. Recently, a first approach to access the diversity of
this species was carried out using microsatellite markers, and a sep-
aration between strains associated with bioprocesses carried out by
humans (wine, bread and other fermentations) and strains originat-
ing from natural environments was proposed (Albertin et al., 2014).
Here we expanded on this study and used genomics to analyse a
comprehensive data set of T. delbrueckii representatives. By com-
bining various approaches, including population structure analyses,
pangenome functional annotation, and gene evolution assessments,
we uncovered signs of an early stage of domestication in T. delbruec-
kii with different adaptation trajectories coexisting in the same clade

and little differentiation between wild and domesticated lineages.

2 | METHODS

2.1 | Genome sequencing, de novo assembly and
annotation

Raw sequence reads obtained with paired-end lllumina MiSeq (500
cycles) or NextSeq (300 cycles) were preprocessed with TRIMMOMATIC
version 0.39 (Bolger et al., 2014) under different stringency levels to
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remove adapter sequences and low-quality bases. BBMERGE version
38.73 (Bushnell et al., 2017) was also used on raw sequences to cut
adapter sequences and merge overlapping paired reads into single
read sequences. Whole genome de novo assembly was performed
on all sets of preprocessed reads using either spabes version 3.13.1
(Bankevich et al., 2012) or ayss version 2.0.2 (Simpson et al., 2009).
SPADES was run in “careful” mode with k-mer sizes automatically se-
lected based on read length. aByss was run with default parameters
for every eighth value of k-mer size ranging from 50 to 90. We used
the abyss-fac tool to select the optimal Asyss assembly by inspect-
ing contiguity statistics. The quality of all resulting genome assem-
blies for each strain was evaluated using Quast version 5.0 (Gurevich
et al., 2013), and the assembly with the highest genome size and
N50 value was considered best. Small contigs (<1 kb) were discarded
from final assemblies. For all genomes, ab initio prediction of protein
coding genes and annotation was performed with Yeast Genome
Annotation Pipeline (YGAP) (Proux-Wéra et al., 2012).

2.2 | Orthology prediction and
phylogenetic analyses

Orthology prediction for phylogenetic analyses was performed using
all-against-all sLaste (NCBI Blast-2.2) searches and a Markov cluster
algorithm, OrthoMCL version 1.4 (L. Li et al., 2003) with an infla-
tion factor (F) of 1.5, as implemented in the GeT_HomoLoGuEs pack-
age (Contreras-Moreira & Vinuesa, 2013). Orthologous copies were
identified whenever a significant sLaste hit (E-value cutoff of 1e-5)
was obtained with minimum pairwise sequence alignment coverage
of 50% (parameter C50). All gene clusters (GCs) that contained one
single orthologous copy per genome were retrieved to build a data
set of single-copy core orthologous groups. Cluster sequences were
aligned with marrT version 7.407 (Katoh & Standley, 2013) using the
G-INS-I method and default parameter values, trimmed with BMGE
version 1.12 (Criscuolo & Gribaldo, 2010) using the amino acid op-
tion, and finally concatenated into a single data set.

Phylogenetic analyses were performed with 1Q-TREE version
1.6.12 (Nguyen et al., 2015) using maximume-likelihood inference.
MODELFINDER (Kalyaanamoorthy et al., 2017) was used to determine
the best model and branch support was estimated using fast boot-
strap approximation with NNI optimization (Hoang et al., 2018),
both implemented in 1Q-Tree. Average nucleotide identity (ANI) was
estimated from whole genome assemblies using orTHoANI (Lee et al.,
2016) and usearcH as applied in Orthologous Average Nucleotide
Identity Tool (oaT) (Yoon et al., 2017).

2.3 | Genome diversity, SNP calling, ploidy and
segmental duplication

Chromosomal single-nucleotide polymorphisms (SNPs) were ex-
tracted following an adapted catk germline short variant discovery
pipeline (Poplin et al., 2017). Sequence reads of each isolate were

mapped to the Torulaspora delbrueckii reference genome (CBS 1146,
ASM24337v1) using Burrows-Wheeler Aligner (swa) version 0.7.17 (Li
& Durbin, 2009) and duplicated reads were marked with picarD ver-
sion 2.22.8 (http://broadinstitute.github.io/picard/). SNP and INDEL
discovery and genotyping were performed on all samples simultane-
ously using local re-assembly of haplotypes (catk HaplotypeCaller,
GenomicsDBImport, and GenotypeGVCFs) and standard hard
filtering parameters according to caTk best practices recommen-
dations (catk VariantFiltration with parameter values QD < 2.0,
QUAL < 30.0,0R > 3.0, FS > 60.0, MQ < 40.0, MQRankSum < -12.5,
ReadPosRankSum < -8.0 (Depristo et al., 2011)). Ploidy levels and
events of segmental amplification were determined for all genomes
with original sequencing reads available. This analysis was performed
by combing a systematic survey of coverage depth along 1-kb nono-
verlapping windows with the distribution of SNP allele frequencies
along the genome. Sequencing coverage was estimated from align-
ment files that fed the catk SNP discovery pipeline, and read depth
at each position was estimated with samtools depth. The median
coverage estimated for each 1-kb nonoverlapping windows was nor-
malized by the genome coverage, estimated as the median of the me-
dian coverage for each chromosome. The genomic location of each
segmental duplication was compared with the inferred limits of the
subtelomeric regions estimated for the reference genome using the
definition of subtelomeres as gene-depleted regions (Brown et al.,
2010; Winzeler et al., 2003). Plots of genome-wide allele frequencies
were constructed from allele balance ratios extracted from all biallelic
heterozygous SNPs, as these are expected to fit to specific ratios de-

pending on the chromosomal ploidy level.

2.4 | Population structure

Population structure and individual admixture proportions were
estimated from genotype likelihoods of biallelic SNP variants using
NGSADMIX (Skotte et al., 2013), which uses a clustering method that
takes into account the uncertainty in the genotype calls inherent to
next generation sequencing technologies. We varied the number of
ancestral populations (K) from 2 to 6 and fit admixture models to
estimate individual ancestral proportions for each structure model
using default parameter values for stop criteria and SNP filtering.
For all runs convergence was achieved when the log likelihood dif-
ference for 50 interactions was <0.1. Plots with estimated individual
ancestries were constructed with r version 3.6 (R Core Team, 2019).
Principal component analysis was performed with pcancsd (Meisner
& Albrechtsen, 2018) using default parameters on the previous data

set of genotype likelihoods of biallelic SNP variants.

2.5 | Pangenome analyses, pangenome tree and
functional annotation

Orthology prediction for pangenome analyses was performed on
all inferred proteomes of T. delbrueckii following a pipeline similar
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to the one used for phylogenetic analyses by applying orTHOMCL to
cluster nodes in a pairwise BLAST graph. Here, gene clusters within
paralogues were not excluded, and orthologous copies were iden-
tified whenever a significant sLastp hit (E-value cutoff of le-5)
was obtained with query sequence coverage >60% and identity
>80% (parameters C60, S80). These parameters were chosen as
the lower expectations for the intraspecific polymorphism present
in the data set. GeT_HoMoLoGUEs classifies each orthologous cluster
into frequency classes (core, softcore, shell and cloud) depending
on their presence in a data set. The core genome contains all GCs
present in 100% of the genomes, while the cloud genome includes
GCs present in <5% of genomes (Contreras-Moreira & Vinuesa,
2013). This latter class represents all rare GCs in the species pange-
nome, and hence is more prone to be biased by sequencing and an-
notation artefacts. We therefore performed a series of verification
steps designed to identify false positives, and to determine the
taxonomic origin of the true cloud genome. This analysis was per-
formed in three steps. First, we performed a BLAsTP search (E-value
cutoff of 1e-6) of each putative cloud gene against a database of all
T. delbrueckii proteomes, to identify alignment artefacts that were
excluded from further analyses. The remaining gene clusters were
considered true cloud genes. The second and third steps in this
analysis followed a pipeline similar to the one used in Peter et al.
(2018) to distinguish between putative introgressions and puta-
tive lateral gene transfer (LGT) events. As in Peter et al. (2018),
a putative introgression was identified whenever the best BLasT
hits were found in closely related species (i.e., other species of the
same genus), whereas presumed LGTs corresponded to transfers
from more distant taxa (i.e., outside Torulaspora spp.). The fact that
cloud genes were necessarily at low frequency in the data set (pre-
sent in just one or two genomes) provided a strong indication that
gene transfers occurred towards the T. delbrueckii genome and not
on the opposite direction. We performed a sLaste search (E-value
le-6) against a curated database of 70 Saccharomycetaceae pro-
teomes. We retrieved all significant hits (E-value 1e-6) and iden-
tified a putative introgression whenever BLAsTP best hits included
orthologues belonging to Torulaspora spp. with both query and
subject coverage 260% and identity coverage 260% (query cover-
age 260% and identity 260% for “lower-confidence” introgression).
Likewise, we considered presumed LGT whenever BLASTP best hits
included orthologues belonging to non-Torulaspora species with
similar statistics as above. Gene clusters without hits in our local
Saccharomycetaceae database underwent a third round of BLAsTP
searches, this time against the NCBI nonredundant database (ftp://
ftp.ncbi.nlm.nih.gov/blast/db/). Significant results from this last
BLASTP analysis were used to identify distant LGT events and the
remaining GCs were classified as putative orphan genes that may
include transfers from unsequenced genomes, or sequencing/an-
notation errors. The pangenome tree was inferred using maximum-
likelihood on the pangenome matrix previously estimated using
the GeT_pHYLOMARKERS tool estimate_pangenome_phylogenies.sh
(Vinuesa et al., 2018). This script launched 10 independent 1Q-TREE
searches fitting binary (BIN) models.

We performed functional characterization and enrichment anal-
yses of GCs belonging to all three pangenome classes using the
PANTHER Classification System as described in Mi et al. (2019).
The full pangenome was scored against the PANTHER HMM library
(library of HMMERS3 models, Eddy, 2009) using the PANTHER scoring
Tool with the HMMsEARCH program to generate the PANTHER Generic
Mapping file. Analyses were performed with pANTHER version 16.0,
Release December 1, 2020, and paNTHER Go-sLIM (Molecular function,
cellular component and biological process), and PANTHER Protein
Class annotations. All results with E-value <107 were included in
the analyses. Each GC from each pangenome group was charac-
terized and tested against the full pangenome classification using a
PANTHER Overrepresentation Test (Release 20210224) with signif-
icance levels estimated with Fisher's Exact test with false discovery
rate (FDR) correction. Only the categories with p < .05 were analysed.
The functional annotation of clade-specific genes, and putative in-
trogressed and lateral transferred cloud genes was further achieved
using BlastKOALA (Kanehisa et al., 2016), KofamKOALA (Aramaki
et al., 2020), FungiDB (Basenko et al., 2018) and Saccharomyces
Genome Database (SGD; Cherry et al., 2012).

2.6 | Survey of domestication footprints

To identify domestication signature genes in T. delbrueckii we que-
ried protein sequences of known Saccharomyces cerevisiae domes-
tication signature genes against T. delbrueckii genomes. S. cerevisiae
protein sequences were obtained from the SGD and UniProtKB
(Bateman et al., 2021) database, and used to query the proteome of
T. delbrueckii CBS 1146 in KEGG (Kyoto Encyclopedia of Genes and
Genomes) using eLasTp and the searcH tool with best-best and paral-
ogues options from the KEGG Sequence Similarity DataBase (SSDB).
In the absence of a significant hit in CBS 1146, the query sequences
were searched locally using BLAsTP against a database built with all
studied T. delbrueckii proteomes. Once an orthologous copy was
identified in T. delbrueckii, we queried the corresponding nucleotide
sequences against a local database built with all complete genomes
of T. delbrueckii using BLasTN. This strategy enabled us to identify or-
thologous copies of S. cerevisiae signature genes in T. delbrueckii and
to recover pseudogenes when present. Extracted sequences were
aligned with MAFFT and analysed using IQ-TREE as previously described.

3 | RESULTS
3.1 | A phylogenomics view of T. delbrueckii

We assembled a data set of 96 genomes of Torulaspora spp., 67 of
which were sequenced for the first time in this study (Table S1). We
gathered previously sequenced genomes of good quality and added
additional ones in order to provide a broad diversity with respect
to geography and substrates of isolation. To better confirm species-
level assignments to Torulaspora delbrueckii we also included in our
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analysis representatives of all Torulaspora species currently known.
A maximume-likelihood phylogeny of the genus Torulaspora based on
2083 concatenated single copy core genes is shown in Figure 1a.
Most strains previously identified as T. delbrueckii clustered in a
major clade that encompassed the type strain of the species, for
which we added some redundancy since we analysed three genome
copies corresponding to strains maintained in different culture col-
lections (Table S1). The main clade also included two strains misi-
dentified as T. franciscae and T. microellipsoides (Table S1). Moreover,
several strains identified as T. delbrueckii based on sequencing of the
D1/D2 and ITS regions of the rDNA were found to represent three
undescribed Torulaspora species (Figure 1a; Table S1).

To confirm the species-level discriminations suggested by the
phylogenetic analysis, we evaluated ANI within and between the
clades that contained Torulaspora genomes. ANI has been recently
assessed as a parameter to evaluate species boundaries in yeasts
using genome sequence data, and the value of 95% emerged as a
good guideline for the delineation of yeast species (Lachance et al.,
2020). In the present study, the average ANI value within the T. del-
brueckii clade was 98.4%, and ANI values within the other high-
lighted clades with three or more strains also followed the threshold
indicated above (Figure 1b; Table S2). Moreover, values between
clades were always lower than 90%, suggesting that each clade in-
deed represents a distinct species.

In conclusion, our phylogenetic analysis based on single copy
core genes and the associated ANl measurements provided a high-
resolution circumscription of T. delbrueckii, an essential step for the
rest of our study. Our phylogenetic analysis suggested also six possi-
ble new species in the genus.

3.2 | Torulaspora delbrueckii is composed of five
main lineages

To obtain a higher resolution of the relationships between lineages
of T. delbrueckii, we ran a second phylogenetic analysis focused
on single copy core genes but restricting the genome data set to
the confirmed T. delbrueckii genomes. Five main clades could be
retrieved, within a geographically organized tripartite structure,
Europe (three clades), New World and Global (Figure 2a). The first
clade was composed mostly of strains isolated from wine must, a
well-known substrate for T. delbrueckii, and was therefore des-
ignated “Wine - Europe,” given the geographical origin of most

strains. A second clade was also composed of strains associated

with anthropic environments but could not be precisely targeted to a
specific technological niche. Therefore, this clade was designated as
“Mix Anthropic - Europe.” Nevertheless, the absence of wine strains
in this group was notable and strains isolated from bread dough
and dairy products were solely found in this clade. The third clade
(Arboreal - Europe) contained mostly apparently wild strains. The
fourth clade contained a limited number of strains (four) and all were
found in the New World. It is possible that this clade is mostly asso-
ciated with natural environments, but more representatives of this
lineage have to be analysed before a clear conclusion is reached. The
last clade had a global distribution (America, Asia, Europe) although
only six strains had geographical metadata. Its ecology is unclear,
and its representatives were found both in natural and in anthropic
habitats. In summary, the genetic differentiation of T. delbrueckii ap-
pears to be driven primarily by geography, with most of the analysed
cultures associated with Europe, and secondarily by ecology. Two of
the three European clades were associated with anthropic environ-
ments, whereas the third one, sister to those two clades, was associ-
ated with the arboreal niche.

3.3 | Genome diversity, ploidy and segmental
duplications

Chromosomal SNP calling resulted in a data set of 698,435 bivariate
SNPs, of which 381,485 had a minimum allele frequency >0.05. As
expected, the number of SNPs per genome increased with phylo-
genetic distance to the reference, being on average ~22,000 SNPs
among European strains, but 250,000 and 345,000 among strains
of the New World and Global clades, respectively (Table S3). An
analysis of the genome-wide distribution of SNP allele frequencies
highlighted the highly homozygous nature of T. delbrueckii genomes,
where all but two have allele frequencies close to 1, as is typical
of haploid genomes or higher ploidy homozygous genomes (Figure
S1, Table S3). The two exceptions, PYCC 8926 and PYCC 8927, are
two strains sampled in a dairy environment (Mix-Anthropic clade)
that have in all chromosomes an allele balance ratio for heterozy-
gous SNPs of 0.5. This is the expected pattern of allele frequency in
diploid genomes, although, in total, these heterozygous SNPs cor-
respond to no more than 1% of all genotyped biallelic positions in
these genomes (Table S3). Overall, T. delbrueckii genome diversity
is rather low and similar across clades. The ANI within clades var-
ies from 99.7% in all European clades and 98.7% in the New World
clade, being 99.4% in Global (Table S4). The average proportion

FIGURE 1 Whole-genome-based circumscription of Torulaspora delbrueckii. (a) Phylogeny of 96 genomes of the genus Torulaspora
inferred from a concatenated alignment of 882,364 amino acid sequences corresponding to 23,083 clusters of single copy core genes
(Zygosaccharomyces bailli was included to root the tree). The JTT+F+I+G4 model of sequence evolution and the maximum-likelihood
method were used as implemented in 1Q-TrRee. Nodes with black dots have 295% bootstrap support (fast bootstrap with NNI optimization),
and branch lengths correspond to the expected number of substitutions per site. Strain designations in red depict the copies of the type
strain () of T. delbrueckii. (b) Average nucleotide sequence identity (ANI) matrix of Torulaspora spp. depicting intra- (coloured background)
and inter- (white background) clade relationships (clades and analysed single copy core genes same as in (a)) [Colour figure can be viewed at

wileyonlinelibrary.com]
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of heterozygous sites per genome follows this tendency and var-
ies between 0.15% in the New World clade and 0.27% in the Mix-
Anthropic group (Table S3). Hence, patterns of diversity do not
indicate a reduction in genetic diversity in the Wine and the Mix-
Anthropic groups.

Furthermore, an analysis of genome-wide sequencing coverage
indicated that all genomes were euploid (see Figure S1 for some
examples). As opposed to what it is described for Saccharomyces
cerevisiae, we found no evidence for the existence of chromosomal
aneuploidies. Large segmental amplifications (>10 kb) were also
uncommon, ranging from one to five per genome with an average
of 1.9, and a maximum size of 110 kb. These amplifications oc-
curred preferentially at subtelomeric regions and were more fre-
quent at chromosomes 1V, V and VIII (the last contains the rRNA
genes, and is present in all genomes) (Tables S3 and S5). The ge-
nomes with higher number and larger segmental amplifications
belonged to the Mix-Anthropic clade. Of note is an ~56-kb am-
plification at the beginning of chromosome V only present in the
genomes of strains sampled in dairy environments, which will be

discussed below.

3.4 | Population structure

We analysed population structure and admixture patterns using a
data set of 66 genomes (the two redundant genomes of the type
strain were excluded) and that contained 698,435 bivariate SNPs,
381,485 of which had a minimum allele frequency >0.05. The NGsAD-
mix analysis of individual admixture patterns recapitulated the five-
cluster structure of the phylogenetic analysis and suggested minor
admixture events in the data set (Figure 2b; Figure S3). Assuming
models of three and four clusters (K = 3 and K = 4, Figure S2), the
first genomes to segregate were those associated with anthropic
environments, whereas Arboreal and New World samples remained
undifferentiated. These results suggest a higher divergence of the
Wine and Mix-Anthropic populations from the ancestral genetic
stock. Moreover, with K = 5, admixed (mosaic) genomes in European
samples were only found among those two populations and did not
occur in the European arboreal population, which can be viewed
as a possible wild reservoir. Interestingly, the single genome from
the New World population with a clear association with a human-
made environment (NRRL Y-50541, mezcal fermentation), had a
mixed ancestry that encompassed the two anthropic populations.
Next, we performed a principal component analysis in which the
first two components (Figure 2c) represented ~87% of the total ge-

netic variance in the data set and recovered the main geographical

segregation already observed in the phylogenetic analysis. The third
principal component discriminated the European samples into the
three groups already mentioned (Figure 2d). Moreover, the overlap
between the Wine and Arboreal representatives might be indicative
of shared polymorphisms that have not yet segregated between the
two populations.

3.5 | Variable genome

Although studies of microbial pangenomes were originally designed
and implemented in prokaryotes (Tettelin et al., 2005), similar analyses
in microbial eukaryotes such as S. cerevisiae (Peter et al., 2018) and the
opportunistic pathogen Candida glabrata (Carreté et al., 2018) have
recently been performed. Here, we used 64 genomes to assemble and
investigate the pangenome of T. delbrueckii. The resulting gene clus-
ters were controlled for the presence of artefacts (Supporting Results,
Tables S6 and S7) and classified based on their frequency in the data
set using the classification scheme of cer_HomoLocues (Contreras-
Moreira & Vinuesa, 2013). Two classes of high-frequency genes, the
core and softcore genome, corresponded to genes present in 100%
and 95% of the genomes, respectively. The softcore genome included
all core GCs but is less sensitive to assembly and annotation artefacts
than the strict core. We also considered a class of intermediate- to
low-frequency genes, the shell genome, corresponding to genes pre-
sent in 5%-95% of the genomes. Finally, the cloud genome included
rare genes present in only one or two genomes (i.e., <5% of the stud-
ied genomes). These gene frequency classes are useful to characterize
the intraspecific diversity in genome composition. Genes in the core
and softcore classes are typically conserved and ancestrally segregat-
ing, while genes in the intermediate-low and rare frequency classes
often result from phylogeographical structure, adaptation to specific
environments or recent gene acquisitions from other taxa (Brito et al.,
2018; Gordon et al., 2017).

The curated T. delbrueckii pangenome diversity totalled
5617 gene clusters, where 4289 and 4683 were core and softcore
genes, respectively and 934 corresponded to the variable accessory
genome (shell and cloud) (Table S6, Supporting Data set). Analysis of
the different gene frequency classes across all genomes indicated
a constant proportion of the softcore and shell components of the
pangenome that averaged 4680 and 231 genes, respectively (Tables
S8 and S9). The cloud genome, on the other hand, showed a marked
difference across the five clades, representing, on average, 21 and
10 genes per genome among the representatives of the New World
and Global clades, respectively, while in the other clades it varied

between two and four genes per genome (Table S8).

FIGURE 2 Phylogeny and population structure of Torulaspora delbrueckii. (a) Phylogeny inferred from a concatenated alignment of
1,186,140 amino acid sequences corresponding to 2819 clusters of single copy core genes from 68 genomes using the JTT+F+1+G4 model
of sequence evolution and the maximum-likelihood method as implemented in iQ-TrRee. Nodes with black dots have 295% bootstrap support
(fast bootstrap with NNI optimization), and branch lengths correspond to the expected number of substitutions per site. The main clades
are colour-coded together with strain geographical origin and ecology. Strain designations in red depict the copies of the type strain (7). (b)
Population structure inferred with nesapmix for K = 5. (c, d) Principal component analysis plots depicting the two principal components (c)
and first and third principal components (d) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Torulaspora delbrueckii pangenome diversity. (a) Maximum-likelihood tree of the pangenome matrix of 64 genomes. The five
main clusters are highlighted and colour-coded as in the phylogenetic analysis. (b) Lifestyle and gene content among European strains. Three
ecological classes are defined for the Mix-Anthropic clade. Dots represent gene presence and are colour-coded according to function. The
GAL gene cluster comprises several genes (two to nine) implicated in galactose metabolism as shown in Table S16. Rounded rectangles
indicate pairs of native/truncated (*) genes [Colour figure can be viewed at wileyonlinelibrary.com]

Functional enrichment analyses performed with all classes of
pangenome genes (softcore, shell and cloud) indicated for the shell
genome (GCs with intermediate frequencies in the data set) a statis-
tical overrepresentation of GCs associated with carbohydrate, ion
and amino acid transmembrane transporter activities, symporter
activities and catalytic processes (Table S10). Conversely, the cloud
genome (rare GCs) had a strong statistical overrepresentation of
GCs involved in aerobic respiration and ATP metabolic processes.
This is probably related to the acquisition of mitochondrial DNA, as
seen below in the detailed analysis of these cloud genes. None of the
analyses performed with the softcore genome retrieved significantly
enriched functional classes, as the softcore compartment comprises
a substantial proportion of the pangenome.

We traced the origin of the cloud genome by evaluating the pat-
tern of similarity between each gene and its significant BLaste hits
across a database of species of the Saccharomycetaceae (Table S11).
We identified a total of 97 putatively introgressed genes, likely to
have been acquired from closely related species (other species in the
genus Torulaspora) and 21 putative LGTs acquired from more distant
taxa (outside the genus Torulaspora) (Table S12). This classification
of rare genes was adopted earlier (Peter et al., 2018), and should be
interpreted as a broad and preliminary characterization of the non-
vertically inherited genetic material as it is based on the phylogenetic

distance between donor and recipient species. The remaining 148
GCs corresponded to sequences with no significant sLaAsTp hits besides
T. delbrueckii. These are putative orphan genes, acquired genes from
species for which whole-genome data are not available, or errors.
Again, we observed that the amount of gene gains was highly variable
across genomes, being higher among genomes from the New World
and Global clades with an average of nine and four introgressed genes
per genome, respectively. This contrasts with the overall median of
one introgressed gene per genome (Tables S9 and S12). Functional
annotation indicated that several introgressed genes were associated
with galactose and maltose metabolism, which justified a more de-
tailed investigation (see below). It also revealed putative introgres-
sions associated with other metabolic processes such as glycolysis
(enolase, EC:4.2.1.11), cysteine and methionine metabolism (1-amino
cyclopropane-1-carboxylate deaminase, EC:3.5.99.7), biosynthesis of
inositol (1-phosphatase INM, EC:3.1.3.25), and flavone and flavonol
biosynthesis (arylsulfate sulfotransferase, EC:2.8.2.22) (Table S13).
This suggests that gene acquisition from other Torulaspora species
can play a significant role in the expansion and reconfiguration of the
core metabolism of T. delbrueckii.

Putative LGT events were unevenly distributed among our data
set, being more frequent (~70% of all cases) in the Mix-Anthropic
clade (Table S14). We detected chromosomal gene acquisitions from
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Lachancea, Kazachstania, Pichia and Zygotorulaspora. We also de-
tected mitochondrial genes apparently acquired from Rhodotorula,
Saccharomyces and Zygotorulaspora. A third category corresponded
to genes associated with plasmids. In one case the 2-um-type plas-
mid was implicated. Such plasmids had already been found in a strain
of T. delbrueckii not included in our study (Blaisonneau et al., 1997)
and therefore they appear to be present but infrequently. Other
cases pointed to the pGKI-1 plasmid, a Kluyveromyces killer plasmid.
In T. delbrueckii the killer protein TdkT shares with the Kluyveromyces
pGKI-1 protein the same chitin biding and chitinase activity (Villalba
et al.,, 2016). It thus appears that TdkT and/or pGKI-1 might have
been acquired by LGT.

3.6 | Anincipient domestication signal in the
pangenome of T. delbrueckii

Pangenome trees, as opposed to phylogenetic trees, are not in-
tended to represent the evolutionary diversification process of an
organism but rather to depict similarity in genome content. These
trees are built from a gene presence/absence matrix, and tree search
algorithms tend to cluster in close relationship strains with more sim-
ilar genome content. From the comparison of pangenome and phy-
logenetic trees it is possible to investigate patterns of evolution of
genome content, where congruent results suggest gradual changes
accumulating through time. Incongruence can be viewed as an indi-
cation that other processes such as convergent evolution, introgres-
sion or LGT are of relevance. We performed a maximum-likelihood
analysis of the pangenome matrix (Figure 3a) and recovered clusters
that matched, for the most part, the clades shown in Figure 2a. The
most relevant discrepancy concerned strains from the commercial
yeast-producing company Lallemand (Table S1) that phylogeneti-
cally were placed in the three European clades (Figure 2a) but in the
pangenome tree were grouped together in a separate cluster, inter-
mediate between the Wine and the Mix-Anthropic pangenome clus-
ters (Figure 3a). Since information about the history of these strains
is lacking, the reasons behind this apparent higher similarity with
respect to genome content are not evident.

To further explore possible genome-level differences between
the three groups of European strains while taking into account the
environments from which they were isolated, we analysed patterns
of gene presence/absence in a subset of strains for which detailed
ecological information was available (Table S1). We selected ap-
propriate strains from the Wine and Arboreal clades and, given the
diverse sources of the strains in the Mix-Anthropic clade, we con-
sidered the Plant, Dairy and Bread ecological classes in this clade.
Whereas the dairy and bread strains are obvious candidates to in-
vestigate domestication-related changes, the strains isolated from
processed plant materials (green beans and artichoke) have an un-
clear ecology and appear to be associated with human-made artificial
niches. This analysis highlighted the Mix-Anthropic clade as the one
with the most specialized genome content, with more than 10 genes
found exclusively in this clade (Figure 3b; Tables S15 and S16). These

genes participate in galactose and maltose assimilation, in iron and
sulphur metabolism, and in drug resistance/detoxification. This con-
trasts with the absence of exclusive genes in the Wine clade and
with a single exclusive gene, an oxidoreductase, in the Arboreal
clade. This analysis suggested that wine genomes are more similar
to wild European genomes than to genomes of the Mix-Anthropic
clade. It also suggested that the Mix-Anthropic clade represents
the most differentiated clade, with several cases of gene gain and
of gene loss relative to the other two clades that appear strikingly
similar. Interestingly, the genes exclusive of the Mix-Anthropic clade
and present in the three ecological classes encoded mostly enzymes
or transcriptional activators associated with resistance to drugs or to
detoxification processes, thus supporting the specialization hypoth-
esis for this clade. Also, genes that tend to be absent in this clade
(albeit not universally), and consistently present in the other two
clades, are those involved in meiosis and sporulation, thus suggest-
ing that sexual reproduction might be impaired in this group. In one
case, the mating-type switching endonuclease gene had a consider-
ably shorter sequence and therefore our searching algorithm placed
it in a distinct GC (Figure 3b; Table S15). The shorter sequence was
detected only in the bread strains and had a deletion (A842del) that
caused a stop codon. Therefore, these strains have a nonfunctional
HO gene and ability to reproduce sexually is probably impaired.
Interestingly, in other yeasts, loss of sexual reproduction is viewed
a case of genome decay resulting from domestication (Steensels
et al., 2019). A similar case of pseudogene formation was observed
for MMP1, a gene coding for an S-methylmethionine permease. A
pseudogene with a shorter sequence was detected only in bread
strains. The exclusive genes of each of the three ecological classes
suggested particular specialization trajectories. The dairy and bread
strains had several genes related to galactose metabolism. The bread
strains had the highest number of exclusive genes, some related to

maltose metabolism.

3.7 | Comparison with S. cerevisiae
domestication footprints

Given that T. delbrueckii and S. cerevisiae can co-occur in some fer-
mentations (e.g., bread dough, wine must), we performed a guided
search of genome-level changes known to be relevant for the adapta-
tion of S. cerevisiae to anthropic niches. In this species, resistance to
copper sulphate, an antifungal commonly used in vineyards, is medi-
ated by CUP1. This trait is selected for in wine strains that tend to
exhibit an expansion of the numbers of copies of CUP1 (Legras et al.,
2018). However, for T. delbrueckii we could not detect a CUP1 homo-
logue of this gene. Next, we considered the gene SSU1 that codes for
a sulphite efflux pump and that has been implicated in sulphite resist-
ance in S. cerevisiae wine strains because chromosomal translocations
of SSU1 can lead to increased expression of this gene (Steensels et al.,
2019). We investigated the chromosomal context of the correspond-
ingt homologue detected in T. delbrueckii and found it exclusively lo-
cated in chromosome |, even in the strains of the Wine clade.
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Another domestication-related gene in S. cerevisiae is AQY that
codes for aquaporins and that is frequently nonfunctional in wine
strains of this species. Aquaporin loss increases fitness in sugar-rich
and high-osmolarity environments, whereas in the arboreal envi-
ronment functional aquaporins are selected for (Goncalves et al.,
2016; Will et al., 2010). We surveyed a T. delbrueckii homologue of
the S. cerevisiae paralogous aquaporin genes AQY1 and AQY2, and
detected a nonfunctional allele with a T756 deletion in most wine
strains (Figure S3). Interestingly, although the dairy-related strains
of the Mix-Anthropic clade had a functional aquaporin gene, most of
the remaining strains in this clade, notably the bread-related strains,
had a nonfunctional AQY1 orthologue (T756 deletion or TG48 inser-
tion). The wild lineage from Europe and the New World lineage had a
functional aquaporin and most representatives were associated with
the arboreal niche. Finally, the Global clade exhibited a mixed situ-
ation with functional and nonfunctional aquaporins and a distinct
mutation (T387del). It thus appears that normal aquaporin function
was not selected for during adaptation to wine and bread fermenta-
tions, similar to what has been reported for S. cerevisiae. By contrast,
wild populations and an association with dairy products maintained
the functional version of the gene. The AQY inactivation observed
in the Global population, which we confirmed through PCR, appears
puzzling at this stage.

3.8 | Expansion and inactivation of GAL and
MAL genes

Given previous indications gathered in earlier stages of this study,
we analysed in more detail the genes implicated in galactose and
maltose metabolism. It was recently reported that species of
Torulaspora have large clusters of genes necessary for galactose
metabolization (Venkatesh et al., 2020). These clusters have the
GAL 7-1-10-4 and the GAL 7-1-10-2 configuration (other genes,
such as HGT1, MEL1 and PGM1, are also part of the GAL cluster).
It was also proposed that the type strain of T. delbrueckii, but not
14 other strains of the species, received from T. franciscae a clus-
ter present in chromosome V with the same gene organization both
in T. franciscae and in the type strain of T. delbrueckii. Moreover, all
the 15 strains analysed by Venkatesh et al. had another cluster in
chromosome VII, in which GAL10 was the only intact gene (GAL 7-
1-10-4 cluster), and that was consequently viewed as a primordial

cluster that has now almost disappeared. We analysed the presence/
absence of these clusters and detected the ancestral cluster of chro-
mosome VIl in all but one genome (Figure 4a; Figure S4). Moreover,
we detected the cluster transferred from T. franciscae not only in
the type strain but also in six additional strains (Figure 4a; Figure
S4). Contrary to what is observed in T. franciscae, we detected this
cluster duplicated in chromosome V of T. delbrueckii. Interestingly,
all the strains harbouring this transferred cluster were positioned at
the base of the Mix-Anthropic clade and this subgroup contained all
the dairy-related strains included in our study. It thus appears that
this acquisition is related to the colonization of a particular anthropic
environment, that of milk products, being absent in other human-
associated strains such as those from wine and bread dough, and in
wild strains. We also found in chromosome V an incomplete version
of the cluster, in a single strain (MTF 3987), and in chromosome VIII
syntenic inactivated remnants of GAL2 and GAL10 in seven strains.
Interestingly, all these cases involved strains of the same clade but
not related to dairy products (Figure 4a). A phylogeny of the GAL2
and GAL10 genes separated the dairy and nondairy alleles (Figure
S5). A detailed inspection of the alignment revealed extensive gene
degeneration associated with loss of function mutations in the non-
dairy strains.

In Saccharomyces, a-glucosides are hydrolysed by two classes
of enzymes. Maltases degrade maltose and maltotriose that have
a-1,4 linkages, and isomaltases degrade isomaltose, palatinose, and
methyl a-p-glucoside that have a-1,6 linkages. Like for GAL genes,
clusters of MAL genes, located in subtelomeric regions, have been
documented in S. cerevisiae (Brown et al., 2010) and in T. delbrueckii
(Viigand et al., 2018). For T. delbrueckii, a single cluster containing
an a-glucosidase (AG1) and an a-glucoside transporter (AGT1), two
genes that are divergently transcribed, was detected in the genome
of the type strain (Viigand et al., 2018). However, in another strain
(PYCC 5321), the disruption of the transporter gene AGT1 reduced
but did not prevent maltose transport, and therefore the presence of
at least two functional transporter genes was hypothesized (Alves-
Aradujo et al., 2004). Here we confirmed the presence of a cluster of
divergently transcribed AG1-AGT1 in all the 66 genomes analysed
(Figure 4a). Moreover, we failed to detect an orthologue of MAL-
activator genes (MAL3x), the third component of the S. cerevisiae
cluster, besides the genes coding for the enzyme (MAL2x) and trans-
porter (MAL1x or AGT1), a situation already reported for the type
strain of T. delbrueckii (Viigand et al., 2018).

FIGURE 4 Occurrence and evolutionary relationships of GAL and MAL genes in the five clades of Torulaspora delbrueckii. (a) Occurrence
and synteny of GAL and MAL genes and clusters. Single or multiple gene combinations per clade are indicated. Horizontal lines represent
chromosomes and are colour-coded according to inferred wild or domesticated state. (b) Maximum-likelihood phylogeny of maltase (MAL,
AG) and isomaltase (IMA) genes of selected species of the Saccharomycetaceae, depicting the phylogenetic relationships of AG1, AG2 and
AG3 of T. delbrueckii (outgroup Ogataea spp.; LG+I+G4 model of sequence evolution, fast bootstrap with NNI optimization). Signature amino
acids that correlate to substrate specificity for maltases and isomaltases, numbered as in Saccharomyces cerevisiae IMA1, are compared

for maltase-, isomaltase- and maltase-isomaltase-like sequences. Relevant amino acid signatures for maltase and isomaltase activity are
highlighted in yellow and blue, respectively, and mixed maltase-isomaltase affinity is colour-coded in green. Note that A216 is associated
with a maltase in Lipomyces starkeyi and Shizosaccharomyces pombe (Viigand et al., 2018). (c) Maximum-likelihood phylogeny (constructed as
in (b)) of a-glucoside transporter genes prepared as in (b), depicting the phylogenetic relationships of AGT1, AGT2 of T. delbrueckii [Colour

figure can be viewed at wileyonlinelibrary.com]
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Besides detecting the two genes (AGT1 and AG1) in chromo- in chromosome Il (Figure 4a). Moreover, for a restricted number of
some IV, we detected in all genomes an additional transporter gene seven genomes, all in the Mix-Anthropic clade and most in the Bread
(AGT2)in chromosome | and an additional enzyme-coding gene, AG2, subclade, an additional cluster was detected in chromosome VIII.

85US0 |7 SUOWIWOD dAIERID 3|t jdde au Ag pousenoh aJe oo e VO 88N JO 3| 10} A%eig17 8UIUO A1 UO (SUORIPUOD-PUR-SWLRILIY" AB| 1M AfeIq 1[BU1IUO//SARY) SUORIPUOD pUe SW.B L 8l 885 *[720Z/70/6T] uo Ariqiiauiiuo Ao|im ‘oyulin 0a apepseAlun Ag 8zy9T 9w TTTT OT/I0p/u0d A8 imAriqiiul|uo//sdny woly papeojumod ‘0T ‘€202 ‘Xy6ZS9ET



SILVA ET AL.

2408
—I—WI |l A& MOLECULAR ECOLOGY

This cluster corresponds to a duplication of the two genes detected
in chromosome |V, inserted in chromosome V in an inverted position,
and to a distinct gene, AG3. Except for AGT2 and AG3 (chromosome
VIII), all other genes have become pseudogenes in several strains,
although a clear correlation between the inactivation pattern and
the phylogeny could not be discerned. The phylogenetic analy-
sis of the AG genes is shown in Figure 4b for T. delbrueckii and its
closest relatives, T. franciscae and T. pretoriensis, and for Lachancea
thermotolerans and S. cerevisiae. While the latter two species contain
one or more versions of a maltase-like and isomaltase-like gene, in
T. delbrueckii and its siblings the orthologues of S. cerevisiae MAL32
(maltase) have been lost and only the isomaltase-like genes were re-
tained. A phylogenetic and functional relationship could be inferred
for S. cerevisiae IMA1 and T. delbrueckii AG1. Taking into consideration
the nine amino acid residues that are located close to the active site
pocket of the enzyme and that define signatures correlated, at least
to some extent, with substrate specificity for maltases or isomal-
tases (Viigand et al., 2018; Voordeckers et al., 2012; Yamamoto et al.,
2004), we observed that three main substitutions occurred between
T. delbrueckii AG1 and AG2-AG3 sequences (Figure 4b). Whereas the
AG1 amino acid sequence had a subset of three signature positions
typical of the S. cerevisiae isomaltase, the AG2-AG3 sequences had
distinct amino acids at those positions and the changes were com-
patible with an increase of maltase activity, as seen in S. cerevisiae
and other yeast species (Viigand et al., 2018). These changes do not
necessarily imply that the isomaltase activity was lost. Rather, they
probably caused slight shifts in the binding preference that gave rise
to an enzyme with mixed isomaltase-maltase activity.

A similar analysis was carried out for the AGT protein sequences
of the a-glucoside transporter. We found that T. delbrueckii and its
siblings T. franciscae and T. pretoriensis had two AGT genes, AGT1 and
AGT2, and that the S. cerevisiae AGT1 (MAL11) gene was more related
to the Torulaspora AGT2 gene (Figure 4c).

In conclusion, our analysis of MAL genes in T. delbrueckii revealed
a complex situation with expansion and, in some cases, subsequent
inactivation of some (but not all) of the enzyme- and transporter-
encoding genes. Genes coding for isomaltases and maltases-
isomaltases were detected. The T. delbrueckii gene coding for an
enzyme with presumed maltase activity was not phylogenetically
related to the S. cerevisiae maltase gene although, by convergent
evolution, it gained the signature amino acids relevant for maltose
hydrolysis. AGT2 was the single gene present in a functional state in
all strains. For the European strains, only those in the Arboreal clade
consistently lacked gene inactivations, whereas all and 90% of those
in the Mix-Anthropic and Wine clade had at least one gene degener-
ated, respectively. Gene inactivations were also lacking in the New
World clade. Gene inactivations could be a sign of genome-level
adjustments caused by adaptation processes related to the tran-
sition from wild to artificial environments. Moreover, in the Bread
subclade of the Mix-Anthropic clade, contrary to all other groups,
an additional cluster in chromosome VIII was detected. It contained
AG3, which codes for an enzyme that, based on signature nucleo-
tides, seems to have a mixed maltose-isomaltose hydrolysing ability.

Given that the strains in this subclade are exposed to maltose-rich
environments, this acquisition is likely to be related to domestication

in the breadmaking environment.

4 | DISCUSSION

Here, we performed the first comprehensive phylogenomic analysis
of the genus Torulaspora and clarified the delimitation of Torulaspora
delbrueckii. In addition, we revealed that some strains formerly
classified in this species do in fact belong to distinct cryptic spe-
cies, thus expanding considerably the documented diversity in this
genus. We were able to detect five clades in T. delbrueckii, two of
them corresponding to strains associated with human activities,
even though our strain data set might by hampered by the uneven
geographical representation of the strains currently available. A pre-
vious genotyping study of T. delbrueckii using microsatellite markers
revealed a similar population structure with two presumed domes-
ticated groups, the Wine group and a group gathering strains from
different sources that matches the Mix-Anthropic clade (Albertin
et al., 2014). We detected very high levels of homozygosity in T. del-
brueckii genomes that typically have a frequency of heterozygous
sites <1%. Such a pattern is compatible with a haploid genome.
The phylogenetic and populational inference of two domesticated
lineages, Wine and Mix-Anthropic, was corroborated by a suite of
gene-level changes that sustain a broad hypothesis of domestica-
tion (i.e., changes linked to adaptation to human-driven fermenta-
tions). For example, wine strains of T. delbrueckii, in contrast to their
wild closest relatives, have nonfunctional aquaporins, suggesting an
adaptation to withstand the high osmotic stresses in wine must, as
has been documented for Saccharomyces cerevisiae (Will et al., 2010).
Moreover, within the Mix-Anthropic clade, dairy strains have an en-
larged repertoire of genes for galactose metabolization, while bread
strains show the same for maltose utilization. Together, these results
provide genome-level evidence for domestication in T. delbrueckii,
similarly to what was recently reported for Brettanomyces bruxellen-
sis (Roach & Borneman, 2020) and Kluyveromyces lactis (Varela et al.,
2019), thus expanding our knowledge on the domestication of non-
Saccharomyces yeasts.

Striking differences are apparent when the domestication tra-
jectories of T. delbrueckii and S. cerevisiae are compared. In S. cerevi-
siae, wine fermentation in the West, and Sake or other cereal-based
fermentations in the East, played a central role in shaping primarily
domesticated genotypes, from which domesticates emerged sec-
ondarily, exemplified by the genotypes of (ale) beer or bread strains
(Barbosa et al., 2018; Fay et al., 2019). By contrast, in T. delbrueckii,
a “non-wine” lineage, the Mix-Anthropic clade, emerges as a more
specialized and diverse lineage. We suggest that the recurrent de-
tection, in strains of this clade, of genomic changes compatible with
adaptations to thrive in milk and in bread dough is a sign of recent
and ongoing specializations. Moreover, since closely related strains
are also found in other anthropic niches, we hypothesize that this
clade combines enhanced attributes for the colonization of the
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human ecosystem, a remarkable ecological plasticity that might be
related to its recent and incomplete specialization. Thus, the Mix-
Anthropic clade appears as a unique hotspot of domestication in this
species.

We determined a pangenome of 5617 gene clusters in T. del-
brueckii, 4289 (76.4%) of which make up the core genome and 934
(16.6%) the variable genome. A similar study conducted for S. cer-
evisiae and involving 14 times more genomes yielded a pangenome
of 7796 genes, 36.7% of which belong to the variable genome
(Peter et al., 2018). Thus, in T. delbrueckii, the weight of the vari-
able genome in the species pangenome is smaller. This might be
related to a more incipient stage in the domestication path, as ad-
aptation to different anthropic niches in S. cerevisiae appears to
have contributed to gene diversity across lineages (Peter et al.,
2018).

In contrast to S. cerevisiae, presence of which is critical for
successful wine fermentation or bread leavening, T. delbrueckii
cannot be viewed as essential in wine fermentations, although
its presence might impart important benefits, as recent research
has emphasized (Pacheco et al.,, 2012; Padilla et al., 2016).
Although the situation in artisanal corn and rye bread fermen-
tations might be different, with T. delbrueckii being frequently
found among the starter cultures (Almeida & Pais, 1996b) and
likely to play a relevant role, a detailed assessment of the con-
tribution of T. delbrueckii is not yet not available. Therefore, the
direct influence on the characteristics of the fermented prod-
uct, an important hallmark of a domesticated microbe, cannot be
fully ascertained at present for T. delbrueckii. We have recently
proposed the concept of a quasidomesticate for such cases of
evident genetic and genomic changes caused by adaptation to
anthropic niches that cannot be associated with a clear role in
the outcome of the fermentation (Pontes et al., 2019). Even if
quasidomestication is the most appropriate framework to un-
derstand the genomic changes observed in T. delbrueckii, the
improved understanding of phylogeny, population structure and
genomic changes that we provide in this study can inform new
programmes of strain improvement with specific aims such as
oenology or bread leavening. For example, given that the ge-
netic machinery for utilization of a-glucosides can be present
in different states in different strains, a rational programme for
strain selection can now be implemented.

Finally, this study opens a wider view of yeast domestication be-
yond S. cerevisige. Even if these two species share relevant physio-
logical features and overlap in natural and artificial niches, we have
provided evidence for considering that the emergence of domesti-
cated lineages of T. delbrueckii did not follow the trajectory known
for S. cerevisiae. The early stages of domestication detected in T. del-
brueckii are not shaped around alcoholic fermentations, in general,
and wine fermentations in particular. Although wine strains can be
recognized, they appear to be poorly differentiated from their wild
relatives. Rather, adaptation to the dairy environment by the re-
acquisition of the GAL operon was probably a first major domestica-
tion step, which is corroborated by the position of the dairy strains

at the base of the Mix-Anthropic clade. This transition might have
facilitated the colonization of other anthropic niches, thus explaining
the diverse substrates from which the representatives of the Mix-
Anthropic clade have been isolated. We suggest that a secondary
transition to maltose-rich environments then occurred, with the
concomitant rapid loss of most of the de novo acquired GAL genes,
providing a remarkable example of radical and contradictory changes
driven by domestication. Another significant feature is the fact that
in T. delbrueckii these early domestication events are not associated
with major chromosomal structural alterations, such as variations in
ploidy, aneuploidy or large changes in genome content, as was de-
scribed for domesticated strains of S. cerevisiae (Peter et al., 2018).
It is also remarkable that, in contrast to S. cerevisiae where dairy and
bread populations are well demarcated (Legras et al., 2018), multi-
ple domestication trajectories are seen in the same clade, thus sug-
gesting a more recent timing of the domestication events or intrinsic
features of the domestication process in T. delbrueckii that await
detailed scrutiny. Together, these findings have implications for the
rational improvement of biotechnology-relevant microorganisms
and they also offer a first insight on a domestication process in an
early stage. Moreover, they expand our views on the mechanisms of
microbe domestication and on the trajectories leading to adaptation
to anthropic niches.
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