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Abstract

The process of domestication has variable consequences on genome evolution leading to different
phenotypic signatures. Access to the complete genome sequences of a large number of individuals
makes it possible to explore the different facets of this domestication process. Here, we sought to
explore the genome evolution of the Kluyveromyces lactis yeast species, a well-known species for its
involvement in dairy processes but also present in natural environments. Using a combination of short
and long-read sequencing strategies, we investigated the genomic variability of 41
Kluyveromyces lactis isolates and found that the overall genetic diversity of this species is very high (n
= 2.9 x 10%) compared to other species such as Saccharomyces cerevisiae (x = 3 x 10). However, the
domesticated dairy population shows a reduced level of diversity (x = 7 x 10™), probably due to a
domestication bottleneck. In addition, this entire population is characterized by the introgression of the
LAC4 and LAC12 genes, responsible for lactose fermentation and coming from the closely related
species, Kluyveromyces marxianus, as previously described. Our results also highlighted that the
LAC4/LAC12 gene cluster was acquired through multiple and independent introgression events.
Finally, we also identified several genes that could play a role in adaptation to dairy environments
through copy number variation. These genes are involved in sugar consumption, flocculation and drug
resistance, and may play a role in dairy processes. Overall, our study illustrates contrasting genomic

evolution and sheds new light on the impact of domestication processes on it.
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I ntroduction

Domestication is a human-related process that shaped the genome of many species. Indeed, by
selecting organisms for desirable traits for millennia, humans have acted unconsciously on the
evolution of these genomes. Domesticated species therefore represent valuable models for the study of
adaptive divergence. While domestication of plants and animals has always been carried out on
purpose, the selection for micro-organisms, was first conducted unintentionally, before being better
controlled. Indeed, there is evidence for fermented foods and beverages since Neolithic, based first on
naturally existing microflora, that predates the use of backslopping technics, far before the discovery
of microbes in the late 17™ century. In this context, multicellular fungi and yeasts have played a
predominant role (Dupont et al., 2017) and access to whole genome sequencing data of large number
of individuals having undergone these processes allowed to gain insight into the genomic adaptation

footprints at the species level.

Particular interest has been taken in fungal species such as Aspergillus oryzae, used for rice and soy
fermentation (Gibbons et al., 2012) as well as Penicillium fungi such as P. roqueforti and P.
camemberti, both used for the maturation of cheese (Cheeseman et al., 2014; Ropars et al., 2020).
Genomic exploration of the latter revealed that their adaptation to cheese environment was associated
with recent horizontal transfers of large genomic regions carrying crucial metabolic genes. However,
distinct domestication events can co-exist in the same species, generally leading to divergent
phenotypic traits (Ropars et al., 2015, 2020). Much of the attention has also been focused on the yeast
Saccharomyces cerevisae, a key driver of several industrial fermentation processes. Indeed, the
exploration of thousands of complete genomes over the past decade provide evidence for various
independent and lineage-specific domestication events within this species, leading to different
evolutionary trajectories (Duan et al., 2018; Gallone et al., 2016; Peter et al., 2018; Strope et al.,
2015). The beer and bakery populations have been shown to be polyphyletic and diverse at the
nucleotide and ploidy level, for example (Bigey et al., 2021; Gallone et al., 2016; Peter, De Chiara, et
al., 2018; Saada et al., 2022). In contrast, the wine and sake populations are monophyletic and much
less genetically diverse. Genomic processes detected as conferring the desired properties of
domesticated strains are diverse and include copy number variant, horizontal gene transfer, large
structural variants as well as single nucleotide polymorphisms (Dunn et al., 2012; Gongalves et al.,
2016; Legras et al., 2018; Peltier et al., 2019).

In fact, Saccharomyces cerevisae is no exception and many yeast species have undergone
domestication processes (Almeida et al., 2014; Banjara et al., 2015; Hranilovic et al., 2018; Varela et
al., 2019). In this context, Kluyveromyces lactis represents an interesting species. While it is an

attractive model for biotechnological procedures such as production of pharmaceuticals (Spohner et
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al., 2016), yield of heterologous proteins (Van Ooyen et al., 2006) or bioethanol production (Dickson
& Riley, 1989), this aerobic yeast is especially well-known for its ability to ferment lactose.
Kluyveromyces lactis represents, together with its sister species, Kluyveromyces marxianus, one of the
leading yeast contributors of dairy products. In Kluyveromyces lactis, the lactose assimilation process
relies on a well-known pathway comprising the LAC4 and LAC12 genes, which encode respectively a
R-galactosidase and a lactose permease, as well as the galactose-lactose regulatory genes (LAC9 and
GAL80) and the galactose genes (GAL1, GAL7 and GAL10) (Dickson & Riley, 1989; Naumov et al.,
2006). This yeast species can also be isolated from natural environments, mainly from insects and tree
exudates. These natural isolates are not able to assimilate lactose and ensure its conversion into lactic
acid. Based on these physiological and ecological characteristics, the Kluyveromyces lactis species
was divided into two varieties: K. lactis var. lactis and K. lactis var. drosophilarum (Naumov et al.,
2014; Sidenberg & Lachance, 1986). The distinction between the two varieties was supported by
sequence evidence, as shown by the analysis of the 5.8S-ITS rDNA of multiple samples, but the
variety Kluyveromyces lactis var. drosophilarum is also very heterogeneous and can be divided into
several populations (Naumova et al., 2004). Based on a study of 12 isolates, it was shown that the
LAC4 and LAC12 genes are found specifically in the var. lactis strains and confer the ability to
ferment lactose (Naumov et al., 2006). Recently, it has been established that these two genes were
acquired by introgression from Kluyveromyces marxianus (Varela et al., 2019). A population genomic
study based on the analysis of the complete genome of 14 Kluyveromyces marxianus isolates revealed
that dairy and non-dairy strains differ mainly by polymorphism within the LAC12 gene but also by
variation in ploidy level, suggesting that multiple characteristics separate the dairy and non-dairy
strains (Ortiz-Merino et al., 2018).

To date, the evolutionary history of the Kluyveromyces lactis species remains unclear, and the
comparative genomic analysis of the wild and dairy strains was based on a limited number of isolates
and only focused on short genomic regions, preventing a complete view of genome evolution and the
impact of domestication within this species. We therefore sought to study the evolutionary history of
this species based on the whole genome sequence analysis of 42 Kluyveromyceslactis strains,
originating from both dairy and non-dairy environments. As an interesting alternative model in yeast
genetics, Kluyveromyces lactis was among the first eukaryotic organisms to have its complete genome
sequenced (Dujon et al., 2004). The CBS 2359 reference strain, which belongs to the variety
Kluyveromyces lactis var. lactis, was chosen as reference and the availability of this high quality 10.6
Mb sequence and its associated annotations allows the establishment of a population genomic
analysis. Exploration of the global pattern of polymorphisms allowed to draw a precise view of the
phylogenetic relationships between strains, revealing very separated populations in which individuals
are very closely related. Our analyses confirm that the entire dairy population is characterized by an
introgression of the LAC4 and LAC12 genes from Kluyveromyces marxianus. However, careful
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determination and examination of the structure of the introgressed regions revealed that this gene
cluster was acquired through multiple and independent introgression events after the divergence of the
dairy and wild population. In addition, using copy number variants, we identified several genes whose
presence/absence pattern could indicate a role in adaptation to dairy environments. Overall, our study
offers new insights into the evolutionary history of Kluyveromyces lactis and the impact of

domestication processes on it.
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Results

Kluyveromyces lactis is characterized by a high genetic diversity and a structured

population

For this study, we gathered a collection of 42 isolates from around the world and coming from diverse
ecological niches (Table S1). Within our collection, 19 strains have been isolated from dairy
environments (e.g. cheese, buttermilk or cream) and come mainly from Europe. Natural isolates have
been mostly isolated from insects and trees in Asia and North-America. We subjected the almost
entire collection (41 strains out of the 42, the last one corresponding to the type strain previously
sequenced) to short-read whole-genome sequencing, with a mean coverage of 115-fold per sample.
The reads associated with each of the 41 samples were mapped to the Kluyveromyces lactis reference
genome. A total of 1,767,970 reference-based polymorphic positions were detected in the population,
1,594,125 being related to SNPs (Single Nucleotide Polymorphims) and 173,845 to small indels.

The SNP dataset was used to evaluate the overall genetic diversity within the species. The average
pairwise difference between strains n reaches 2.8 x 10, which is almost 10-fold higher compared to
S. cerevisae (3 x 107) (Peter et al., 2018). This population-level genetic divergence is, to our
knowledge, the highest reported to date within a yeast species. While several species such as
Saccharomyces uvarum and Lachancea Kluyveri showed greater diversity compared to S cerevisiae
(1.2 x 10% and 1.7 x 107, respectively), none were ever mentioned as exceeding 2 x 10? (Almeida et
al., 2014; Friedrich et al., 2015). Interestingly, the diversity within the closely related species,
Kluyveromyces marxianus, in which dairy and wild strains also coexist, is much lower and has been
estimated at = = 1.2 x 10 based on the sequencing data generated for a collection of Kluyveromyces

marxianus genomes (Ortiz-Merino et al., 2018).

This SNP dataset was used for a neighbor-net (SplitsTree) analysis that clusters the strains into five
highly separated populations (Figure 1A), within which individuals are closely related (Table S2).
This topology was confirmed by the inference of the phylogenetic relationships between the strains,
through the construction of a maximum-likelihood tree, as well as a neighbor-joining tree (Figure S1).
The largest population corresponds to the Kluyveromyces lactis var. lactis part of the tree and includes
21 strains among which the reference strain and all those associated with dairy products. Excluding
UCD 70-4, which was isolated from a winery in South Africa and is significantly more divergent, the
average pairwise divergence observed between the strains in this group is 0.06% (Table S3). The very
low genetic divergence in this population is very close to what can be observed, for example, in the
sake population of Saccharomyces cerevisiae, with an average divergence of 0.08%, which may be a
distinctive sign of domestication (Peter et al., 2018). The Kluyveromyces lactis var. drosophilarum
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strains are distributed in four distantly related populations whose segregation correlates mostly with
the geographical origins of the strains (Figure 1A, Figure S2). We named these clusters based on these
origins, leading to an Asian cluster and three distinct North-American clusters (NAL, NA2 and NA3).
The intra-group mean genetic divergence ranges from 0.26 to 0.78 for the NA2 and NA3 populations,
respectively, which is much higher compared to the dairy population. The population structure is in
complete accordance with the distribution of the strains on the tree and each group is represented as a
clear population for which no admixture has been highlighted (Figure 1, Figure S3). This suggests the
absence of interlineage outcrossing events, which could be attributed to geographical separation of the
isolates. These results confirmed the great heterogeneity within Kluyveromyces lactis var.
drosophilarum and the existence of clear populations, already suggested by the analysis of small

genomic regions (Naumova et al., 2004).

Interestingly, the genetic divergence between the clusters is very high, exceeding 8.5 SNPs every 100
bp between the two most divergent populations, namely the Asian and North America 2 groups (Table
S4). Such genetic diversity between the populations along with the absence of reticulation within the
tree (Figure 1A) raised the question of reproductive isolation within this species. In a previous study,
isolates from different populations were crossed and the spore viability was estimated (Naumov &
Naumova, 2002). While the intra-population crosses led to fertile hybrids, the inter-cluster crosses led
to very low viability (< 45 %). The recent release of the complete genome of the type strain of
Kluyveromyces lactis var. drosophilarum (CBS 2105 = CLIB 601), which belongs to the NA1 cluster,
showed large chromosomal rearrangements compared to the type strain of K. lactis var. lactis (CBS
2359 = CLIB 210), the reference isolate of the dairy population (Varela et al., 2019). These types of
evolutionary events could lead to reproductive isolation, as could the strong genetic divergence
associated to the allopatric distribution of taxa that could lead to incompatible alleles. Taken together,
these observations raise the definition of Kluyveromyces lactis as a species in itself and likely point to

an early stage of a speciation process.

Ploidy level and chromosome number variation

Systematic analysis by flow cytometry confirmed that the Kluyveromyces lactis species is primarily a
haplontic species because all strains have a haploid profile associated with it, with the exception of
UCD 57-107 for which a diploid profile was obtained (Table S1). UCD 57-107 showed a very low
proportion of heterozygous SNPs (<1%), comparable to what was observed for haploid strains, and
was therefore considered as homozygous. The read coverage profiles along the reference genome
revealed that our collection was devoid of aneuploidy. Based on 10-kb sliding windows, a total of 14
segmental duplications were detected in seven isolates (from 1 to 7 segmental duplications per isolate)
(Table S1), all chromosomes being affected but chromosome 2. Chromosome 4 was the most

impacted, with 4 strains carrying a segmental duplication on the right arm of this chromosome. The
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lack of variability in the level of ploidy in Kluyveromyces lactis, as well as the absence of variability
of the number of chromosomes contrast with what has recently been observed in other yeast species.
In the case of its sister species, Kluyveromyces marxianus, the variation of ploidy level has been
shown to separate dairy and non-dairy strains, the dairy strains being all diploid or triploid, whereas
non-dairy strains being haploid (Ortiz-Merino et al., 2018). Moreover, higher ploidy level and
aneuploidies were also recently described as enriched in some domesticated clades of S. cerevisiae
(Peter, De Chiara, et al., 2018). Altogether, our results suggest that these mechanisms are not driving

evolutionary processes related to dairy environment in Kluyveromyces lactis.

Gene content, copy number variation and domestication

The LAC4 and LAC12 genes, that encode respectively for B-galactosidase and lactose permease, have
been identified for more than a decade as controlling the fermentation of lactose in Kluyveromyces
lactis var. lactis as these two genes were detected as absent in strains unable to ferment lactose
(Naumov et al., 2006). Here, the presence of these genes was investigated at the whole collection
level, and as expected, they were confirmed to be absent in all the strains that did not belong to the
dairy cluster (Figure 2A). Within the dairy cluster, a single strain was detected as not carrying these
genes, the UCD 70-4 isolate. This latter was isolated in a winemaking equipment and was already
described as closely related to dairy strains but without dairy capabilities (Naumov et al., 2006). This
characteristic could be attributed either to a loss of these genes or to the absence of introgression
events. The outlier position in the dairy branch of the tree suggests that this isolate might actually be a

close relative to the dairy ancestor that underwent the introgression event.

To test the ability of our strain collection to assimilate lactose, the growth of the 42 natural strains was
recorded in complete medium alone and with increasing concentration of lactose (2%, 5% and 10%),
using a microcultivation approach. These results clearly demonstrate better growth capacities under
lactose conditions for the strains having the LAC4 and LAC12 genes, this difference being more
significant with the increase in the lactose concentration (Figure 2B). This growth advantage is most
likely related to the presence of this gene cluster, however we cannot exclude that some other genes

contribute to this phenotype.

While the main driver of dairy/non-dairy properties is obviously captured by the differential presence
of this gene cluster, the availability of sequencing data for a large Kluyveromyces lactis collection
have paved the way for a more systematic view of the variants that discriminate populations at the
genomic level. To this end, gene copy number variants (CNVs) were first investigated based on read
mapping to the Kluyveromyces lactis var. lactis reference with Control-FREEC (Boeva et al., 2012).
Within the whole population, we detected 1,406 gene gains and 2,027 gene losses related to 937

unique genes annotated on the reference genome (Figure S4A). However, the distribution of CNVs is
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highly impacted by segmental duplications, in particular for the UCD 50-81 and UCD 50-80 strains,
for which 270 and 146 specific gene gains are respectively reported (Figure S4B). To identify genes
with differential profiles between dairy and non-dairy populations, we applied a two-sample
Kolmogorov-Smirnov test and selected genes with a p-value lower than 0.05. This leads to the
identification of 87 genes, most of which share a common profile, i.e. predominantly present in the
dairy population and absent in the others (Table S5). Among this set of genes, LAC4, LAC12 and
FLO5, part of the regions introgressed from Kluyveromyces marxianus, are the genes that are found
systematically in the dairy strains only. A single strain, UCD 71-73, showed a higher copy number of
these genes, suggesting that duplication of these genes is not a driving factor for dairy environments
adaptation. In addition, some interesting genes are also present in this set of 87 genes. For example,
two genes, KLLAOD00682g and KLLAODO00704g, are annotated as similar to the HSP31 gene of
S. cerevisiae, known to be involved in oxidative stress resistance and which methylglyoxalase activity
converts methylglyoxal to D-lactate (Tsai et al., 2015). Certain genes involved in the metabolism of
other sugars and in flocculation such as the maltose transporter MAL11, the isomaltase IMAZ2 and the
hexose transmembrane transporter HXT3 were also detected in most of the dairy strains although they
were not found in the majority of wild strains. These genes have already been found in bread and
cheese S. cerevisiae strains and also play an important role during dairy processes (Legras et al.,
2018). Finally, genes involved in drug resistance, including the plasma membrane protein VBAS5 and
the ARR genes (ARR1-3) linked to the arsenate resistance, showed similar profiles. These genes have
already been identified as playing a major role in arsenate resistance in S cerevisiae and could
therefore play a role during industrial processes (Bobrowicz et al., 1997; Peter, De Chiara, et al.,
2018).

M ultiple introgression events of the LAC cluster in the dairy population

While the differential presence of the LAC4/LAC12 gene cluster has been identified for over a decade
as controlling the fermentation of lactose in Kluyveromyces lactis var. lactis (Naumov et al., 2006), it
was only recently shown that this gene cluster was acquired by introgression from the sister species
Kluyveromyces marxianus (Varela et al., 2019). This event also leads to the integration of a third gene,
namely FLOS. To better understand the structure and the evolution of this introgressed region, we
sought to completely assemble the genomes of all strains of the dairy population, based on our
Illumina sequencing data. As expected, the presence of this three-gene cluster was detected in all
Illumina assemblies except UCD70-4, that stands at the root of the dairy part of the tree and was
isolated in a South African winery. Two scenarios can be considered here: either the acquisition of the
introgressed region occurred after the divergence between the ancestor of the UCD 70-4 and the other

dairy strains which would imply that the divergence between Kluyveromyces var. drosophilarum and
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var. dairy populations preceded the introgression event, or this strain lost the introgressed region

during its evolutionary history.

Surprisingly, the presence of an additional gene coming from Kluyveromyces marxianus, CEL2, was
detected next to the introgressed regions for 5 isolates, namely CLIB 417, CLIB 640, CLIB 1762,
UCD 71-73 and UCD 71-75. The CEL2 gene is the first neighbor of LAC12 on the Kluyveromyces
marxianus genome from which the introgressed region originates (Figure 3). This observation raised
the question of the evolutionary history of introgressed regions and whether a larger region
encompassing CEL2 was first introgressed into the common ancestor of dairy strains and then lost in
some isolates, or whether multiple introgressions have occurred within the population. The very low
sequence divergence of this region in the dairy strains does not allow us to conclude on the basis of
this criterion. In this context, we sought to explore the genomic context of these regions. The high
level of fragmentation of Illumina assemblies prevents us from having a clear view of the genomic
structure within these isolates. This motivated long-read sequencing of six isolates from the dairy
population: two strains harboring the CEL2 gene (CLIB 640 and UCD 71-75), three strains lacking
this gene (CLIB 1751, CLIB 1759 and CLIB 419), as well as the non-dairy strain UCD 70-4 (Table
S1). Chromosome-level assemblies were generated for all of them and made it possible to highlight
two different genomic structures for this introgressed region (Figure 3). Indeed, the three-genes cluster
shared all the same chromosomal location as in the reference strain, i.e. at the end of the right-arm of
chromosome 2 (version v1), while the four-genes clusters were detected at the end of the right-arm of
chromosome 3 for both strains (version v2) (Figure 3). Comparative analysis of these chromosomal
structures suggested that several independent introgression events could have occurred from
Kluyveromyces marxianus into the K. lactis dairy genomes. Indeed, the end of the right arm of
chromosomes 2 are entirely syntenic between UCD 70-4 and the Kluyveromyces lactis var. lactis v2
background. This region is also mostly syntenic with Kluyveromyces lactis var. drosophilarum (Varela
et al., 2019), the difference being based on the presence of 10 additional genes in the very
subtelomeric regions that are known to be highly variable in yeast genomes. It should be noted that the
synteny between the FET5 and KLLAOB14839 genes is conserved in these three cases. Consequently,
in case of a single introgression event of the LAC cluster within the dairy group, the one observed in
Kluyveromyces lactis var. lactis v2 background should have been the ancestral event and would have
preceded the accumulation of chromosomal rearrangements that would have led to the Kluyveromyces
lactis var. lactis vl chromosomal structure. Nevertheless, the complete synteny observed at the end of
the right arm of chromosome 3 between UCD 70-4 and Kluyveromyces lactis var. lactis vl
background tends not to support this scenario and allowed us to propose that at least two independent

introgression events occurred within the K. lactis var. lactis population.

Finally, the synteny observed at the right-end of chromosomes 2 as well as at the right-end of

chromosomes 3 between UCD 70-4 and K. lactis var. lactis v2 support the fact that the divergence of
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the so-called dairy and the other clades predates the acquisition of dairy properties. In addition, UCD
70-4 is at the forefront of this acquisition and it can therefore be defined as the closest relative to the

ancestral strains into which the introgressions occurred.

Transposable element content is clade specific

It has recently been shown that the evolution of the transposable element (TE) content follows the
population structure in S cerevisae and is deeply impacted by clade-specific events such as
introgressions (Bleykasten-Grosshans et al., 2021). The genome-wide content of transposable element
was investigated through short-read mapping on finely selected TE queries originating from both
Kluyveromyces lactis and K. marxianus species. The TE landscape clearly shows that the
Kluyveromyces lactis populations display specific TE repertoires, which are mainly defined by
population specific TE (Figure S5). When a TE is present in a given isolate, it is found in most of the
isolates of the related population and absent in the other populations. For example, a TE family similar
to TklI-3 query is specific to the Asian groups, whereas TE families similar to Tkl-1, Rkl-3 or Rkl-4
are specific to dairy isolates. This exclusive distribution of population specific TEs that are unrelated
contrasts with the population-specific landscape that has been observed in S. cerevisiae, which relies
on both population-specific TEs from the same TE family (i.e. population specific Tyl sequence
variants) and population specific combinations of TEs shared by multiple populations. Interestingly,
none of the Kluyveromyces marxianus TE were detected in the whole population. In addition, the dairy
population carries the lowest TE content. In most cases, only one copy per genome is present, and in
many strains, the Tkl-1 and Tkl-2 queries highlight only partial coverage, suggesting either that the
corresponding TE are truncated or that they present segments of sequence too divergent to allow the
mapping of reads. There is a striking exception represented by the CLIB418 isolate which contains
about a hundred of Tkl-1 related copies. These copies are clearly the result of a transposition burst, as

supported by the uniform shape of the coverage profile indicating that they are very similar.
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Mitochondrial genome diversity in K. lactis

The mitochondrial genome of Kluyveromyces lactis is 40.3 kb long and contains the same set of eight
protein-coding genes as S cerevisiae. These genes encode three subunits of the ATP synthase
complex (ATP6, ATP8, ATP9), the apocytochrome b (CYTB), three subunits of the cytochrome c
oxidase complex (COX1, COX2, COX3) and the ribosomal protein (VARL). We sought to explore
mitochondrial genome diversity within our collection through genome assemblies, but their high level
of fragmentation prevents comparison at the whole mitochondrial genome level. Complete gene
coding sequences could only be recovered for 4 genes (ATP6, COX2, COX3 and CYTB) across the 41
isolates. Interestingly, the ATP6 and COX2 genes were recently identified as the most informative to
describe S. cerevisiae population structure and phylogeny (De Chiara et al., 2020). So, we confidently
thought that limiting our analysis to these 4 genes would still help to better understand mitochondrial

genome evolution.

The genetic diversity related to these four genes was lower compared to the nuclear coding genes, for
which a mean & value of 0.023 was observed. However, this mitochondrial genetic diversity varies a
lot according to the considered gene (Table S6): COX2 and ATP6 showed very low genetic diversity,
with « values of 0.0011 and 0.0036, respectively, while COX3 and CYTB had much higher genetic
diversity, with = values of 0.0160 and 0.0165. These results are in contrast with what was observed in
S. cerevisiae for which COX2 and ATP6 were among the highly divergent genes (with n values of
0.0166 and 0.0108, respectively) and COX3 and CYTB were among the lowly divergent genes (with
values of 0.0072 and 0.0048, respectively). These four gene sequences were concatenated and used to
construct a neighbor-joining tree (Figure S6). Interestingly, the phylogeny recapitulates quite
efficiently most of the populations observed at the nuclear level, with the exception of isolates from
the two North-America groups, which were completely mixed, revealing some mito-nuclear
discordance (Figure S6). This contrasts with what was recently observed for S. cerevisiae (De Chiara
et al., 2020), for which a very discordant evolution of the mitochondrial and nuclear genomes was
observed, due to outbreeding and recombination events between the parental mitochondrial genome.
These results suggest the absence of natural crosses between isolates from different populations, with

the exception of North American strains which may not have been geographically isolated.
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Conclusion

Overall, our study represents the first population genomic survey focusing on a large population of
Kluyveromyces lactis isolates. This species is of interest as it is partially domesticated, which leads to
differential genome evolution across the various identified populations. By sequencing the whole
genome of 41 K. lactis isolates (Kluyveromyces lactis var lactis and var drosophilarum), we found the
highest intraspecific genetic divergence ever reported for a yeast species. Compared to other yeast
species explored to date, K. lactis presents a nucleotide diversity (estimated at 2.8 x 107), which is on
average 2-fold higher (e.g. for S cerevisiae, S uvarum, L. kluyveri, = is approximately ~ 4 x 107,
~1.2 x 10% and ~1.7 x 10°, respectively) (Schacherer et al., 2009; Almeida et al., 2014; Friedrich et
al., 2015). Based on the SNP diversity, the isolates grouped into five distinct clusters with the dairy
group (Kluyveromyces lactis var lactis) being well separated from the wild ones (Kluyveromyces lactis
var drosophilarum). However, the four wild populations are also very distant as the divergence
between these clusters is above 3 % and can exceed 8 % between the most divergent ones, namely the
Asian and North America 2 groups. These observations raise the definition of the Kluyveromyces
lactis species and probably highlights an early stage of a speciation process. This hypothesis is also
supported by the presence of reproductive isolation between all these populations, as previously
described. While the intra-population crosses led to fertile hybrids, the inter-cluster crosses led to very
low viability (< 45 %) (Naumov & Naumova, 2002).

Our study also provided a better understanding of the domestication process of the dairy population of
K. lactis (Kluyveromyces lactis var lactis). Recently, there has been a particular interest in exploring
the domestication processes of different species found in milk and dairy products such as
Kluyveromyces marxianus (Ortiz-Merino et al., 2018) as well as used for the maturation of cheese
such as P. roqueforti and P. camemberti (Cheeseman et al., 2014; Ropars et al., 2020). Even if certain
characteristics are common to these different processes of domestication, they all have their
specificity. Here, we found that the nucleotide variability within the Kluyveromyces lactis dairy
population is very limited. Indeed, the maximum pairwise diversity ranges from 0.23 % to 0.79 % for
the wild clusters, whereas it does not exceed 0.06 % between the strains presenting dairy capacities.
This reduced genetic diversity within the dairy cluster seems to be a clear feature of the domestication
process in K. lactis.

As already shown for species isolated from dairy products or used in cheese maturation, horizontal
gene transfers or introgressions are key players of domestication events (Cheeseman et al., 2014;
Ropars et al., 2020; Varela et al., 2019). Although the impact of the introgression of the LAC4/LAC12
genes cluster from Kluyveromyces marxianus was already assessed, our study also highlighted some
interesting evolutionary features regarding this aspect in the K. lactis dairy population. We first
showed that the divergence between the Kluyveromyces lactis var. lactis and the K. lactis var.

drosophilarum isolates occurred before the acquisition of the dairy abilities, i.e. the introgression of
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the LAC4/LAC12 genes cluster. Our results also suggest that the UCD70-4 strains, which is part of the
dairy cluster without dairy capabilities, should be close to the ancestral strains in which introgressions
occurred. Additionally, the genomic resolution we obtained using long-read sequencing and de novo
assemblies allowed us to suggest that several independent introgression events occurred within this
species.

Finally, it should also be noted that in Kluyveromyces lactis, no real variability in terms of ploidy was
observed, and aneuploidies and CNVs are not predominant. This observation contrasts with other
yeast species that have undergone domestication processes, in particular with Kluyveromyces
marxianus, for which ploidy variation separates the dairy and non-dairy strains (Ortiz-Merino et al.,
2018), but also S. cerevisiae for which some domesticated populations, such as the beer isolates, have
been described as having a higher ploidy level (Peter et al., 2018; Saada et al., 2022).

Overall, our study sheds new light on the domestication of the dairy population of Kluyveromyces
lactis. In addition, it also clearly shows once again that even some common characteristics might be

shared, each domestication process is specific and unique to each domesticated population.
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M aterials and methods
Studied strains

A collection of 42 Kluyveromyces lactis strains was compiled for this study (Table S1) with the aim to
maximize the ecological and geographical origins of the strains. The samples were mostly purchased
from the Phaff and the CIRM collections. Our final dataset contains 17 strains directly related to dairy
processes, that originates mostly from Europe. The wild strains were mostly isolated from insect and

tree exudates in North America and Asia.

Illumina sequencing and polymorphisms detection

To obtain genomic DNA for 41 strains sequenced in the context of this study, isolates were grown
overnight at 30°C in 20 mL of YPD medium to early stationary phase before cells were harvested by
centrifugation. Total genomic DNA was subsequently extracted using the MasterPure Yeast DNA
purification kit (Cat No MPY80200) according to the manufacturer’s instructions. For all genomes,
280-bp insert libraries were produced and sequenced on an Illlumina HiSeq 2000 platform. 100-bp

paired-end reads were generated.

For each strain, reads were mapped against the reference genome of the Kluyveromyces lactis var.
lactis type strain CBS 2359 (GenBank accession numbers CR382121 to CR382126) using BWA mem
v.0.7.15 (Li & Durbin, 2009) with default parameters. Alignments were then successively cleaned
using samtools fixmate function v.1.3.1 (Li et al., 2009), GATK v.4.0.11 realignment function
(McKenna et al., 2010) and Picard MarkDuplicates function v.1.140 (broadinstitute.github.io/picard).
The obtained BAM files were then used to detect single nucleotide polymorphisms and small indels
using GATK HaplotypeCaller with a requested ploidy set to one. GVCF files obtained were finally
concatenate into one single GVCF using GATK CombineGVCFs and GenotypeGVCFs functions,

allowing to produce correct genotype likelihoods and re-genotype the newly merged record.

Oxford Nanopore sequencing

Yeast cell cultures were grown overnight at 30°C in 20 mL of YPD medium to early stationary phase
before cells were harvested by centrifugation. Total genomic DNA was then extracted using the
QIAGEN Genomic-tip 100/G according to the manufacturer’s instructions. The extracted DNA was
barcoded using the EXP-NBD104 native barcoding kit (Oxford Nanopore) and the concentration of
the barcoded DNA was measured with a Qubit® 1.0 fluorometer (Thermo Fisher). The barcoded DNA
samples were pooled with an equal concentration for each strain. Using the SQK-LSK109 ligation

sequencing kit (Oxford Nanopore), the adapters were ligated on the barcoded DNA. Finally, the
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sequencing mix was added to the R9.3 flowcell for a 48 hour run. Basecalling was performed with
Guppy (v2.3.5) and raw fastq files were treated with porechop (v0.2.3) to remove both adapters and
barcodes.

Tree building, divergence calculation and structure analysis

We inferred phylogenetic relationships among the 41 isolates using the dataset of 1,594,125 SNPs in a
maximum likelihood framework with 1Q-Ttree2 (Minh et al., 2020), with TVM+F as model. This
latter was chosen as best-fit model by BIC through ModelFinder (Kalyaanamoorthy et al., 2017).
These polymorphic positions were also used for the neighbor-net analysis which was performed with

SplitsTree5 software via the SplitsNetworkViewer.

The isolate relationships, were also assessed through the construction of a distance tree using the
BioNJ algorithm (Gascuel, 1997) provided in the SplitsTree4 software (Huson & Bryant, 2006). To
that end, a sequence representative of each strain was constructed by inferring SNPs within the
reference chromosomes, that were than merged in a single 10.7 Mb sequence. All strains sequences

were given as input to SplitsTree.

These sequences were also leveraged to estimate the pairwise divergence between each strain as the
ratio between the number of non-equal positions between the two considered strains and the total size

of the genome.

Finally, these sequences were also used for the inference estimation of the number of population
clusters through STRUCTURE software, version 2.3.4 (Pritchard et al., 2000). We ran the software
independently with a number of populations K ranging for 2 to 6 using the admixture model with a
burn-in period of 100,000 and 500,000 replicates.

Calculation of population genetic statistics

In order to get an estimate of the nucleotide diversity at population level, &, the average pairwise
nucleotide diversity 8w, the proportion of segregating sites and Tajima’s D value, which represents the
difference between = and 6w were computed. Multiple alignments of the concatenated chromosomes
that were representative of the isolates were submitted to variscan (Vilella et al., 2005) with options

runmode set to 12 and usemuts set to 1.

7 was also estimated for the Kluyveromyces marxianus species, based on the Illumina reads generated
in the context of (Ortiz-Merino et al., 2018) and the reference sequence of the species (GenBank
accession numbers AP014599 to AP014607).
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Determination of copy number variants

The detection of copy number variants (CNVs) related to the Kluyveromyces lactis var. lactis
reference and affecting each strain was performed by running Control-FREEC (Boeva et al., 2012),
version 10.6 on their respective BAM files. The program was used with the following parameters:
breakPointThreshold = 0.6, window = 1000, telocentromeric = 600, step = 200, ploidy = 1,
minExpectedGC = 0.3 and maxExpectedGC = 0.4. To obtain a count of the number of copies for each
genomic feature, Control-FREEC output files were crossed with the reference genome annotations.
Features for which at least half of the length was contained in a region whose number of copy deviates
from one were considered under CNV. If regions with different coverages overlapped a single feature,
the one covering the larger part of the feature was considered.

Analysis of the copy number variants

To identify genes with variable CNV patterns between the dairy and non-dairy varieties, a two-sample
Kolmogorov-Smirnov statistic test was applied to each of the 5,076 protein coding genes annotated in
the reference genome. Genes for which distributions differ between both varieties (p-value < 0.05),

were further selected for manual inspection.

Transposable element detection

The strategy used in (Bleykasten-Grosshans et al., 2021) was adapted for this study. Briefly, a set of
23 sequences originating from Kluyveromyces lactis and K. marxianus was defined as the
representative dataset. Among them, nine sequences belong to the Class Il Rover elements from the
hAT superfamily described in (Sarilar et al., 2015). The other 14 query sequences are similar to Class
I LTR elements from the Copia superfamily. The Class | query sequences were named Tkl or Tkm
(for Ty Kluyveromyces lactis and Ty Kluyveromyces marxianus, respectively), according to the
nomenclature used in (Neuvéglise et al., 2002). Similarly, the Class Il sequences were named RKIl or
Rkm (for Rover Kluyveromyces lactis and Rover Kluyveromyces marxianus, respectively). The
Illumina reads of the 41 strains were mapped against this dataset and the coverage profiles were
manually inspected. Only eight Kluyveromyces lactis queries showed significant coverage, that

allowed estimating the number of copies of the considered element in the different strains.

Whole genome assembly construction

Illumina paired-end reads assemblies were constructed with Abyss (v.2.0.2) (Simpson et al., 2009)
with the option ‘-k 64°.
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For the long-read assemblies, the Oxford Nanopore fastq files were downsampled with Filtlong (v0.2)

(https://github.com/rrwick/Filtlong) to get a 40X coverage per strain (options --min_length 1000 --

mean_¢g_weight 10). The downsampled datasets were than independently assembled with with
SMARTdenovo (Liu et al., 2021), with the options ‘-¢c 1 -k 16 -J 5000 -e zmo’.

Strain phenotyping and growth quantification

The 42 Kluyveromyces lactis strains were inoculated into flat bottom 96-well microplates (Nunclon,
Thermo Fisher) containing 150 uL of YPD (Yeast extract 1% Peptone 2% Dextrose 2%) and
incubated overnight at 30 °C. Pre-cultures were washed 5 times in sterile MilliQ water to eliminate
residual glucose. After the last washing step, cells were resuspended in sterile MilliQ water and
transferred with a Micro-Plate Pin Replicator in a 96-well microplate containing 150 uL of synthetic
complete media (yeast nitrogen base with ammonium sulfate 6.7 g/L, SC amino acid mixture 2 g/L)
with either glucose (2 %) or lactose (2 %, 5 % or 10 %) as carbon source. Optical density (OD) at 600
nm was measured every ten minutes during 48 h at 30 °C using the microplate reader TECAN
Infinite® 200Pro. Before each measure, microplates were shaken for 400 sec with orbital shaking
(87.6 rpm) and 200 sec with a linear shaking (135.6 rpm) to ensure proper yeast suspension and

accurate measure.

The evolution of OD according to time was modeled by local polynomial regression fitting with the R-
loess function setting the span parameter to 0.45. The growth ratio corresponds to the top OD rate in

1-hour windows in the conditions of interest normalized by those obtained on glucose media.

Data availability

All sequencing data generated in this study have been deposited in the European Nucleotide Archive
under the accession number PRIEB29566 for Illumina reads and PRJEB48853 for MinION reads.
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Figurelegends

Figure 1: Population structure of the 42 Kluyveromyces lactis studied strains. A. Neighbor-net
analysis based on 1,594,125 SNPs identified in the surveyed strains. Branch lengths are proportional
to the number of sites that discriminate each pair of strains and cross-linking indicates the likely
occurrence of recombination. B. Structure of the population, with K=5 populations. Each strain is
represented by a vertical bar, which is divided into segments that represent the strain’s estimated
ancestry proportion in each of the 5 populations. The circle colors denote the geographical origins of

the strains.

Figure 2: Diversity in terms of gene copy number within the population. A. Number of copies of a
subset of genes having differential profiles between the dairy and non-dairy isolates. Strains are
organized by population. B. Distribution of the growth ratio, i.e. the max OD in the tested conditions
normalized by the max OD obtained in glucose 2% condition, of the Kluyveromyces lactis strains with
increasing concentration of lactose, according to the presence or the absence of the LAC4/LAC12 gene
cluster. Wilcoxon—Mann-Whitney test was applied to assess the significance of the growth ratio
difference between the two groups of strains. The level of significance is indicated as follows: ns: not
significant, *P < 0.05, **P <0.01, ***P <0.001.

Figure 3: Chromosomal structure of the introgressed LAC4/LAC12 gene cluster in several
Kluyveromyces lactis and K. marxianus backgrounds. On this schematic representation of the
chromosomal regions related to the introgression events that occurred from Kluyveromyces marxianus
into the genome of the K. lactis dairy strains, K. lactis var. lactis v1 referred to the dairy reference
strain, K. lactis var. lactis v2 referred to the newly detected cluster in some dairy strains. The name of
the strains is colored according to their origins: blue for European dairy, orange for African non-dairy
and red for North-American non-dairy. L and R referred respectively to the left and right extremities
of the chromosomes. Vertical bars (on the left) represent the end of the chromosomes, while the black
dotted lines (on the right) indicate that the chromosomes continue. Genes in syntenic regions share the
same color and dotted boxes are associated to pseudogenes. Red boxes indicate the presence of LTR

elements.

19


https://doi.org/10.1101/2022.09.02.506316
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.02.506316; this version posted September 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

Almeida, P., Goncalves, C., Teixeira, S., Libkind, D., Bontrager, M., Masneuf-Pomaréde, 1., Albertin, W.,
Durrens, P., Sherman, D. J., Marullo, P., Todd Hittinger, C., Goncalves, P., & Sampaio, J. P. (2014). A
Gondwanan imprint on global diversity and domestication of wine and cider yeast Saccharomyces
uvarum. Nature Communications, 5. https://doi.org/10.1038/ncomms5044

Banjara, N., Suhr, M. J., & Hallen-Adams, H. E. (2015). Diversity of Yeast and Mold Species from a Variety of
Cheese Types. Current Microbiology, 70(6), 7927800. https://doi.org/10.1007/s00284-015-0790-1

Bigey, F., Segond, D., Friedrich, A., Guezenec, S., Bourgais, A., Huyghe, L., Agier, N., Nidelet, T., & Sicard, D.
(2021). Evidence for Two Main Domestication Trajectories in Saccharomyces cerevisiae Linked to
Distinct Bread-Making Processes. Current Biology, 31(4), 722-732.€5.
https://doi.org/10.1016/j.cub.2020.11.016

Bleykasten-Grosshans, C., Fabrizio, R., Friedrich, A., & Schacherer, J. (2021). Species-Wide Transposable
Element Repertoires Retrace the Evolutionary History of the Saccharomyces cerevisiae Host. Molecular
Biology and Evolution. https://doi.org/10.1093/molbev/msab171

Bobrowicz, P., Wysocki, R., Owsianik, G., Goffeau, A., & Ulaszewski, S. (1997). Isolation of Three Contiguous
Genes,ACR1,ACR2 andACR3, Involved in Resistance to Arsenic Compounds in the
YeastSaccharomyces  cerevisiae.  Yeast, 13(9), 819M828. https://doi.org/10.1002/(SICI)1097-
0061(199707)13:9<819::AID-YEA142>3.0.CO;2-Y

Boeva, V., Popova, T., Bleakley, K., Chiche, P., Cappo, J., Schleiermacher, G., Janoueix-Lerosey, I., Delattre,
0., & Barillot, E. (2012). Control-FREECJ: A tool for assessing copy number and allelic content using
next-generation sequencing data. Bioinformatics, 28(3), 42311425.
https://doi.org/10.1093/bioinformatics/btr670

Cheeseman, K., Ropars, J., Renault, P., Dupont, J., Gouzy, J., Branca, A., Abraham, A. L., Ceppi, M.,
Conseiller, E., Debuchy, R., Malagnac, F., Goarin, A., Silar, P., Lacoste, S., Sallet, E., Bensimon, A.,
Giraud, T., & Brygoo, Y. (2014). Multiple recent horizontal transfers of a large genomic region in cheese
making fungi. Nature Communications, 5. https://doi.org/10.1038/ncomms3876

De Chiara, M., Friedrich, A., Barré, B., Breitenbach, M., Schacherer, J., & Liti, G. (2020). Discordant evolution
of mitochondrial and nuclear yeast genomes at population level. BMC Biology, 18(1).
https://doi.org/10.1186/s12915-020-00786-4

Dickson, R. C., & Riley, M. I. (1989). The lactose-galactose regulon of Kluyveromyces lactis. Biotechnology
(Reading, Mass.), 13, 19[40.

Duan, S.-F., Han, P.-J., Wang, Q.-M., Liu, W.-Q., Shi, J.-Y., Li, K., Zhang, X.-L., & Bai, F.-Y. (2018). The
origin and adaptive evolution of domesticated populations of yeast from Far East Asia. Nature
Communications, 9(1), 2690. https://doi.org/10.1038/s41467-018-05106-7

Dujon, B., Sherman, D., Fischer, G., Durrens, P., Casaregola, S., Lafontaine, I., de Montigny, J., Marck, C.,
Neuvéglise, C., Talla, E., Goffard, N., Frangeul, L., Aigle, M., Anthouard, V., Babour, A., Barbe, V.,
Barnay, S., Blanchin, S., Beckerich, J.-M., ... Souciet, J.-L. (2004). Genome evolution in yeasts. Nature,
430(6995), 3544, https://doi.org/10.1038/nature02579

Dunn, B., Richter, C., Kvitek, D. J., Pugh, T., & Sherlock, G. (2012). Analysis of the Saccharomyces cerevisae
pan-genome reveals a pool of copy number variants distributed in diverse yeast strains from differing
industrial environments. Genome Research, 22(5), 9082924, https://doi.org/10.1101/gr.130310.111

Dupont, J., Dequin, S., Giraud, T., Le Tacon, F., Marsit, S., Ropars, J., Richard, F., & Selosse, M.-A. (2017).
Fungi as a Source of Food. Microbiology Spectrum, 5(3). https://doi.org/10.1128/microbiolspec.funk-
0030-2016

Friedrich, A., Jung, P., Reisser, C., Fischer, G., & Schacherer, J. (2015). Population Genomics Reveals
Chromosome-Scale Heterogeneous Evolution in a Protoploid Yeast. Molecular Biology and Evolution,
32(1), 18471192. https://doi.org/10.1093/molbev/msu295

Gallone, B., Steensels, J., Prahl, T., Soriaga, L., Saels, V., Herrera-Malaver, B., Merlevede, A., Roncoroni, M.,
Voordeckers, K., Miraglia, L., Teiling, C., Steffy, B., Taylor, M., Schwartz, A., Richardson, T., White,
C., Baele, G., Maere, S., & Verstrepen, K. J. (2016). Domestication and Divergence of Saccharomyces
cerevisiae Beer Yeasts. Cell, 166(6). https://doi.org/10.1016/j.cell.2016.08.020

Gascuel, O. (1997). BIONJJ: An improved version of the NJ algorithm based on a simple model of sequence
data. Molecular Biology and Evolution, 14(7), 68521695.
https://doi.org/10.1093/oxfordjournals.molbev.a025808

Gibbons, J. G., Salichos, L., Slot, J. C., Rinker, D. C., McGary, K. L., King, J. G., Klich, M. A,, Tabb, D. L.,
McDonald, W. H., & Rokas, A. (2012). The evolutionary imprint of domestication on genome variation
and function of the filamentous fungus Aspergillus oryzae. Current Biology, 22(15).
https://doi.org/10.1016/j.cub.2012.05.033

Gongalves, M., Pontes, A., Almeida, P., Barbosa, R., Serra, M., Libkind, D., Hutzler, M., Gongalves, P., &

20


https://doi.org/10.1101/2022.09.02.506316
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.02.506316; this version posted September 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sampaio, J. P. (2016). Distinct Domestication Trajectories in Top-Fermenting Beer Yeasts and Wine
Yeasts. Current Biology, 26(20), 275002761 https://doi.org/10.1016/j.cub.2016.08.040

Hranilovic, A., Gambetta, J. M., Schmidtke, L., Boss, P. K., Grbin, P. R., Masneuf-Pomarede, I., Bely, M.,
Albertin, W., & Jiranek, V. (2018). Oenological traits of Lachancea thermotolerans show signs of
domestication and allopatric differentiation. Scientific Reports, 8(1), 14812.
https://doi.org/10.1038/s41598-018-33105-7

Huson, D. H., & Bryant, D. (2006). Application of Phylogenetic Networks in Evolutionary Studies. Molecular
Biology and Evolution, 23(2), 25421267 https://doi.org/10.1093/molbev/msj030

Kalyaanamoorthy, S., Minh, B. Q., Wong, T. K. F., von Haeseler, A., & Jermiin, L. S. (2017). ModelFinder1:
Fast model selection for accurate phylogenetic estimates. Nature Methods, 14(6), 587M589.
https://doi.org/10.1038/nmeth.4285

Legras, J.-L., Galeote, V., Bigey, F., Camarasa, C., Marsit, S., Nidelet, T., Sanchez, 1., Couloux, A., Guy, J.,
Franco-duarte, R., Marcet-houben, M., Gabaldon, T., Schuller, D., & Sampaio, J. P. (2018). Adaptation of
S. cerevisiae to fermented food environments reveals remarkable genome plasticity and the footprints of
domestication. Molecular Biology and Evolution. https://doi.org/10.1093/molbev/msy066

Li, H.,, & Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics, 25(14), 1754R11760. https://doi.org/10.1093/bioinformatics/btp324

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, G., & Durbin, R.
(2009). The Sequence Alignment/Map format and SAMtools. Bioinformatics, 25(16), 2078[22079.
https://doi.org/10.1093/bioinformatics/btp352

Liu, H., Wu, S., Li, A., & Ruan, J. (2021). SMARTdenovo™1: A de novo assembler using long noisy reads.
Gigabyte, 2021, 1[9. https://doi.org/10.46471/gigabyte.15

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., Garimella, K., Altshuler, D.,
Gabriel, S., Daly, M., & DePristo, M. A. (2010). The genome analysis toolkit(": A MapReduce
framework for analyzing next-generation DNA sequencing data. Genome Research, 20(9), 129721303.
https://doi.org/10.1101/gr.107524.110

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D., von Haeseler, A., & Lanfear, R.
(2020). IQ-TREE 2(1: New Models and Efficient Methods for Phylogenetic Inference in the Genomic
Era. Molecular Biology and Evolution, 37(5), 153021534. https://doi.org/10.1093/molbev/msaa015

Naumov, G. I., & Naumova, E. S. (2002). Five new combinations in the yeast genus Zygofabospora Kudriavzev
emend. G. Naumov (pro parte Kluyveromyces ) based on genetic data. FEMS Yeast Research, 2(1),
390146. https://doi.org/10.1111/j.1567-1364.2002.tb00067.x

Naumov, G. I., Naumova, E. S., Barrio, E., & Querol, A. (2006). Genetic and molecular study of the inability of
the yeast Kluyveromyces lactis var. Drosophilarum to ferment lactose. Microbiology, 75(3), 248@252.
https://doi.org/10.1134/S0026261706030027

Naumov, G. I., Naumova, E. S., Glushakova, A. M., Kachalkin, A. V., & Chernov, I. Yu. (2014). Finding of
dairy yeasts Kluyveromyces lactis var. Lactis in natural habitats. Microbiology, 83(6), 782[786.
https://doi.org/10.1134/S0026261714060125

Naumova, E., Sukhotina, N., & Naumov, G. (2004). Molecular-genetic differentiation of the dairy yeast and its
closest wild relatives. FEMS Yeast Research, 5(3), 2632269.
https://doi.org/10.1016/j.femsyr.2004.08.006

Neuvéglise, C., Feldmann, H., Bon, E., Gaillardin, C., & Casaregola, and S. (2002). Genomic Evolution of the
Long Terminal Repeat Retrotransposons in Hemiascomycetous Yeasts. Genome Research, 12(6),
930@943. https://doi.org/10.1101/gr.219202

Ortiz-Merino, R. A., Varela, J. A., Coughlan, A. Y., Hoshida, H., da Silveira, W. B., Wilde, C., Kuijpers, N. G.
A., Geertman, J. M., Wolfe, K. H., & Morrissey, J. P. (2018). Ploidy variation in Kluyveromyces
marxianus separates dairy and non-dairy isolates. Frontiers in Genetics, 9(MAR), 94.
https://doi.org/10.3389/fgene.2018.00094

Peltier, E., Friedrich, A., Schacherer, J., & Marullo, P. (2019). Quantitative trait nucleotides impacting the
technological performances of industrial saccharomyces cerevisiaestrains. Frontiers in Genetics,
10(JUL). https://doi.org/10.3389/fgene.2019.00683

Peter, J., De Chiara, M., Friedrich, A., Yue, J. X., Pflieger, D., Bergstrom, A., Sigwalt, A., Barre, B., Freel, K.,
Llored, A., Cruaud, C., Labadie, K., Aury, J. M., Istace, B., Lebrigand, K., Barbry, P., Engelen, S.,
Lemainque, A., Wincker, P., ... Schacherer, J. (2018). Genome evolution across 1,011 Saccharomyces
cerevisiae isolates. Nature, 556(7701). https://doi.org/10.1038/s41586-018-0030-5

Peter, J., De Chiara, M., Friedrich, A., Yue, J.-X., Pflieger, D., Bergstrom, A., Sigwalt, A., Barre, B., Freel, K.,
Llored, A., Cruaud, C., Labadie, K., Aury, J.-M., Istace, B., Lebrigand, K., Barbry, P., Engelen, S.,
Lemainque, A., Wincker, P., ... Schacherer, J. (2018). Genome evolution across 1,011 Saccharomyces
cerevisiae isolates. Nature, 556(7701), 339344. https://doi.org/10.1038/s41586-018-0030-5

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of Population Structure Using Multilocus

21


https://doi.org/10.1101/2022.09.02.506316
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.02.506316; this version posted September 3, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Genotype Data. Genetics, 155(2), 94501959. https://doi.org/10.1093/genetics/155.2.945

Ropars, J., Didiot, E., Rodriguez de la Vega, R. C., Bennetot, B., Coton, M., Poirier, E., Coton, E., Snirc, A,, Le
Prieur, S., & Giraud, T. (2020). Domestication of the Emblematic White Cheese-Making Fungus
Penicillium camemberti and Its Diversification into Two Varieties. Current Biology, 30(22).
https://doi.org/10.1016/j.cub.2020.08.082

Ropars, J., Rodriguez De La Vega, R. C., Lopez-Villavicencio, M., Gouzy, J., Sallet, E., Dumas, E., Lacoste, S.,
Debuchy, R., Dupont, J., Branca, A., & Giraud, T. (2015). Adaptive horizontal gene transfers between
multiple cheese-associated fungi. Current Biology, 25(19). https://doi.org/10.1016/j.cub.2015.08.025

Saada, O. A, Tsouris, A., Large, C., Friedrich, A., Dunham, M. J., & Schacherer, J. (2022). Phased polyploid
genomes provide deeper insight into the multiple origins of domesticated Saccharomyces cerevisiae beer
yeasts. Current Biology, S0960982222001300. https://doi.org/10.1016/j.cub.2022.01.068

Sarilar, V., Bleykasten-Grosshans, C., & Neuvéglise, C. (2015). Evolutionary Dynamics of hAT DNA
Transposon Families in Saccharomycetaceae. Genome Biology and Evolution, 7(1), 172@190.
https://doi.org/10.1093/gbe/evu273

Schacherer, J., Shapiro, J. A., Ruderfer, D. M., & Kruglyak, L. (2099). Comprehensive polymorphism survey
elucidates population structure of Saccharomyces cerevisae. Nature, 458(7236), 342-5. doi:
10.1038/nature07670. Epub 2009 Feb 11.

Sidenberg, D. G., & Lachance, M.-A. (1986). Electrophoretic Isoenzyme Variation in Kluyveromyces
Populations and Revision of Kluyveromyces marxianus (Hansen) van der Walt. International Journal of
Systematic Bacteriology, 36(1), 942102. https://doi.org/10.1099/00207713-36-1-94

Simpson, J. T., Wong, K., Jackman, S. D., Schein, J. E., Jones, S. J. M., & Birol, 1. (2009). ABySS[: A parallel
assembler for short read sequence data. Genome Research, 19(6), 1117@1123.
https://doi.org/10.1101/gr.089532.108

Spohner, S. C., Schaum, V., Quitmann, H., & Czermak, P. (2016). Kluyveromyces lactisLl: An emerging tool in
biotechnology. Journal of biotechnology, 222, 104R1116. https://doi.org/10.1016/j.jbiotec.2016.02.023

Strope, P. K., Skelly, D. A., Kozmin, S. G., Mahadevan, G., Stone, E. A., Magwene, P. M., Dietrich, F. S., &
McCusker, J. H. (2015). The 100-genomes strains, an S. cerevisiae resource that illuminates its natural
phenotypic and genotypic variation and emergence as an opportunistic pathogen. Genome Research,
125(5), 7620774. https://doi.org/10.1101/gr.185538.114

Tsai, Y.-L., Zhang, Y., Tseng, C.-C., Stanciauskas, R., Pinaud, F., & Lee, A. S. (2015). Characterization and
Mechanism of Stress-induced Translocation of 78-Kilodalton Glucose-regulated Protein (GRP78) to the
Cell Surface. Journal of Biological Chemistry, 290(13), 8049118064.
https://doi.org/10.1074/jbc.M114.618736

Van Ooyen, A. J. J., Dekker, P., Huang, M., Olsthoorn, M. M. A,, Jacobs, D. I., Colussi, P. A., & Taron, C. H.
(2006). Heterologous protein production in the yeast Kluyveromyces lactis (Vol. 6). John Wiley & Sons,
Ltd (10.1111).

Varela, J. A., Puricelli, M., Ortiz-Merino, R. A., Giacomobono, R., Braun-Galleani, S., Wolfe, K. H., &
Morrissey, J. P. (2019). Origin of Lactose Fermentation in Kluyveromyces lactis by Interspecies Transfer
of a Neo-functionalized Gene Cluster during Domestication. Current Biology, 29(24), 4284-4290.e2.
https://doi.org/10.1016/j.cub.2019.10.044

Vilella, A. J., Blanco-Garcia, A., Hutter, S., & Rozas, J. (2005). VariScan 1: Analysis of evolutionary patterns
from large-scale DNA sequence polymorphism data. Bioinformatics, 21(11), 2791@2793.
https://doi.org/10.1093/bioinformatics/bti403

22


https://doi.org/10.1101/2022.09.02.506316
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fi

UCD 67-376
UCD 69-8

d0| https://doi.org/10.1101/2022.09.02.506316; this version posted September 3, 2022. The copyright holder for this preprint
ch was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

0.1

UCD 72-212

80

40
20

UCD 81-535.
UCD 52-163

CBS 2359 *®
CLIB 1749 ®

CLIB 601
UCD 52-190 UCD 51-144

UCD 52-204

North America 1

UCD 60-407
UCD 61-177 UCD 50-¢

o CLIB 417
o GLIB 1762
o CLIB 640
® UCD 71-75
UCD 71-73
UCD 70-4

80....
aCCcccc
P=00000

UCD 50-81
North America 3

Geographical origins

® Europe
® North America
Asia

® Africa

Ecological origins
blue dairy

black non-dairy

UCD 71-47
UcCD 71-52

North America 2

| NA3 | NA1 |NA2| ASI| DAI |
N AN O I\I\Nod)ﬂ"u_iv ©

NOO~O -~ O O0OmMNO G®©Oo MY N N — a o o o ™ o ® 1o — ©

TR Y TN T YY T T QO T o OT DAY oTF oo FornToowwwo o
- 38330 33h0 083N BRNRBLERREES8TBBLTEIBTEEEERS
[ = e Y W W R Rl W en Y o R n e Y I o N B« O en o W Y on o N Y ' [ o O ' [ o O R W« s a o a [ R en WY a [ s N 'a [ a [ s R en
OO 000000000V IOV a0 dJdJdJd 3000430040 4d4a4d0 4
DD DDDIDODDIDDIDDIDIDODIDIDTIDODTIDODU0UOIDIDSTIDDIDODIDOOIOODL0LLLLLLUDODLLVLLLODODLOLOLOODO
0000000000000000° 0 000000000000 00OCGOOOS


https://doi.org/10.1101/2022.09.02.506316
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 2

A.

Dairy

NAT

bioRxiv prepr

Drug

UCD 70-4
UCD 71-59
UCD 71-73
UCD 71-75

CLIB 387

CLIB 416

CLIB 417

CLIB 418

CLIB 419

CLIB 531

CLIB 532

CLIB 640

CLIB 683

CLIB 1140
CLIB 1749

CLIB 1751
CLIB 1755
CLIB 1758
CLIB 1759

CLIB 1762
[~ UCD 51-
UCD 52-
UCD 52-
UCD 52-204
HYOQ: St Hdbi.org/10.1101/2022.09.02.506316; this version posted September 3, 2022. The copyright holder for this preprint

144
163
190

Flocculation

Lactose

(which was ndt certifiid ®yspeer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity: Itis-made

NA3

NA2

Asian

~ UCD 50-
UCD 50-
UCD 50-80
UCD 50-81
UCD 51-237
UCD 51-272
UCD 57-
UCD 60-407
UCD 61-
| UCD 61-200
UCD 71-47

| UCD 71-52
UCD 67-376
UCD 69-8

| UCD 72-212

112
162

107
177

available under aCC-BY-NC-ND 4.0 International license.

Other sugar

Lactose 2%

Lactose 5%

Lactose 10%

2.01

-
(&)
'

Growth ratio
|

0.5+

0.01

n=22

n=20

n=22 n=19

* k%
N

Ce

n=22 n=20

* %k
S

57

Absence Presence

Absence Presence

Absence Presence

LAC4/LAC12 gene cluster

Number of copies
0
1
2
N 3


https://doi.org/10.1101/2022.09.02.506316
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 3

K. marxianus

K. lactis var. lactis v1

(CLIB419, CLIB 1751,
CLIB 1759 ,CBS2359),

K. lactis var. lactis v2
(CLIB 640, UCD 71-75)

UCD 70-4

K. lactis var. drosophilarum
(CBS 2105)

chr3 L

chr2 R
chr3 R

chr2 R

chr3R

chr2 R

chr3R

chr2 R
chr3R

chrd L

< FLO5 | <LAC4 | [LAC12> ((CEL2| SIDY < cYB2 | B14757> [ARGS >----

— < FLO5 | <LAC4 | [LAC12> B14839> < HMF1| < CYB2 ||B14757> |ARG8 >----

|~ C19547 C19519 ‘C19492 |:| MUC1 <C19409 C19382  URA1

[12 genes]

I/ /—< FET5][B14839> < HMF1| <CYB2 | B14751> [ARGS >----

— <FLO5 | <LAC4 | [LAC12> CEES| C19547 (C19519 ‘C19492 []< MUC1 <C19409 C19382° URA1

[12 genes]

/ /—< FET5]|B14839> < HMF1| <CYB2|B14751> [ARGS >----

|— <C19547 C19519 ‘C19492 |:| C00120> < MUC1 <C19409 C19382  URA1

10 genes [12 genes]

—/ /—/ /— < FET5 | B14839> < HMF1] <CYB2 | B14757> [ARG8 >

[ [c00100>/C00120> < MUC1 -C19409 C19382 URAT1

|—//— C19547 C19519 ‘C19492

2 genes


https://doi.org/10.1101/2022.09.02.506316
http://creativecommons.org/licenses/by-nc-nd/4.0/

