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ABSTRACT

The domestication of Saccharomyces cerevisiae, as the result of its adaptation to human-
manipulated processes, has been well analyzed by both phenotypic and genomic
approaches. However, in other yeast species with industrial applications, such as
Saccharomyces uvarum, these studies are very limited. To deepen knowledge about
possible domestication in S. uvarum, an analysis of the genetic diversity of a series of S.
uvarum strains isolated from different habitats was performed.

Our results show that the greatest S. uvarum population diversity worldwide is observed in
Patagonia, where strains of this species can be isolated from industrial and traditional
fermentations as well as from natural environments. This greater Patagonian diversity is
due to the presence of strains belonging to two genetically differentiated populations, South
America B (SA-B), and Holarctic/South America A (H/SA-A). The H/SA-A population of
Patagonia is directly related to apple fermentation environments, mainly from cider
fermentations but also, to a lesser extent, from traditional apple chicha. Our data suggest
that strains from the Holarctic population colonized Patagonia. This is possibly associated
with the introduction of apple trees by European immigrants, since the Spanish colonization
of Chile in the 16" century and the introduction of new apple tree cultivars in the upper
valley of the Negro River, Argentina, during the 19" century. During this process of
colonization, Holarctic strains hybridized with SA-B yeasts, generating a series of admixed

strains, mainly present in the traditional apple chicha fermentations.
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INTRODUCTION

Plants’, animals’, and microorganisms’ exposure to anthropic environments has led to the
emergence of adaptive divergence in response to human selection, a process known as
domestication (Gibson and Liti, 2015, Goddard and Greig, 2015).

Wild populations from which domesticated species were originated are still present,
constituting an interesting source of information for evolutionary studies related to human
history. Among yeasts, S. cerevisiae species has been the most extensively studied case
(Gibson and Liti, 2015; Gallone et al., 2016; Duan et al., 2018). However, domestication
studies in other yeasts associated with anthropogenic environments are very limited.

A population genomic study, using whole-genome sequences of 54 strains of S. uvarum,
suggested the existence of two differentiated populations in South America, named South
America A (SA-A) and South America B (SA-B), with signs of sympatric diversification
(Almeida et al., 2014). Strains from SA-A and SA-B populations were isolated from
Nothofagus spp. trees in Patagonian forests, Argentina. A third population, Holarctic,
closely related to SA-A, consisted of wild and industrial isolates from diverse geographic
origins in the Northern Hemisphere. Finally, a fourth population, Australasia, contained
wild isolates from New Zealand. This Australasian population was found to be the most
distant lineage to South American and Holarctic populations (Almeida et al., 2014).
Bioprospecting efforts isolated additional S. uvarum strains from both Araucaria araucana
forests and traditional fermentations made from feral apples (called apple chichas) in
Patagonia (Rodriguez et al., 2014; 2017). Phylogenetic analyses demonstrated that most S.
uvarum strains from apple chichas were closely related to the Holarctic strains (Rodriguez
et al., 2017). Recently, a number of S. uvarum strains associated with ciders fermented at

low temperatures in Patagonia were also identified (Gonzalez Flores et al., 2019).



O©CO~NOOOTA~AWNPE

Altogether, this extended S. uvarum strain collection suggests that Patagonia provides a
diversity of S. uvarum strains associated with diverse habitats, from the most anthropic
(cider) to the most natural habitats (Nothofagus and Araucaria forests), with interesting
intermediate environments including the traditional apple chichas.

This work aimed to evaluate the phylogeographic relationships and genetic diversity of a
complete set of S. uvarum strains obtained from different habitats at a local scale
(Patagonia). Both phylogenetic and population analyses delimited the number of S. uvarum
populations and the influence of humans on the microbial migration and diversity found in

this region.

MATERIALS AND METHODS

1. Yeast strains

A total of 123 S. uvarum Patagonian isolates, previously identified and molecularly
characterized in our laboratory, were used in this study (55 isolated from cider, 47 isolates
from apple chicha, and 21 from A. araucana) (Supplementary Table 1). Additionally,
sequences from 29 European S. uvarum strains (Almeida et al., 2014; Perez-Traves et al.,
2014), from one North American strain (UCD61-137; Almeida et al., 2014), from five
Northern Patagonian strains isolated from natural environments (strains CRUB1586;
CRUB1778; CRUB1991; CRUB1783; CRUB1782), and from three New Zealand strains
(strain ZP962; ZP963; ZP966; Almeida et al. 2014) were included for comparative
purposes (Supplementary Table 1).

2. Phylogeographical analysis

All Northern Patagonian isolates were used for the phylogeographical analysis

(Supplementary Table 1). The analysis was carried out with partial sequences of 10 nuclear
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genes: AHAL and BRES5 (located on different arms of chromosome XIVtlitIV), CAF20 (chr.
VIItXV), CAT8 (chr. XII1), CYC3 (chr. 1), GAL4 (chr. XVI), MET6 (chr. V), EGT2 (chr.
Ht1HEX1V), SAE2 (chr. VII), and VTAL (chr. XII), and the mitochondrial gene COX2. The
complete dataset explored 4536 bp of the nuclear genome and 512 bp of the mitochondrial
genome. In both sequence data sets, heterozygous sites were not detected.
PCR-amplifications were performed as described by Rodriguez et al., (2017). PCR
products were cleaned using the AccuPrep PCR purification kit (Bioneer, Inc, USA) and
submitted to a sequencing service (Macrogen Korea). The nuclear gene sequences were
deposited in the NCBI database, under accession numbers MK889401-MK889462,
MK889432-MK889462, MK889463-MK 889493, MH458339-MH458369, MH458370-
MH458400 and MH458308-MH458338 and the mitochondrial COX2 gene under accession
numbers MK909807-MK909817. Each set of homologous sequences was aligned with the
ClustalW program (Thompson et al., 1994) and concatenated with the Sequences Matrix
1.7.6 software (Vaidya et al., 2011).

2.1. Geographical dispersion

The study of the geographical dispersion was performed with the concatenated matrix of
the 10 nuclear genes and the geo-references of the isolation sites of all isolates, to locate the
haplotypes in proportion to the cartographic locations from each site. The haplotype pie
charts representation on the map was constructed using the online software PhyloGeoWiz

(http://phylogeoviz.orq).

2.2. Median Joining Network
Haplotype classification was carried out in DnaSP v5 (Librado and Rozas, 2009). Median-
joining (MJ) networks for concatenated matrix nuclear genes sequences were performed

using Network 4.5 (Bandelt et al., 1999).


http://phylogeoviz.org/

O©CO~NOOOTA~AWNPE

2.3. MisMatch Distribution (MMDI) analysis

The distribution of the pairwise differences between sequences (MMDI) makes it possible
to describe the events of population dynamics that involve a change in the size of the
population and could estimate the evolutionary forces that have occurred in the population.
The distribution tends to be multimodal in populations in equilibrium and unimodal in
populations that have suffered a bottleneck or the beginning of population expansion. The
construction of the distribution is based on the initial theta (6o) parameters that refer to the
value before population expansion, final theta 0 after population expansion, and tau (t) is
an expansion time index expressed in units of mutational time (Rogers and Harpending,
1992).

The construction of the allele frequencies distribution was carried out using the Arlequin
v3.5 software (Excoffier and Lischer, 2010). The Arlequin input file was generated by
DnaSP v5 software (Librado and Rozas, 2009). Analyses were performed with and without
geographical structuring. In the first case, groups correspond to sampling sites. These
analyses were carried out with pairwise nucleotide differences, and including estimated
parameters of demographic and spatial expansions. Subsequently, a neutrality test was
performed to compare with the results obtained with MMDI by sampling site. The
statistical significance of the MMDI distribution was estimated by the sum of the squares of
the deviations (SSDI) (Schneider and Excoffier, 1999) where the observed distribution is
compared with that expected under a null population expansion model.

3. Phylogenetic analysis

A set of 69 S. uvarum strains isolated from both natural and fermentative environments
distributed in different countries of Europe, America and Oceania (Supplementary Table 1)

were included for phylogenetic analyses using the 10 nuclear genes (mentioned above). The
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three Australasian S. uvarum strains were used as outgroups in the analysis of nuclear
genes. In the case of the mitochondrial gene COX2, 6 strains BR6-2, PM12, UCD-61-137,
ZP962, ZP963, and ZP966 were not included because their mitochondrial sequences were
not available. The best evolutionary models were selected with JModelTest 2.1.10 (Darriba
et al., 2012), and the best-fitting model was the Tamura Nei, (1993). Phylogenetic trees
were reconstructed by the Neighbor-Joining (NJ) method (Saitou and Nei, 1987) with 1000
bootstrap replicates for branch support, performed in MEGA7 (Kumar et al., 2016), as well
as with the Neighbor-net (NN) method implemented in SplitsTree 4.14.3 (Huson and
Bryant, 2006).

In addition, NJ trees and NN networks were obtained for each nuclear gene region to
compare with the previous analyses and to determine, gene by gene, which alleles were
present in each strain.

4. Population structure analysis

We used the individual-based Bayesian clustering methods implemented in STRUCTURE
2.3.4 (Pritchard et al., 2000) to investigate population subdivisions with admixture in S.
uvarum, with the concatenated sequence alignments of the nuclear gene regions.
STRUCTURE was calculated for the 69 S. uvarum strains with 10 independent analyses
carried out for each number of clusters K (1 < K <10), with 500 000 MCMC interactions
after a burn-in of 50 000 steps. We determined the significant number of groups (K)
(Evanno et al., 2005) with the program STRUCTURE-HARVESTER version 0.6.94 (Earl
and von Holdt, 2012). Allele frequencies were assumed to be correlated among
populations, and the ancestry model allowed for admixture. CLUMPP v1.1.2 (Jakobsson

and Rosenberg, 2007) was used to compute the similarity coefficient between replicate
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simulations of STRUCTURE. Structure plot V2.0 was used for graphical representations
(Ramasamy et al., 2014).

5. Genetic diversity among populations

DnaSP v5 (Librado and Rozas, 2009) and Arlequin 3.1 (Excoffier and Lischer, 2010) were
used to calculate genetic diversity statistics, such as nucleotide diversity (x), the number of
segregating sites (S), the pairwise absolute divergence (Dxy) and the fixation index Fsr.
Similarly, both Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu, 1997) tests, as well as the
nucleotide distances between populations, were calculated by using MEGA7 (Kumar et al.,
2016).

The intraspecific haplotype variability (IHV) was calculated as the proportion between the
number of haplotypes over the total of isolates from the sampling site.

6. Recombination analysis

Alignments of the 10 individual nuclear gene regions were analyzed with the RDPv4.97
software (Martin et al., 2015) to detect putative recombination events at the within-gene
level. No significant recombination points were detected by at least two of the total methods
implemented in RDP after applying Bonferroni corrections for multiple comparisons.

7. Evolutionary relationships in S. uvarum

A time tree for the S. uvarum concatenated sequences was inferred using the Reltime
method (Tamura et al., 2012) implemented in MEGA7 (Kumar et al., 2016). For this
purpose, we excluded those strains that appeared as admixed in the STRUCTURE analysis,
resulting in a set of 51 strains. The analysis was based only on synonymous substitution
(supposedly neutral) and the distances obtained with the Li-Wu-Luo method (Li et al.,
1985). The time tree was computed using 1 calibration constraint, a time of divergence of

35-80 Mya between the Australasian and the South America B populations, based on the
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paleogeographic reconstructions and biogeographic patterns reported by Sanmartin and
Ronquist, (2004).

RESULTS

1. Population dynamic in Patagonian S. uvarum strains

To evaluate the phylogeographic relationship and detect evidence of gene flow among S.
uvarum strains from different origins in Patagonia, a multilocus sequencing approach using
10 nuclear genes was carried out for a set of 123 isolates from natural habitats, apple
chichas and ciders (Supplementary Table S1). A geographical representation of the
dispersal of this species in Patagonia, including the number of isolates obtained from each
sampling area, is depicted in Figure 1A.

The concatenated sequence data obtained from the 10 nuclear genes analyzed, allowed the
identification of a total of 31 different haplotypes. Only one haplotype, represented by the
isolate NPCC1309, was found in different sampling sites, including Villarrica, TirGa, and
Pucén. The haplotype diversity was indicated in Figure 1B and the relation between isolates
and haplotypes by sampling site was included in Table 1. The lowest diversity (7 %) was
observed among the isolates from cider, a well-established industrial fermentation; while
the highest diversity values were found in natural habitats (50-54 %) as well as in apple
chicha, a traditional fermentation process (30-50 %) (Figure 1B).

A haplotype network was obtained using the sequences of the 10 nuclear genes of all
isolates from the Patagonia (Figure 1C). For this analysis, five additional strains obtained
from natural habitats in a previous study (Almeida et al., 2014) were included as references.
Two groups, named i and ii, were clearly differentiated in the haplotype network. The
absence of subtended edges connecting a haplotype with two differentiated groups might

indicate either limited or null gene flow between groups. It is interesting to note that group i

9
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included strains from three origins: industrial processes (cider), traditional fermentation
(apple chicha), and natural environments. The branched structure of this group indicates a
close relationship among these strains (Figure 1C).

Haplotypes from sampling areas Cipolletti, Tromen, Villarrica, and TirGa (indicated with
dotted lines in Figure 1C) clustered together, supporting a putative common origin. In
contrast, haplotypes obtained from Huechulafquen and Pucén did not show geographical
structure, indicating possible migration events in these areas.

We performed a Mismatch Distribution (MMDI) analysis of the Patagonian strains. All 123
Patagonian isolates were firstly analyzed together (general analysis), and the same analysis
was repeated taking into consideration each particular sampling area (Figure 2). In the
general analysis, the model predicted a multimodal distribution, congruent with a
population in geographical equilibrium. The same distribution was observed in most sites
analyzed separately, except for the Cipolletti and Pucdn areas that exhibited unimodal and
bimodal distributions, respectively (Figure 2).

In all sites showing multimodal distribution, the neutrality tests indicated population
expansion events (Table 1). This can be observed mainly in the Huechulafquen and Tromen
areas, where both indices (Tajima’s D and Fs) were significant and the 61 values were very
high with respect to the initial population 6o.

In the Cipolletti sampling area, all 55 isolates were obtained from a unique fermentation
process, a cider spontaneously fermented at 13°C (Gonzélez Flores et al., 2019). Although
the number of isolates was relatively high, both the sampling sources and the number of
haplotypes (4) were very low. In this sampling area, the SSD adjustment of MMDI and the
neutrality tests (Tajima’s D and Fs) with positive and significant values, suggest a possible

recent selective sweep or a population contraction after a recent bottleneck (Table 1). Also,

10
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the comparison of both 69 and 61 indices (Table 1), suggests a lack of population growth in
relation to the other origins. In the Pucon sampling area, the adjustment of the MMDI
model was not significant, indicating a population bias probably due to the low number of
samples (Table 1).

2. Patagonian S. uvarum strains belong to the South America A/Holarctic lineage

The phylogenetic relationships within the complete set of S. uvarum strains from Patagonia
was inferred through the reconstruction of both a NJ (Neighbor Joining) phylogenetic tree
and a NN (Neighbor Net) phylogenetic network. A randomly selected strain for each
haplotype (Figure 1C) was included in the NJ phylogenetic analysis (Supplementary Table
S1). Representative strains from each lineage described by Almeida et al., (2014) were also
included in this analysis (Figure 3).

Three clades, named A, B and C, were supported by high bootstrap values (Figure 3 and
Supplementary Figure S1). Clade A included strains from Holarctic (H) and South America
A (SA-A) populations defined by Almeida et al. (2014), and it was highly heterogeneous
due to the large geographic distribution of the strains (Europe, North, and South America)
and the diverse ecological niches: natural and anthropic (fermented beverages). All cider
strains from Cipolletti (site F in Figure 1B) grouped with clade A.

Clade B contains the South American (SA-B) strains, and it was only composed by strains
isolated from natural habitats in Patagonia, including all strains from Tromen (site A in
Figure 1B) and the strain NPCC1293 isolated from Huechulafquen (site B in Figure 1B).
Finally, clade C contains the Australasian population.

In order to associate the phylogenetic clades to populations, a population structure analysis
was carried out with STRUCTURE software. Population structure inference indicated the

presence of two highly supported genetic clusters or populations (K=2) among the analyzed

11
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strains. One of these clusters was assigned to the Australasian strains and the other cluster
contained all remaining isolates (Figure 3). In a second analysis, we excluded the
Australasian strains due to marked divergence with the rest of the strains. In this analysis,
an optimal K of 2 was obtained, supporting the phylogenetic result. K1 contained
Holarctic/South America A (H/SA-A) lineages defined previously by Almeida et al., 2014,
and K2 contains all SA-B strains (Figure 3 and Supplementary Figure S2). Due to the
impossibility of differentiating the SA-A population from the Holarctic in our analysis, we
used a unique name H/SA-A to refer to strains of both populations.

The population structure analyses were represented according to the phylogenetic tree
position of the strains. The same analyses ordered by Q values were depicted in
Supplementary Figure S2 to differentiate the populations and the admixed strains.

In the population structure analysis carried out excluding Australasian strains, one
population was coincident with clade B (SA-B) in the NJ tree. This population was
composed of strains isolated from natural environments, including all those isolated from
Tromen (site A in Figure 1A) as well as strains CRUB1783, 1778, and 1991, belonging to
population SA-B according to Almeida et al., (2014). The second population corresponded
to clade A (H/SA-A) in the NJ tree and grouped all European and North American strains,
as well as all Patagonian strains isolated from apple fermentation (apple chicha and cider).
Finally, 16 strains included in Clade A (H/SA-A) according to the NJ tree, showed different
degrees of admixture between H/SA-A and SA-B. All of them were obtained from
Patagonia, except for strains UCD61-132 and CECT12600 from North America and Spain,
respectively. Seven of the Patagonian admixed strains were obtained from natural
environments, and the other nine were isolated from apple fermentations carried out in

different sampling locations (Cipolletti, Tirta, Pucon, and Villarrica) (Figure 3).
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Alignments of the 10 individual nuclear gene regions were analyzed with the RDPv4.97
software (Martin et al., 2015). No significant recombination points were detected by at least
two of the methods implemented in RDP, after applying Bonferroni corrections for multiple
comparisons.

Once intragenic recombination was discarded as the responsible for admixture genotypes,
gene-by-gene NJ (data not shown) and NN phylogenetic reconstructions were obtained to
determine if allele segregation after hybridization could explain the admixture patterns.
Neighbor Net reconstructions are depicted in Supplementary Figure S3, Ato J. The
phylogenetic reconstructions of these ten genes were consistent with the results obtained in
the population structure analysis. In 7 gene phylogenies, alleles present in pure strains from
clades A (H/SA-A) and B (SA-B) appeared in two different groups. One group included
alleles from clade A pure strains and the other group included those from clade B pure
strains. Alleles from admixed strains appeared in one group or the other, depending on the
gene. The exceptions were genes BRE5, MET6, and SAE2. In the case of BRES5, two groups
of alleles were clearly separated; however, several Holarctic strains that appeared as
belonging to clade A (H/SA-A) according to the population structure analysis, shared
alleles with some of the pure strains from clade B (SA-B). In the other two cases (MET6
and SAE2 genes), alleles were intermingled and could not be separated into two clear
groups. Ancestral polymorphism segregation could be responsible for the low
discriminatory power of these genes, as well as the results obtained with BRES.

Therefore, we can classify the alleles of the strains according to the groups in which they
cluster for each gene (Supplementary Figure S4). This way, strains significantly belonging
to clades A (H/SA-A) or B (SA-B), contained 9-10 alleles included in the same group, and

admixed strains contained different combinations of alleles from both groups, except for

13
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the North American strain UCD61-137, considered as admixed in the population structure
analysis but containing no SA-B allele.

Groups by population structure and geographic location were considered to perform
divergence and diversity comparisons among them. The Holarctic population was divided
into all the pure Holarctic strains from the Northern Hemisphere (HOL-EU) and from
Patagonia (HOL-PAT). Also, in Patagonia, the Admixture group (ADM)- formed by strains
with different degrees of mixture of the HOL and SA-B population- and SA-B
monophyletic group were observed.

The nucleotide diversity (x) calculated for all the strains used in this analysis, excluding the
strains of the Australasia population (AUS), was = = 0.0061. However, the = value obtained
for all Patagonian strains (including those isolated from both natural and fermentative
environments) was © = 0.0057 and the one obtained for the European Holarctic strains
(HOL-EU) was = = 0.0032. This difference indicates that diversity is higher in Patagonia
than in all the Northern Hemisphere. An explanation for this difference could be the great
diversity observed within the strains included in SA-B population (x = 0.0052) as well as in
the admixture strains (ADM) where the diversity was © = 0.0055 (17 Patagonian strains
with different degrees of admixture were considered to calculate this value, as indicated in
Supplementary Figure S2). When non-admixed Holarctic strains isolated from fermentative
environments in Patagonia (HOL-PAT) were analyzed, the nucleotide diversity (r =
0.0032) was similar to that observed in the HOL-EU strains.

Both the pairwise absolute divergence (Dxy) and the fixation index Fst were calculated
among these populations (Table 2). Results evidenced the lowest Dxy and the highest Fst
between the HOL-EU and HOL-PAT populations, indicating a putative common origin

(Table 2). The SA-B population showed the same degree of divergence (according to both
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Dxv and Fsrindices) with both HOL-EU and HOL-PAT populations. On the other hand,
the ADM strains showed the lowest Dxy and the highest Fst when compared with both
HOL-EU and HOL-PAT populations and SA-B population, indicating that ADM strains are
more similar to the Holarctic population (Table 2). These results are congruent with the
population structure analysis (Supplementary Figure S2) and with the position these strains
occupied in the phylogenetic tree (Clade A, Figure 3). Finally, the AUS population is the
most divergent compared to any of the other populations (Table 2).

3. Time tree in S. uvarum

A divergence time tree analysis was performed to estimate the most ancestral population in
Patagonia (Figure 4). All 18 admixed strains were removed from this analysis and only the
synonymous sites were used. With this new alignment, a tree topology similar to that
depicted in Figure 3 was obtained. The calibration of the time tree was based on the
estimates of 35-80 Mya for the divergence of the Australasian (corresponding to clade C)
and the Southern South American (corresponding to clade B) biogeographic areas proposed
by Sanmartin and Ronquist, (2004), as shown by different paleogeographic reconstructions
and biogeographic evidence. According to these approximate divergence times, and in
agreement with the nucleotide diversity estimates, the SA-B population is the early
divergent Patagonian lineage and it is autochthonous to Patagonia (Figures 3 and 4).

4. Phylogeny of S. uvarum at the mitochondrial level

To determine the level of congruence between nuclear and mitochondrial genomes the
sequences of the mitochondrial gene COX2 were analyzed for the 63 S. uvarum strains.
Strains ZP962, ZP963, ZP966, PM12, BR6-2, and UCD61-137 were not included in this
analysis because their mitochondrial DNA sequences were not available. COX2 gene was

selected because of its high discriminatory power to differentiate S. uvarum strains (Pérez-
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Través et al., 2014; Rodriguez et al., 2017). The Neighbor Net phylogenetic analysis
(Figure 5A), evidenced two big groups named i and ii. Group i included only strains from
Patagonian natural habitats. This group was formed mainly by strains from Huechulafquen
including admixture strains (according to the population structure analysis performed with
the nuclear genetic structure) as well as the strain NPCC1293 belonging to the SA-B
population. Group ii was more heterogeneous and included all the European strains (from
both natural and fermentative environments), all Patagonian strains from fermentation as
well as some Patagonian strains from natural environment (Figure 5A). Within this large
group, three haplotypes (named H1-H3) included all European strains and most
fermentative strains from Patagonia. A distant subclade appears in the group ii that includes
admixed strains (according to their nuclear gene sequences) isolated from apple chicha in
TirGa. Interestingly, these strains showed a small portion of 40 bp (from the 472 bp position
of the amplicon) in their COX2 sequences that showed 100% similarity with S. cerevisiae
S288c COX2 (Supplementary Table S2). This could be due to an introgression event at the
mitochondrial level as previously described for many Saccharomyces yeasts (Peris et al.,
2017). By excluding this region from the analysis, the new NN phylogenetic network was
less branched (Figure 5B), with two large groups of similar characteristics to those
observed previously (Figure 5A). However, in this new analysis, the small group of strains
with the S. cerevisiae introgression is located within the group i, together with strains from
natural habitats (Figure 5B).

To compare the mitochondrial information with the nuclear data, NJ trees were also
obtained with the COX2 sequences, including and excluding the S. cerevisiae introgressed
region. These NJ trees showed topologies consistent with the NN networks, although the

NJ trees were less informative (Supplementary Figure S5). Both the structure and topology
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observed at the nuclear level were not the same observed at the mitochondrial level, even
using the same methodology of analysis. These results suggest that the evolutionary
histories of both nuclear and mitochondrial genomes were not coincidental, probably due to
hybridization and segregation between the SA-B and H/SA-A populations, which seems
more evident at the mitochondrial level.

Regarding the nucleotide diversity in the mitochondrial gene COX2, the n values calculated
with and without the DNA region from S. cerevisiae were 0.137845 and 0.10964,
respectively. Comparing this index with the nucleotide diversity calculated at the nuclear
level, similar, and even higher values were observed (considering the data with the S.
cerevisiae region), indicating that this mitochondrial gene is highly polymorphic. Finally,
the Neutrality Test indicates a population expansion model similar to that observed at the
nuclear level, although the results were very different when considering the data with or
without the S. cerevisiae portion (Fs: -25.6915 and D: -1.91995 vs Fs: -1.48692 and D: -
2.04246, respectively).

DISCUSSION

1. Introduction of domesticated Holarctic S. uvarum strains into Patagonia

Besides the well-reported presence of S. uvarum in natural habitats in Patagonia (Libkind et
al., 2011; Rodriguez et al., 2014), the recent discovery of this species from apple chichas
(Rodriguez et al., 2017) and ciders (Gonzalez Flores et al., 2019), fermented at low
temperature in the same region, bring out a new interesting picture about the diversity of
this species in South America. In the present work, phylogenetic analysis carried out using
multilocus-sequence data evidenced the presence of three clades that seem to correspond
with those named A, B, and C obtained using a whole-genome sequencing approach by

Almeida et al., (2014). Additionally, population structure analysis supports the existence of
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two populations in Patagonia named SA-B and H/SA-A, the last one including those
identified as SA-A and Holarctic by Almeida et al., (2014). These authors proposed the
differentiation of both SA-A and the Holarctic populations based on the geographic origin
of the strains and the basal position of the SA-A strains in the clade A of the phylogenomic
tree. They also suggested that SA-A is an autochthonous population from Patagonia that
originated the Holarctic population (in Europe), manifesting a migratory flow direction
from Patagonia to Europe. The authors proposed that the differentiation between
populations SA-A and SA-B in sympatry in Patagonia could be a result of geographical
barriers that separated Nothofagus species during the glaciation periods (Mathiansen et al.,
2010). However, the presence of admixed strains (between SA-B and Holarctic population)
inside SA-A population was puzzling.

The inclusion of our new set of strains from fermentative environments in Patagonia
supports the previous phylogenetic structure (Almeida et al., 2014); however, SA-A and
HOL populations were not displayed as two independent clades. It might suggest that both
lineages are subpopulations of a unique H/SA-A population. Additionally, the SA-A
population (that now included all S. uvarum strains isolated from Patagonian apple chicha
and cider) does not appear to be pure, but rather a mixture between SA-B and HOL
populations.

Taking into consideration that SA-B diverged earlier than the HOL population and that it is
the most biodiverse group, it seems probable that the common ancestor of both populations
was autochthonous from Patagonia, a conclusion supported by both the divergence tree and
the highest diversity in the SA-B population. The discovery of several HOL strains in
Patagonia and the absence of SA-B strains in Europe, support the hypothesis of a later

introduction of European Holarctic strains in Patagonia (colonization hypothesis). This
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phenomenon, previously suggested by Rodriguez et al., (2017), is reinforced in this work
according to our new results. The colonization hypothesis is also supported by the presence
of clearly Holarctic strains in Patagonian fermentations. The arrival of these "immigrant"
strains can also explain the presence of admixed strains only in Patagonia (and not in
Europe, which would confirm the direction of this migratory flow) as a result of
hybridization events with the autochthonous population SA-B.

The most likely scenario for the introduction of the Holarctic population in Patagonia is
through apple introduction because the purely Holarctic populations of Patagonia were
found only in fermentative environments related to this fruit (both chicha and cider).
Additionally, S. uvarum has frequently been isolated from European ciders, reaching
similar or even higher population levels than the ones of S. cerevisiae (Morrissey et al.,
2004; Coton et al., 2006; Suérez Valles et al., 2007). The history of the introduction of
apple in Chilean Patagonia (where apple chicha strains were isolated) is different from the
Argentinian one (strains isolated from cider). Apple trees were planted in Chile by Spanish
colonizers during the 16" century and later dispersed by nomadic Mapuche communities in
the Andean Northern Patagonia (Calvo et al., 2010; Rodriguez et al., 2017). During the
19th century, new European immigrants established in the upper valley of the Negro River
(Cipolletti area, Argentina), and introduced new domesticated cultivars of apple trees and
vines (Bendini, 2005). Based on these historical facts, we could suggest different migration
events of the S. uvarum Holarctic population detected in apple chichas (Chile) and ciders
(Argentina). This phenomenon might explain the higher genetic variability in apple chichas
than in ciders (purely Holarctic), mainly due to the presence of mixed strains with the SA-B
population, and the possible event of contraction in the population size detected in the

MMDI analysis in the last strains.
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In a deeper analysis, we observed that in the TirGa region there are 70% purely Holarctic
strains and 30% admixture strains bearing less than 28% of SA-B alleles. Interestingly, this
sampling site is the furthest from the places where representatives of the population SA-B
are located. In Villarrica and Pucdn regions, closer to the locations where SA-B population
strains are frequently isolated, the percentage of admixture is higher (between 50 and 100%
of the strains). Finally, in Cipolletti region, the percentage of purely Holarctic strains was
75% and only one admixed strain bearing less than 10% of SA-B alleles was detected.
Interestingly, in this cider producer region from Argentina, apple cultivars were introduced
300 years later than the first introduction event in Chile.

The phylogeographic events that are directly related to the different habitat and the
complex population dynamics observed in S. uvarum in Patagonia have also been described
for other species. In general, it has been assumed that neutral selection events are the main
forces governing in natural habitats, contrarily to the directed selective pressures observed
in the anthropic environments. In this sense, Arias, (2008) evaluated the effect of neutral
evolution in wine and non-wine populations of S. cerevisiae. The author evidenced that the
wine strains were subjected to a positive (or directional) selection force favouring a certain
type of genotypes, while neutral evolution was observed within the non-wine strains. In the
most anthropic environment evaluated in this work (cider), a unimodal model shifting to the
left was observed indicating a marked effect of directional selection and a contraction with
a drastic selective sweep of the population. This model evidences an artificial selection
(domestication) event occurring in this anthropic environment. This type of selection is
likely to occur in the most anthropic environment possessing a series of yeast stressful
practices that are not present in traditional fermentations, such as the use of sulfite as an

antimicrobial agent (Pérez-Ortin et al., 2002; Gonzalez Flores et al., 2019).
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Regarding migratory events, human-associated microbial dispersions have already been
described for Saccharomyces paradoxus (Zhang et al., 2010). S. paradoxus strains isolated
from New Zealand oaks were genetically related to European strains of the same species.
The authors suggested that these strains may have been introduced recently in association
with the oak acorns (Quercus robur) brought in by European immigrants.

Also, it has already been described that one important factor contributing to the adaptive
potential of introduced species is the generation of intraspecific hybrids (admixis). The
benefits of admixture include increased genetic variation as well as the formation of
individuals with novel trait combinations through segregation and recombination (Dlugosch
et al., 2008). The advantage of these admixed individuals may be modest in the native
environment where local adaptations are well established (Verhoeven, 2010). However,
they can become relevant in new environments such as apple fermentation. Interestingly,
most admixture strains were found in fermentative environments. Moreover, the low
number of admixture strains in natural environments denotes that the cost of maintaining
hybrid genomes is greater than the adaptive benefit obtained by yeasts in these natural
environments, in which ancestral genomes are well adapted.

2. Complex ancestries in the S. uvarum strains from Patagonia are also evidenced in
the mitochondrial DNA

The analysis of the sequences of the mitochondrial gene COX2 revealed a much more
complex history than that resolved by the analysis of the nuclear genome. This complexity
included the existence of gene flow between both H/SA-A and SA-B populations detected
in Patagonia. This flow is particularly evidenced in a group of strains included in Group i of
the Neighbor-net phylogenetic network of the S. uvarum COX2 mitochondrial gene. This

group, genetically distant from the rest, included strains belonging to population SA-B, as
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well as strains belonging to population H/SA-A, all of them associated with natural habitats
in Patagonia.

Although the analysis of the whole mitochondrial genome, or at least several genes, could
yield more accurate results, the situation observed in the COX2 gene also evidences the
existence of a certain degree of contact between fermentative and natural populations of
this species in Patagonia.

Finally, it is interesting to note the presence of introgression of S. cerevisiae COX2 among
the analyzed strains. These are typical events associated with a reticulated evolution, which
can rapidly confer adaptive advantages to the organisms during the colonization of a new
niche, as described by Peris et al., (2014; 2017). Several examples of introgressions have
been described in S. eubayanus (Peris et al., 2017), S. uvarum (Almeida et al., 2014), and S.
cerevisiae (Legras et al., 2018). In this work, the S. cerevisiae fragment was observed in
four strains obtained from apple chicha (Tirda area). This fragment could confer an
adaptive advantage since the same recombination site was previously reported by Peris et

al., (2017) as a hot spot of recombination associated with a GC cluster.

CONCLUSIONS

Patagonia is an ideal place to study the evolutionary dynamics and natural history of S.
uvarum. Results obtained in this work added to those generated in a few previous works
about this species (Almeida et al., 2014; Rodriguez et al., 2014), depicting a more complete
scenario of the S. uvarum population dynamics. Some of the most important conclusions
obtained from our work are: i) there is no SA-A population as such, but rather it is a
paraphylic group within the Holarctic population, represented by admixture strains between

the SA-B and Holarctic populations described previously; ii) SA-B and H/SA-A
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populations, which separated a long time ago, together with the low diversity detected in
the H/SA-A population, are evidence of a founding effect from an ancestral population
localized in Patagonia which caused a clear differentiation of both SA-B and H/SA-A
populations; iii) there has been a recent introduction or migratory invasion event of the
Holarctic population into Patagonia and this population has made contact with the ancestral
population (SA-B) allowing the generation of admixture strains in Patagonia associated
with fermentative environments; iv) an invasion phenomenon has been detected in
fermentative environments, which promotes the selection of Holarctic alleles or the
generation of admixture events and restricts the scenario in Patagonia to strains from
fermentative habitats (purely Holarctic or admixed) and natural strains (purely SA-B). This
implies that both populations are being selected against directions given the adaptation to
the different environments, which promotes a barrier not so much geographic but rather
adaptive, and even allows a sympatric evolution in Patagonia, encouraging the preservation

of the great diversity reported for the species in South America.
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FIGURE LEGENDS

Figure 1: A. Geographic distribution of S. uvarum isolates. The circle size indicates the
number of isolates per sampling area. B. Bar plot of the frequency of haplotypes for each
sampling area. A: Tromen, Argentina; B: Huechulafquen, Argentina; C: TirGa, Chile; D:
Villarrica, Chile; E: Pucon, Chile; F: Cipolletti, Argentina. IHV: The intraspecific haplotype
variability represents the proportion between the number of haplotypes over the total of
isolates from the sampling site. The arrows indicate the only haplotype that was isolated in
different sampling areas. C. Median Joining (MJ) network net reconstructed using the
concatenated partial sequences of ten nuclear genes (AHAL, BRE5, CAF20, CATS8, CYC3,
GAL4, MET6, EGT2, SAE2, and VTAL). All the strains belong to North Patagonian Culture
Collection NPCC (Neuquén, Argentina), except for the strains CRUB1778, CRUB1586,
CURB1991, CRUB1782, CRUB1783 used as external reference yeasts. Circles represent
individual haplotypes, and the circle size is correlated with the number of isolates of each
haplotype, scaled according to the legend.

Figure 2: Mismatch distribution (MMDI) analysis of all the haplotypes of S. uvarum of
Northern Patagonia. Dotted line, the observed pairwise difference data are represented, and
continuous line, those predicted by the model.

Figure 3: Neighbor-Joining (NJ) phylogeny of 69 strains based on concatenated (4536
positions in the final dataset) nuclear genes (AHAL, BRE5, CAF20, CAT8, CYC3, GAL4,
MET6, EGT2, SAE2, and VTAL). The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Tamura Nei model (Tamura and Nei, 1993)
method and expressed as the number of base substitutions per site. The three main clades are
marked by letters A, B, and C. P The population structure analysis is represented laterally to
the right of the phylogenetic tree. The optimal K=2 was determined according to the Evanno
et al. (2005) Test. Wo AU: Population structure without the Australasian strains. W AU:
Population structure including Australasian strains. Both panels to the right of the tree
indicate the origin and source of isolation of the strains. Origin: South America in white,
Europe in black, North America in plaid and Oceania striped. Source: Wild environments in

green, apple chicha in pink, cider in blue, wine in purple, beer in brown and unknown in grey.
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Figure 4. Time tree inferred using the Reltime method and estimates of branch lengths
inferred using the Neighbor-Joining method. The time tree was computed using 1 calibration
constraints. The analysis involved 51 nucleotide sequences. All positions containing gaps
and missing data were eliminated. There were a total of 1494 positions in the final dataset.
In blue, green, and black, all the pure Holarctics, SA-B and Australasian strains were
collapsed. The numbers in bold located above each clade represent the millions of years
(Myr) in which the clade diverged. Italic numbers under each clade indicate bootstraps
values. Values below H/SA-A, SA-B, and Australasian labels indicate the nucleotide distance
* sd inside the clade. The values in the middle of the arrows indicate the nucleotide distance
between clades.

Figure 5. Neighbor-net phylogenetic network of the S. uvarum COX2 mitochondrial gene.
The scale represents the number of nucleotide substitutions per site. A: Neighbor-net
including the introgressed region (512pb). B: Neighbor-net phylogenetic network excluding
the introgressed region (472pb). Both panels to the left of the label indicate the origin and
source of the strains. Origin: South America in white, Europe in black. Source: Wild
environments in green, apple chicha in pink, cider in blue, wine in purple, beer in brown and
unknown origin in grey.

Supplementary Figure 1. Neighbor-net phylogenetic network of the S. uvarum using ten
nuclear genes (AHA1, BRES, CAF20, CAT8, CYC3, GAL4, MET6, EGT2, SAE2, and VTAL).
The scale represents the number of nucleotide substitutions per site. In blue, green, and black
all strains corresponding to clade A B and C of the phylogenetic tree (NJ Figure 3) were
represented respectively. The names of each culture collection were abbreviated with their
first two letters.

Supplementary Figure 2. Structure population order by Q value. Both panels below the
labels strains indicate the origin and source of isolation of the strains. Origin: South America
in white, Europe in black and North America in plaid. Source: Wild environments in green,
apple chicha in pink, cider in blue, wine in purple, beer in brown and unknown in grey.
Supplementary Figure 3. Neighbor-net phylogenetic network of the S. uvarum of different
nuclear genes. S3.A-J corresponds to AHAL, BRE5, CAF20, CAT8, CYC3, GAL4, METS6,
EGT2, SAE2, and VTAL nuclear genes respectively.
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Supplementary Figure 4. Summary of the allele contribution of each gene as observed in
Supplementary Figures 3.A-J. In blue and green, the strains that have H/SA-A and SA-B
alleles for each gene are represented respectively. In orange, those alleles that are located in
an intermediate position of the Neighbor-net are represented and the origin of the allele
(indeterminate) is not clear. Both panels above the strains labels indicate the origin and source
of the strains. Origin: South America in white, Europe in black and North America in plaid.
Source: Wild environments in green, apple chicha in pink, cider in blue, wine in purple, beer
in brown and unknown origin in grey. The bar plot represents the amount of H/SA-A or SA-
B alleles that each strain contains.

Supplementary Figure 5. Neighbor-Joining (NJ) phylogeny of 63 strains based on
concatenated COX2 gene. The tree is drawn to scale, with branch lengths in the same units
as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Tamura Nei model (Tamura and Nei, 1993) method and
expressed as the number of base substitutions per site. S5.A: Phylogenetic tree including the
introgressed region (512pb). S5.B: Phylogenetic tree without introgressed region (472pb).
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