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Abstract

Nowadays, the presence of Saccharomyces cerevisiae has been assessed in both wild and
human-related environments. Social wasps have been shown to maintain and vector S.
cerevisiae among different environments. The availability of strains isolated from wasp
intestines represents a striking opportunity to assess whether the strains found in wasp
intestines are characterized by peculiar traits. We analysed strains isolated from the in-
testines of social wasps and compared them with strains isolated from other sources, all
collected in a restricted geographic area. We evaluated the production of volatile me-
tabolites during grape must fermentation, the resistance to different stresses and the
ability to exploit various carbon sources. Wasp strains, in addition to representing a
wide range of S. cerevisiae genotypes, also represent large part of the phenotypes char-
acterizing the sympatric set of yeast strains; their higher production of acetic acid and
ethyl acetate could reflect improved ability to attract insects. Our findings suggest that
the relationship between yeasts and wasps should be preserved, to safeguard not only
the natural variance of this microorganism but also the interests of wine-makers, who
could take advantage from the exploitation of their phenotypic variability. Copyright
© 2016 John Wiley & Sons, Ltd.
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Introduction

Saccharomyces cerevisiae is one of the most-used
microorganisms, exploited by humans over the last
9000 years in food and beverage production (Mc-
Govern et al., 2004). It is surprising that, despite
the wide knowledge obtained by the use of this mi-
croorganism in several biological topics, under-
standing of its genetic and phenotypic potentials
is only in its early stages. Such a lack of knowl-
edge is mainly due to the late recognition of S.
cerevisiae as a "wild’ organism (Liti et al., 2009),

Copyright © 2016 John Wiley & Sons, Ltd.

residing in habitats different from those associated
with human activities. S. cerevisiae is known for
its ability to ferment grape must and confer to the
fermentation product peculiar aromatic characteris-
tics. Strains have been largely selected and used as
inocula to conduct alcoholic fermentation and pre-
vail over other natural microbiota present in fresh
must. S. cerevisiae strains characterized by particu-
lar abilities to grow in must and to produce pleas-
ant metabolites have been selected by wine-
makers since the nineteenth century (Muller-Thur-
gau, 1896). Hyma et al. (2011) suggested that the
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differences in fermentation aromas produced by
wine and wild strains can be perceived by humans,
thus providing a fundamental contribution to
explaining the effect of human selection on yeast
phenotypes. The same authors also concluded that
every individual descending from the wine ances-
tor is probably a ’pleasant fermentor’. The authors’
assumption of the phenotypic uniformity of the
wine clade was justified by the fact that, at the time
of their study, almost every strain of this clade was
isolated from wineries, and most of them were ar-
tificially selected because of their ability to carry
out pleasant fermentations. Recently, this genetic
cluster has been broadened after the isolation of
strains belonging to different sources and geo-
graphic regions (Fay and Benavides, 2005; Legras
et al., 2007; Liti, 2015; Liti et al., 2009). Compar-
ison of strains isolated worldwide represents an un-
precedented possibility to describe S. cerevisiae
populations, but it has to be carefully considered
that the variation over geographic locations could
play a relevant role in defining yeast evolution. It
cannot be excluded that at smaller geographic
scales sympatric wild and human-related strains
show a different pattern of phenotypic divergence,
due to convergent local adaptations and/or gene
exchanges between wild and wine strains. Knight
et al. (2015) made a step forward in distinguishing
niches by geographic location. Indeed, they
showed that Saccharomyces cerevisiae strains iso-
lated from different sources around vineyards at a
scale of > 100km in New Zealand can produce a
vineyard-specific aromatic bouquet of ferments.
The same strains also bore a genotype differing ac-
cording to the geographic origin of the strains,
rather than to their isolation source (Knight and
Goddard, 2015). These results suggest that the fer-
mentation phenotypes expressed by strain are more
related to their genetics than to the hypothetical se-
lective pressures they experience in different
sources of isolation.

S. cerevisiae strains have been shown to be vec-
tored among different environments by animals
(Francesca et al., 2012; Goddard et al., 2010;
Hyma and Fay, 2013; Wang et al., 2012). Such
movements may have mixed strains bearing differ-
ent phenotypes, thus preventing the identification
of traits specific for each isolation source. Our
group has recently shown that S. cerevisiae can
be maintained in natural environments and vec-
tored by social wasps (Stefanini et al., 2012). The
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same study revealed that yeasts can persist inside
wasp guts for a long time, due to trans-generational
transmission among adult wasps and their off-
spring. Yeasts found in wasp guts bear all the local
yeast genetic variance, descending both from wild
and wine ancestors.

The association of S. cerevisiae and social
wasps and the observation that wasps host
yeasts all year long represent a striking opportu-
nity to dissect the phenotypic variability of this
microorganism. Since social wasps are vectors
of this yeast, whichever is the direction of the
spread of microorganisms (either from the cellar
to the vineyard or vice versa), the yeast strains
present in wasp intestines could represent all
the phenotypes observed in a given geographical
area. We have thus established an experimental
design taking advantage of two main points:
(a) the use of sympatric strains allowing the re-
moval of a confounding systematic bias associ-
ated with a population structure produced by
geographical distances; (b) the availability of
strains directly isolated from the intestines of so-
cial wasps (without culture enrichment),
allowing exploration of the phenotypic variabil-
ity of strains found in natural vectors.

The main aim of the study was to ascertain
whether strains occurring in the vector show
specific traits. With this in mind, we analysed
several phenotypes, ranging from the production
of volatile metabolites to resistance to stress and
the ability to exploit carbon sources in a set of
S. cerevisiae strains isolated from different
sources of a restricted geographic area. This area
encompasses the Chianti hills (Tuscany, Italy),
an important centre of origin for S. cerevisiae
human-related strains, where wine fermentation
is documented to have been in use since at least
the third century BC (Robinson, 2006). We also
included strains isolated from the intestine of
wasps collected on Elba Island (Tuscan archipel-
ago), the vast majority of whose territory was
dedicated to vineyards until the recent past
(40-50 years ago). Strains have been compared
in phenotypes with strains widely used for labo-
ratory and wine fermentation purposes. The
availability of strains isolated from wasp guts
belonging to the wine cluster and to other ge-
netic clades allowed measurement of the rele-
vance of ancestry to the fermentation
characteristics of these strains.
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Materials and methods

S. cerevisiae strains

Ten S. cerevisiae strains isolated from social wasp
intestines were selected as representative of the ge-
netic variability among the strains isolated from
this source (Stefanini et al., 2012). In addition, 17
strains isolated from grape skin and wine fermenta-
tion were used as reference for the characterization
of the phenotypes (Table 1). All 27 strains (except
the laboratory strain) were collected in a restricted
geographical area of Tuscany (Chianti and Elba Is-
land). The S288c laboratory strain, commonly
used as reference, was excluded, since it has been
shown to be significantly different in several traits
in comparison to natural yeast strains (Warringer
et al., 2011). Three genes, [RCS, EXO5 and
URNI, were sequenced and analysed as previously
described by Ramazzotti et al. (2012); these genes
were chosen as able to recapitulate the whole

Table I. Strains origin, genotype and isolation source
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genome phylogeny (Ramazzotti et al., 2012). Pop-
ulation ancestries were estimated using the model-
based program STRUCTURE (Pritchard et al.,
2000). The results of 10 independent STRUC-
TURE chains were combined with CLUMPP
(Jakobsson and Rosenberg, 2007). The identified
population structure was used to classify strains ac-
cording to their ancestries into the wine/European
clean population (CP) and rare genomes (RG).

Characterization of fermentation ability of
strains

The investigated strains belong to vineyards
where grapes are used to produce both red
(mainland) and white (Elba Island) wines. To
fully characterize the fermentation characteristics
of these strains, we evaluated growth abilities
and metabolite profiles in filtered and sterilized
red and white grape musts. After a preculture

Strain Origin Genomic cluster Isolation type
BIBVCI I Isole e Olena (Tuscany, Italy) RG Wasp
BIBVC4 3 Isole e Olena (Tuscany, Italy) RG Wasp
BIBVCS 3 Isole e Olena (Tuscany, Italy) RG Wasp
Bucl Mercatale Val di Pesa (Florence, Italy) CP Wasp
Clus Chianti (Florence, Italy) RG Wasp
CPT2 Mercatale Val di Pesa (Florence, Italy) RG Wasp
E32 Mercatale Val di Pesa (Florence, Italy) CP Wasp
E4 Mercatale Val di Pesa (Florence, Italy) RG Wasp
F31x Tignano (Florence, Italy) RG Wasp
NPSM Pelago (Florence, Italy) RG Wasp
Reglb Monsanto, Barberino Val d’Elsa (Florence, Italy) RG Wasp
Sgu428R Chianti (Florence, Italy) CP Grape
Sgu52 Chianti (Florence, Italy) CP Grape
Sgvl 14 Chianti (Florence, Italy) RG Wasp
starter Isole e Olena (Tuscany, Italy) CP Wine
VATI | Isole e Olena (Tuscany, Italy) CP Wine
VATI3 Isole e Olena (Tuscany, Italy) CP Wine
VATI16 Isole e Olena (Tuscany, Italy) CpP Wine
VS138 Chianti (Florence, Italy) RG Grape
VS180 Chianti (Florence, Italy) RG Grape
VS274 Chianti (Florence, Italy) CpP Grape
VS§290 Chianti (Florence, Italy) RG Grape
W303 Established by R. Rothstein RG Laboratory
YVCIE2 Isola d’Elba (Tuscany, Italy) CP Wasp
YVC2E6 Isola d’Elba (Tuscany, Italy) CP Wasp
YVCA4ESTI Isola d’Elba (Tuscany, Italy) CP Wasp
YVPC7.6 Grassina (Florence, Italy) RG Wasp

RG, rare genomes; CP, wine/European clean population.

Copyright © 2016 John Wiley & Sons, Ltd.
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in yeast peptone dextrose (YPD) (Radford,
1991), yeast cells were inoculated in 5ml must
(107 cells/ml) and maintained at 27°C in static
culture. Growth ability of the strains in musts
was evaluated as amount of produced CO, (g/
100ml mass loss), daily measured during the
fermentation. At least three independent repli-
cates were carried out for each strain. Fermenta-
tion was halted by removing yeast cells by
centrifugation.

The production of the well-known volatile
metabolites that modify wine aroma, ethyl ace-
tate, 2-methyl-1-propanol, 3-methyl-1-butanol,
2-methyl-1-butanol, 3-hydroxy-2-butanone
(acetoin), phenyl ethyl alcohol, acetaldehyde,
1-propanol, acetic acid and methyl alcohol (Ro-
mano et al., 1995, 1998; Styger et al., 2011;
Wondra and Berovic, 2001), was quantified.
The analyses were performed using a GC-MS
instrument (Varian, Agilent Technologies, Mi-
lan, Italy) consisting of a CP3800 gas chromato-
graph coupled with a 4000 ion trap MS,
equipped with a SPB-624 (Supelco, Milan, It-
aly) capillary column (BOmx0.25mm id.,
1.4pum film thickness). The fermented musts
were analysed by headspace-SPME with a
75um Carboxen/PDMS fibre (Supelco). The
compound extraction was performed from a
sealed 2ml vial containing 0.1 ml must; the ad-
sorption time was 3min at room temperature
and the desorption time was 10min in the injec-
tion port at 250°C. Helium at 1.0ml/min was
used as the carrier gas and injections were per-
formed in splitless mode (2min). The oven
was maintained at 40 °C for 2 min, then the tem-
perature was increased to 64°C at 1.5°C/min,
then to 180°C at 12°C/min, and then main-
tained for 10min (total run time 29 min). The
4000 ion trap operated in electron ionization
mode with an external source; MS temperatures
set for acquisition were: 100 °Ctrap, 50° mani-
fold, 170 °C transfer line and 180 °C ion source.
All the peaks were identified from their mass
spectra by comparison with NIST libraries (v.
2.0f) and with chemical standards. Commercial
standards of each compound, dissolved in must,
were used to confirm the identification and to
calibrate the GC-MS data to obtain quantitative
measurements. Methyl alcohol-d3,
phenylethanol-d5 and acetic acid-d3 were used
as internal standards.

Copyright © 2016 John Wiley & Sons, Ltd.
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Strains growth abilities and resistance to stresses

The ability to metabolize various carbon sources
was assessed by plating cells (10%, 10°, 10* and
103 cells) onto solid YP medium (1% yeast extract,
2% peptone, 2% agar) with added 2% glucose, ga-
lactose, ethanol or lactose (Hampsey 1997). Then
cell growth was scored after Sdays as 0, 0.5 and 1
(non-growing, slow-growing and growing, respec-
tively). The growth in minimal medium was
assessed on solid yeast nitrogen base (YNB), even-
tually with added ammonium sulphate and/or amino
acids. Resistance to stresses (copper, oxidative stress
and ethanol) was assessed by evaluating the minimal
inhibitory concentration (MIC) in YPD solid me-
dium with several added concentrations of CuSO,
(1, 2.5, 5 and 10mm), H,O, (5, 10, 15, 20, 25 and
30mm) and ethanol (12%, 14%, 16%, 18%, 20%
and 22%). The sporulation rate after 4 days in YPD
(YP with added 2% dextrose) preculture was
assessed as previously described (Radford, 1991).
The ability of yeast cells to invade agar (Vopalenska
et al., 2005) and to grow at different temperatures
(6°C, 27°C, 37°C and 40°C) were also assessed.
The ability of strains to form hyphae was microscop-
ically assessed after 3 days of culture in either YPD
or YNB at 28 °C or 37°C.

Statistical analyses

Differences among strains grouped by isolation
source were inspected for each trait separately.
Measured phenotypes were corrected for the
strains’ genetic backgrounds, as previously
descibed (Yu et al., 2006). Volatile compounds
measured in red and white must fermentations
were standardized before comparison (zero
mean, unit variance). To identify chemicals that
could account for discrimination among strains,
we then performed a partial least squares dis-
criminant analysis (PLSDA) using the mixOmics
R package (Le Cao et al., 2009; Borcard et al.,
2011), both corrected and not corrected for popu-
lation structure. To verify whether interstrain dis-
similarities were larger than the intrastrain ones,
we computed a dissimilarity matrix on chemical
data using the Bray—Curtis index; then we com-
pared intra- with interstrain similarities. Principal
coordinate analysis (PCoA) was carried out on
the measured growth ability and stress response
phenotypes separately, both corrected and not

Yeast 2016; 33: 277-287.
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corrected for population structure. Factor analysis
on mass loss data over the measured fermentation
days and obtained factors with eigenvalue > 1 was
carried out to use the resulting components as
variables to be included in the set of growth
abilities for the following analyses. To compare
strains by taking into account all the measured
phenotypes, we applied PCoA on all the measured
traits, both corrected and not corrected for
population structure. We combined standardized
measures (zero mean, unit variance) for different
phenotypic classes.

To wverify correspondence between pheno-
types and genetic relationships, we constructed
neighbour-joining trees, based on distances
computed with the Kimura two parameters met-
ric, on the concatenated SNP sequences of the
selected genes. For each class of phenotype
(metabolites, stresses, growth abilities) we
computed a Bray—Curtis dissimilarity matrix,
using all the strains and the virtual cases
representing nodes in the neighbour-joining
tree. We inferred the values for nodes as the
mean values of the variables between the two
descendants linked by a node (cases or nodes).
We performed NMMDS using the ecodist
package (Goslee and Urban, 2007) on the dis-
similarity matrices, then phylogeny was drawn
on the map obtained. Long and highly crossing
branches indicate weak correlations between
genetics and phenotypes. For metabolic pro-
files, we computed median composition among
the ferment replicates for each strain. We also
searched for univariate correlations among sin-
gle genetic and phenotypic dissimilarity matri-
ces by applying the Mantel test with 9999
iterations.

Wilcoxon rank sum test followed by multiple
test false discovery rate (fdr) correction was car-
ried out to compare the traits among groups of
strains. When comparing strains grouped accord-
ing to their isolation source, the Wilcoxon test
was carried out on phenotypes (either single
phenotypes ~ or  multivariate  coordinates)
corrected for the strains’ population structures.
When comparing strains grouped according to
their genotypes, the Wilcoxon test was carried
out on non-corrected phenotypes. Similarly, we
applied the Levene test, followed by fdr correc-
tion, to compare the variance among groups of
strains.

Copyright © 2016 John Wiley & Sons, Ltd.

281

Results

According to STRUCTURE analysis on the SNP
sequences of the three genes reproducing the
whole-genome sequences (Ramazzotti et al.,
2012), S. cerevisiae strains isolated from various
sources encompassed both isolate descendants of
the locally most represented ancestor (CP) and iso-
lates belonging to different ancestors or showing
mosaic genomes (RG) (Figure 1, Table 1; see also
supporting information, Figure S1).

Must fermentation — volatile compounds

The gas chromatography/mass spectrometry (GC—
MS) analysis revealed the presence of nine of the
10 reported volatiles, highly matching the well
assessed spectrum of S. cerevisiae fermentation
metabolites, even though we did not find the previ-
ously recorded acetoin (3-hydroxybutanone)
(Callejon et al., 2010; Romano et al., 1995).
Among the quantified compounds, acetic acid
was produced in significantly higher amounts by
wasp strains than by wine strains fermenting red
musts (Wilcoxon rank sum test; see supporting in-
formation, Figure S2). Similarly, the amount of
ethyl acetate produced during white must fermen-
tation was higher for wasp strains than that pro-
duced by wine strains. These differences were
confirmed even after phenotype correction for pop-
ulation structure (see supporting information,
Figure S2). The correction for population structure
also allowed the detection of a higher production
of ethyl acetate and methanol by grape strains
compared to wasp strains during fermentations of
red and white musts, respectively (see supporting
information, Figure S2). PLSDA revealed that
most of the measured metabolites were involved
in the first component (Figure 1b). Acetic acid
showed a different trend and was responsible for
most of the second component (y axis; Figure 1b).
3-Methyl-1-butanol showed weights around —0.5
in the first component and around 0.5 in the sec-
ond; 1-propanol and 2-methyl,1-propanol showed
weights around -1 in the first component and
around —0.5 in the second. Neither the first nor
the second PLSDA components divided the
samples according to the type of must fermented
(red or white; Wilcoxon rank test, p > 0.05). The
similarity among ferment replicates of the same

Yeast 2016; 33: 277-287.
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Figure |. Saccharomyces cerevisiae strains origins and phenotypes. (A) S. cerevisiae strains classified by isolation source and
genotype; CP, clear population (strains deriving from the wine ancestor); RG, rare genotype (strains deriving from different
ancestors or bearing a mosaic genome). (B) First two coordinates of the PLSDA carried out on volatile compounds produced
by yeasts during red and white musts fermentation, corrected for population structure. (C) First two coordinates of the
PCoA carried out on yeast growth abilities, corrected for population structure. (D) First two coordinates of the PCoA car-
ried out on yeasts response to stresses, corrected for population structure

strain was supported by the highly significant dif-
ferences among intra- and inter- Bray—Curtis dis-
tances (the first among strains, the latter between
ferment replicates of the same  strain;
p=2.856x1071°, Wilcoxon rank sum test). Strains
isolated from wasp intestines spread all along the
first PLSDA component, indicating that their aro-
matic profiles are characterized by a wide variabil-
ity in the expression of all the metabolites, with the
exception of acetic acid, which was strictly linked
to the second component (Figure 1b). Conversely,
the second component dispersed only one of the

Copyright © 2016 John Wiley & Sons, Ltd.

wine strains (Starter), which showed a high value
in this component. The PLSDA carried out on vol-
atile compounds not corrected for population struc-
ture showed a similar distribution of variables, but
wine strains were also spread in the second compo-
nent (see supporting information, Figure S3).
When compared to grape strains, wasp strains
showed significantly higher values in the first
PLSDA component, negatively correlated with
the production of several of the volatile com-
pounds (Wilcoxon rank sum test, p <0.01; see
supporting information, Figure S4, Table S1). In

Yeast 2016; 33: 277-287.
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addition, wasp strains, compared to wine strains,
showed significantly lower values in the second
PLSDA component, negatively correlated with
acetic acid production (Wilcoxon rank sum test,
p<0.01; see supporting information, Figure S4).
The comparison of genetic groups (CP and RG)
showed significant differences in the first PLSDA
component (Wilcoxon rank sum test test,
p <0.05; see supporting information, Figure S4),
with the strains descending from the wine ancestor
(CP) producing higher levels of metabolites. On the
other hand, the CP group showed a significantly
higher variance in the second PLSDA compo-
nent (Levene test p<0.01; see supporting
information, Figure S4), indicating that strains be-
longing to the wine cluster produce various levels
of acetic acid. NMMDS on the metabolic profiles
confirmed the overall pattern obtained with
PLSDA (see supporting information, Figure S5a).
The NMMDS representation slightly distorted the
original dissimilarity matrix, as indicated by a mod-
erate level of stress (s-stress=0.131). The length and
disorganization of the phylogenetic tree projected on
the NMMDS coordinates showed the absence of
correlation between the composition of metabolites
and their phylogeny. These results were confirmed
by Mantel tests indicating no significant
relationships between metabolite expression and
genetic  distances (p=0.063; see supporting
information, Figure S6).

Strains’ growth abilities and resistance to
stresses

The factor analysis on mass loss data over the mea-
sured fermentation days resulted in two factors
with eigenvalue >1 (see supporting information,
Figure S7), which were included in the set of
growth ability traits. Wasp strains were found to
be more sensitive to low temperatures (6 °C) than
grape strains when analysing both raw data and
data corrected for the strains’ population structures
(Wilcoxon rank sum test; see supporting informa-
tion, Figure S8). The correction for population
structure revealed that wasp strains show higher
variance compared to wine strains in their ability
to grow in the absence of ammonium sulphate
(Levene test, p < 0.05; see supporting information,
Figure S8). In addition, after the correction, wasp
strains showed lower variance in their ability to
grow at 6 °C compared to grape strains (Levene

Copyright © 2016 John Wiley & Sons, Ltd.
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test, p <0.05; see supporting information, Figure
S8). The PCoA on growth abilities showed that
the first factor relative to strains’ fermentation rates
in white musts was positively correlated with the
first two components of the PCoA (38.26% and
24.75% explained variance) (Figure 1c). The other
traits did not show strong correlations with the
PCoA coordinates, except the strains’ abilities to
exploit galactose and lactose, which showed posi-
tive correlations with the first coordinate and nega-
tive correlations with the second coordinate
(Figure 1c). The PCoA carried out on raw growth
abilities (not corrected for population structure)
showed a different distribution of variables (see
supporting information, Figure S9), with the fer-
ment factors showing opposite trends, according
to the type of must fermented. Comparisons among
genotypes (CP and RG) or isolation sources
showed no differences in the PCoA components
(see supporting information, Figure S9). As ob-
served for metabolite profiles, the projection of
the phylogenetic tree on the NMMDS coordinates
made evident the lack of correlation between this
phenotype and the individual genetics (see
supporting information, Figure S5).

Considering the stress resistance traits sepa-
rately, wasp strains showed a lower resistance to
ethanol compared to grape strains, but this differ-
ence was not confirmed after correction of the phe-
notypes for population structure (see supporting
information, Figure S10). The first PCoA coordi-
nate on resistance variables was only slightly cor-
related with some of the traits. Contrarily, the
second coordinate was positively correlated to
sporulation and hyphae formation in minimal me-
dium (YNB) at 28°C and anti-correlated to the
ability to form hyphae in rich medium (YPD) at
37°C and to the resistance to ethanol (Figure 1d).
The PCoA carried out on non-corrected pheno-
types (see supporting information, Figure S11a) re-
sulted in a different distribution of strains and
variables according to the first two components,
which showed a higher amount of the explained
variance than the PCoA carried out on corrected
phenotypes (see supporting information, Figure
S1d). The Wilcoxon rank sum test did not show
significant differences between strains grouped ac-
cording to their genotype or isolation source (Fig-
ure S11b). As for the other groups of phenotypes,
no significant correlations were observed between
genetic and phenotypic distances (Mantel test; see

Yeast 2016; 33: 277-287.
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supporting information, Figure S6), or a clean rep-
resentation of the genetic tree on the NMDS coor-
dinates built on stress response measurements (see
supporting information, Figure S5c¢).

Overall phenotypic patterns

After standardizing the measures (zero mean, unit
variance), we compared all the phenotypes by
combining all the measured traits in a single PCoA
(Figure 2a). The first two coordinates of the PCoA
based on these indicators explained 31.68% and
27.47% of the total variance, respectively. Several
variables were negatively correlated to the first
PCoA coordinate, but the highest contribution
was provided by the production of phenyl ethanol
(trait 9 in Figure 2a). A few variables contributed
to the second coordinate of the overall PCoA,
which was negatively correlated mainly with the
two axes of the fermentation factor in red musts
(traits 24 and 25 in Figure 2a). As observed for

L. Dapporto et al.

other traits, the PCoA on non-corrected pheno-
types resulted in a different distribution of strains
and variables (see supporting information, Figure
S12). Wasp strains did not show significantly dif-
ferent distribution or variance in the first two
PCoA coordinates compared to strains isolated
from other sources (Wilcoxon and Levene tests;
see supporting information, Figure S12). Strains
descending from the wine ancestor (CP) showed
higher variance than RG strains in the second
PCoA coordinate, mainly described by stress re-
sponse variables (Levene test, p<0.01; see
supporting information, Figure S12). As observed
when comparing the phenotypic classes separately,
the projection of the phylogenetic tree on the
NMMDS coordinates did not show any relation
between individual phenotype and genetics (see
supporting information, Figure S5d).

Spearman correlation analysis among pheno-
types corrected for population structure was car-
ried out for strains grouped by isolation source
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Figure 2. Saccharomyces cerevisiae overall phenotypic characteristics. (A) First two coordinates of the PCoA carried out on
the whole set of measured phenotypes, corrected for population structure. (B) Network based on significant Spearman cor-
relations (r> 0.7, p < 0.05) found among traits in strains grouped by isolation source
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and highlighted noticeable correlations among
traits (Figure 2b). Wasp strains showed the lowest
number of significant correlations (Spearman
p <0.05), compared to wine and grape strains.
The resistance to oxidative stress was correlated
with the ability to grow in minimal medium and
in the absence of both amino acids and ammonium
sulphate, and these traits were in turn correlated
with each other. It is noteworthy that wasp strains
did not show correlations among volatile com-
pounds, which were observed in grape and wine
strains. In particular, wine strains showed strong
Spearman correlations among several volatile
compounds and the ability to grow at low temper-
atures (Figure 2b). On the other hand, grape strains
revealed significant Spearman correlations be-
tween several volatile compounds and among
acetic acid and the strains’ abilities to exploit min-
imal medium, ethanol as the carbon source and
several responses to stress (resistance to ethanol,
oxidative stress and the formation of hyphae in rich
medium at both 28 °C and 37 °C) (Figure 2b).

Discussion

Genomic analyses on strains isolated all around the
world revealed the existence of few clades, and
strains related to human-driven fermentation fell
into clear clades (Legras et al., 2005; Liti et al.,
2009). At the worldwide level, the connection be-
tween phenotype and genotype of S. cerevisiae
strains mirrors the situation observed for Canis lu-
pus, one of the most-studied domesticated animals.
Dogs bear higher morphological and behavioural
variability with respect to that observed in the wild
wolf cousin, without a corresponding increase in
genetic variability (Wayne and Ostrander, 2007).
Similarly, the phenotypic variability of .
cerevisiae is supposed to exceed that of the more
genetically variable wild cousin S. paradoxus
(Warringer et al., 2011). Nevertheless, these previ-
ous findings may have revealed a geographic vari-
ation of strains produced by spatial distance, rather
than a real phenotypic diversity associated with the
source of isolation. The analyses on our set of sym-
patric strains excluded the effects of the geo-
graphic distances on phenotypic variability,
which could be amplified as a result of potential
genetic drift and response to highly different
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environments (Warringer et al., 2011). In this
small geographic-scale analysis, strains from dif-
ferent origins did not show clear phenotypes
strictly related to the isolation source.

The pool of S. cerevisiae strains studied here
represents the genetic variance of strains isolated
in the study area, encompassing both strains de-
scending from the wine/European ancestor and
strains having a mosaic genome or descending
from other ancestors. In addition, it also represents
the local source heterogeneity, including strains
isolated from wasp intestines, grapes and ferments.

Given the wide interest in the use of S.
cerevisiae for wine-making purposes, the ability
to ferment grape must and the organoleptic charac-
teristics of the final product are among the most
relevant and studied phenotypes of natural S.
cerevisiae strains. As previously observed, strains
belonging to the wine/European ancestor showed
higher levels of volatile compounds compared to
strains descending from other ancestors (Hyma
et al., 2011). Wasp strain metabolic profiles, com-
pared to wine strains, are characterized by a higher
production of acetic acid, mainly in red must fer-
ments. Beyond this, the metabolic profile of wasp
strains does not differ from that of wine strains, in-
dicating that wasp strains have potentials similar to
those of strains selected for wine-making purposes.
Indeed, when focusing on the profiles produced in
white must fermentations, wasp strains produce
higher levels of ethyl acetate and lower levels of
methanol compared to wine strains. From the
wine-making perspective, while the selected
strains are obviously still the best option, since
they produce lower levels of acetic acid, wasp
strains could hold great potential for white must
fermentations especially, even compared to grape
strains, whose high production of methanol could
severely impact the final product. From a biological
point of view, the differential characteristics of fer-
mentation products could explain why wasps are par-
ticularly attracted by strains with a high production of
acetic acid (which is commonly used also in insect
traps) and low production of methanol (a highly toxic
compound) (Christiaens et al., 2014). This, of course,
should be the object of specific future experiments.

No significant differences were found in growth
abilities when considering the strain genotypes. On
the contrary, wasp strains showed lower abilities to
grow at low temperatures compared to grape
strains, but similar to those of wine strains. In
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addition, wasp strains showed a wider range of
growth in the presence of neutral pH (7.4) com-
pared to wine strains. While the tested wine strains
showed near-zero growth at this pH, some wasp
strains were unable to grow under these conditions
and other wasp strains showed the highest growth
among all the tested strains. Considering these fea-
tures, wasp and grape strains hold the potential to
grow under several conditions, in the presence of
different carbon sources and at various ranges of
temperature and pH.

Because of their widespread residence in natural
or fermentative environments, S. cerevisiae strains
are expected to respond, react or adapt to different
kind of stresses. On the contrary, strains grouped
either by their isolation source or by their ancestry
did not differ for any stress strait. This result could
indicate two alternative scenarios: first, the isola-
tion sources are not characterized by one or more
of the tested stresses, thus the strains, even if resid-
ing there for prolonged periods, are not subjected
to selection; second, strains resistant to stresses
present in a specific specimen are able to escape
the selection thanks as being vectored to other en-
vironments. Nevertheless, since some traits are
known to characterize specific environments (i.e.
high concentrations of ethanol are found in fer-
ments only), the second hypothesis seems to be
the more reliable.

Similar conclusions could be obtained when
considering the entire set of studied phenotypes.
The strains, grouped either by isolation source or
genotype, did not show significant differences in
the overall PCoA coordinates, confirming the lack
of specific characteristics of wasp strains.

The reduced number of correlations among traits
observed in the wasp strains compared to grape
and wine strains could be ascribed to a high vari-
ance of phenotypes borne by strains isolated from
wasp intestines. Indeed, the existence of correla-
tions among traits relies in two points: (a) similar
or opposite trends of traits; (b) homogeneity of
the trends among the tested strains. Wine and
grape strains showed several correlations among
phenotypes, which could be observed only if the
vast majority of the grouped strains bear similar
characteristics. In addition, the presence of some
correlations among traits in the wine group can
be related to the selection of the strains for wine-
making purposes: several volatile compounds are
correlated with a strain’s ability to grow at low
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temperatures, both traits useful for wine

fermentations.

Taken together, our results indicate that wasp
strains, in addition to representing a wide range
of S. cerevisiae genotypes, also represent a large
part of the phenotypes of the sympatric set of yeast
strains. Our findings clearly indicate that strains
isolated from wasp intestines represent a great re-
source of yeast phenotype biodiversity that should
be preserved, to safeguard not only the natural var-
iance of this microorganism but also the interests
of wine-makers, who could take strong advantage
from exploitation of their phenotypic variability.
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types.

Figure S6 Mantel tests for univariate correlations among ge-
netic and phenotypic dissimilarity matrices.
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Figure S8 Strains’ growth abilities.

Figure S9 PCoA on growth ability traits.

Figure S10 Strains’ resistance to stresses.

Figure S11 PCoA on resistance to stress traits.

Figure S12 PCoA on all phenotypic traits.
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