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Abstract

The ability to measure microbial fitness directly in natural conditions and in interaction with other microbes is a challenge
that needs to be overcome if we want to gain a better understanding of microbial fitness determinants in nature. Here we
investigate the influence of the natural microbial community on the relative fitness of the North American populations SpB,
SpC and SpC* of the wild yeast Saccharomyces paradoxus using DNA barcodes and a soil microcosm derived from soil
associated with oak trees. We find that variation in fitness among these genetically distinct groups is influenced by the
microbial community. Altering the microbial community load and diversity with an irradiation treatment significantly
diminishes the magnitude of fitness differences among populations. Our findings suggest that microbial interactions could
affect the evolution of yeast lineages in nature by modulating variation in fitness.

Introduction

Microorganisms are powerful model systems to address
evolutionary and ecological questions that relate to
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adaptation to biotic and abiotic conditions [1, 2]. Since most
of the information on microbial adaptation comes from
experimental evolution [3], little is known about adaptation
and fitness variation of microbes in natural environments,
especially for microbes that are not involved in
host—parasite or host—pathogen interactions [4, 5]. Experi-
ments with synthetic communities are beginning to emerge
to study microbial interactions at the community scale
[6-8]. However, these models typically include only one
strain of each species or even genera. Thus, understanding
how interactions with other microbes affect microbial spe-
cies and population fitness in natural environments has yet
to be addressed [9]. More specifically, it remains difficult to
estimate the fitness of individual genotypes in the presence
of other microbial species in the same experiment, and it is
also challenging to identify which species are relevant when
trying to approximate natural conditions.

To overcome these limitations, microcosms can be used
as proxies for natural habitats to measure and compare the
fitness of different genotypes in the laboratory. Microcosms
mimic the composition of natural environments, but sim-
plify their complexity while increasing control over the
experiments, allowing us to better understand natural pro-
cesses [10, 11]. To investigate microorganism adaptation
and evolution in microcosms, several studies have used soil
or leaf resuspended in water before sterilization [12—14].
However, such studies are limited to the ecological factors
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considered in the experiment that includes abiotic factors
and occasionally biotic ones when competitors are added to
the sterile substrate [13, 15]. Further research is needed to
test whether and how abiotic and biotic factors affect
microbial population fitness to better understand for
instance if microbial populations are locally adapted in
nature.

The wild yeast Saccharomyces paradoxus is one of the
best-studied non-domesticated fungi and the closest known
relative to Saccharomyces cerevisiae, the eukaryotic model
in genetics and cell biology [16, 17]. Isolates of S. para-
doxus are mostly found on the bark and exudates of
deciduous trees and their surrounding soil [18, 19]. Recent
studies have confirmed a closer association with oak than
with other tree species, and showed that Saccharomyces
yeasts are more abundant on oak leaf litter and soil than on
bark [20, 21]. Recent technologies have been developed to
study and follow S. paradoxus in its natural habitat. These
methods exploit natural polymorphisms in local populations
as trackable genetic markers [22, 23]. Studies using these
tools concluded that low dispersal could promote local
adaptation in the S. paradoxus environment, which could
include adaptation to the local microbial communities.
Although several studies have shown the capacity of Sac-
charomyces to grow on nutrient-poor and close-to-natural
substrates using sterilized oak infusion [24] or maple sap
[25], the extent of fitness variation in their soil habitat is still
unknown, even less so the role of the other microbial spe-
cies inhabiting these soils. In vitro studies have shown that
yeasts undergo various interactions with other microbes,
such as competition, predation and cooperation, on tree bark
and in soil [24, 26]. For instance, a recent study by
Kowallik et al. [24] examined the effect of other microbial
species isolated from the bark of oak trees on the growth of
S. paradoxus. Their results show that fungal and bacterial
species present on the bark can positively and negatively
interact with S. paradoxus, suggesting that microbial
interactions could affect the performance of this budding
yeast in nature.

Genome sequencing and large-scale surveys recently
revealed the presence of distinct S. paradoxus lineages that
have only partially overlapping geographic ranges within
North America [18, 27, 28]. The SpB lineage has a south-
western distribution, whereas SpC has a northeastern dis-
tribution. The introgressed lineage SpC* has an overlapping
distribution between those of its parental lineages, SpB and
SpC [28]. Local temperature has been identified as the
ecological factor that best predicts the geographical dis-
tribution of S. paradoxus [29]. This observation is sup-
ported by a correlation of growth rate in liquid cultures with
temperatures that correspond to average temperature of the
strain geographical origin, suggesting local adaptation [30].
Finally, Filteau et al. [25] also revealed a correlation

between growth rate and geographical origin. This result
suggests a variation in performance among lineages, for
instance with SpB strains performing better than SpC strains
on maple sap in laboratory conditions [25]. S. paradoxus’
spatial distribution in North America therefore offers the
opportunity to investigate the relative importance of dis-
persal, drift and local adaptation in microbial evolution.
Most importantly and still unexplored, the collections of
natural isolates that are genetically trackable make it pos-
sible to explore the potential role of biotic interactions in
this model species.

Here we investigate variation in fitness of the North
American lineages of S. paradoxus in a natural substrate,
taking into account biotic interactions with its complex
microbiota. Our objective was to determine whether the
microbiota influenced the relative fitness of lineages of S.
paradoxus. As S. paradoxus has been shown to interact
with its microbial community [24], some strains or lineages
could be better adapted to interact with other microbes. A
manipulation of the soil microbial community properties
would thus be expected to impact the relative fitness of S.
paradoxus lineages if these interact with microbes. To reach
this objective, we performed a competition assay using
159 strains from lineages SpB, SpC and SpC* in a natural
soil sampled in proximity of an oak tree. In a parallel assay,
we manipulated the natural microbial community of the
same soil with an irradiation treatment, altering the micro-
bial load and diversity. Strain fitness was estimated using
DNA barcodes that individually identify the strains and
allow for their quantification through time by deep barcode
sequencing [31]. Each barcoded strain was originally sam-
pled at a precise location in North America and from a
specific substrate. This information allowed us to estimate
and compare the change in the frequency of the barcoded
strains in experimental soils, and evaluate the influence of
microbial community, geographical and substrate of origin
on strain-relative fitness values.

Materials and methods
Soil sampling

Soil samples were collected around an oak tree (Quercus
rubra) in Québec City (46.782454N, —71.267844W) on 27
August 2018, in an urban woodland (Supplementary
Fig. S1). The samples were taken from 0.5 to 1 m from the
trunk, from a lateral area of 50 cm and a depth of 10 cm. We
used a sterile spatula to collect the soil and to transfer it into
sterile 50-ml tubes (=30 g of soil).

Three tubes were treated by gamma irradiation with a
resultant dose of 16 kGy (GammaCell 220 Cobalt 60 Irra-
diation Unit, at Université Laval, Québec City, Canada),
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and three tubes were conserved at room temperature in
parallel for the same period of 72h [32]. The remaining
tubes were conserved at —80 °C for further use. The post-
radiation microbial biomass was analyzed by dilution plat-
ing and inspection of the plates for any microbial growth
after 2 days of incubation at 25 °C. In all, 100-pl aliquots
were spread in three replicates of yeast peptone dextrose
(YPD) medium petri dishes (with 10 g/ of yeast extract,
20 g/L of tryptone and 20 g/L of glucose) and LB medium
(with 5 g/L of yeast extract, 10 g/L of tryptone and 10 g/L of
NaCl) that were incubated for 48h (Supplementary
Fig. S2). Irradiated and natural soils were then conserved at
4 °C until the start of the competition experiment.

Yeast pool preparation

Selected strains from the S. paradoxus barcoded collection
were pooled as in Bleuven et al. [31] with the following
modifications: the set of SpB-barcoded strains was first
pooled together in an intermediate pool, and SpC and SpC*
strains in two other intermediate pools. The three pools
were combined into a single one to obtain a mix of the four
lineages. The resulting pool was adjusted to a concentration
equivalent to 50 optical density unit (ODsgs) by con-
centrating the cells and measuring OD using a plate reader
(Infinite F200 Pro Tecan, Ziirich, Switzerland). The culture
media was removed after a quick centrifugation and
replaced with sterile water. DNA from the initial pool was
extracted following the protocol described in Bleuven et al.
[31]. Strains used in this study are listed in Supplementary
Table S1.

Competition experiment in natural and irradiated
soils

For each treatment, natural and irradiated, six tubes con-
taining 15 g of soil were prepared from the same batch of
initial soil. Three of the six tubes were inoculated with 2 ml
of the S. paradoxus pool solution at 10 ODsgs, while the
remaining three tubes were inoculated with sterile water, to
reach concentrations similar to what was used in Anderson
et al. [23], but higher than naturally occurring in similar
environment, as for example, oak leaf litter [20]. However,
this concentration is required for such experiments to be
performed, at least with the current tools available. Soil
samples were incubated statically for 21 days at 25 °C in
non-hermetically closed tubes. Each tube was weighed
every 5 days; the reduction in weight due to evaporation
over the preceding time was compensated by the addition of
sterile water.

At day O after inoculation and day 21, colony-forming
unit estimation was conducted on selective media to
visually track the barcoded strains in inoculated soil
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samples and the absence of barcoded strains in the non-
inoculated soils (see Supplementary Table S2). In a 15-ml
plastic tube, about 0.25g of soil was diluted in 6 ml of
sterile water. After a quick vortex, 100 ul of dilution sus-
pension was spread onto petri dishes with YPD medium
(10 g/L of yeast extract, 20 g/L. of tryptone and 20 g/L of
glucose), YPD supplemented with 250 ug/mL of hygro-
mycin B and 12.5 pg/mL of chloramphenicol (HPH + Chlo)
and YPD supplemented with 100 ug/mL of nourseothricin
and 12.5 pg/mL of chloramphenicol (NAT + Chlo). Petri
dishes were incubated at 30 °C for 2 days (Fig. 2 and
Supplementary Fig. S3).

The HO locus, at which the barcodes were inserted, was
amplified by PCR on isolated barcoded yeast colonies (n =
47, for each experimental soil) as in Bleuven et al. [31] to
verify the heterozygous genotype of strains compared with
control diploid barcoded strains from the collection (Sup-
plementary Fig. S4, oligonucleotides are listed in Supple-
mentary Table S3). At day 21 of incubation, DNA was
extracted in two replicates from the six tubes inoculated
with S. paradoxus strains (natural and irradiated soil) using
the DNeasy® PowerSoil® Kit (Qiagen, Hilden, Germany).
DNA was extracted once for irradiated soil and natural non-
inoculated soil, without barcoded strains. DNA samples
were conserved at —20 °C.

Metabarcoding amplicon sequencing and analysis

We sequenced the bacterial 16S rDNA V3-V4 region and
the fungal ITS2 region (identified as 16S and ITS hence-
forth) from the soil samples to determine the species com-
position of the microbial communities. We sequenced two
DNA amplicons from extractions of the original soil con-
served at —80 °C, two extractions of the inoculated and
non-inoculated natural soils at day 5 and day 21. This
sampling scheme allowed us to compare the microbial
community before, during and at the end of the experiment,
and examine the variation in the microbial community
composition caused by the irradiation. Amplification of ITS
and 16S regions, equimolar pooling and sequencing on the
Illumina Miseq were performed at the Plateforme d’ana-
lyses génomiques (IBIS, Université Laval, Quebec City,
Canada) as described in Supplementary Information. The
oligonucleotide sequences used for amplification are listed
in Supplementary Table S3.

The 16S and ITS amplicon sequencing was performed in
two independent runs. Raw sequences were first demulti-
plexed by the IBIS platform following the Illumina default
parameters, resulting in 659,768 and 637,864 sequences for
fungi and bacteria, respectively. For the assignment of
amplicons to the operational taxonomic unit (OTU), several
steps were carried out based on the Dada2 package version
1.5.0 [33] in R version 3.1.2 as described in Supplementary



Competition experiments in a soil microcosm reveal the impact of genetic and biotic factors on natural... 1413

Information. To compare samples relative abundance, a
rarefaction was performed wusing the function rar-
efy_even_depth () in the package phyloseq with 20,000
reads per library for the bacterial 16S and 40,000 for the
ITS2 region [34]. We calculated Shannon diversity indices
to investigate whether samples differ according to treatment
and sampling time using the vegan package [35]. Relative
phylum and genus abundances were calculated based on the
number of OTUs of the phylum and genus divided by total
number of OTUs within sample (Supplementary Table S4).

Yeast barcode sequencing and analysis

Forward and reverse primers were used for multiplex
sequencing with Ion Torrent technology using predefined
indexes [36]. Each DNA extraction of natural and irradiated
inoculated soil sample was amplified in two independent
PCR amplifications with two distinct indexes as technical
replicates. Each 50 uL of PCR reaction mix sample con-
tained 1xPCR buffer, 0.2mM of dNTPs, 1.5mM of
MgCl,, 0.03 U of DNA polymerase (Bioshop, Burlington,
Canada), 6.25ng of genomic DNA and 0.2 uM of each
primer. PCR amplification was conducted in a MasterCycle
ProS (Eppendorf, Hamburg, Germany) with the following
conditions: 3 min at 94 °C, 10 cycles of 30 s at 94 °C, 30 s at
52°C and 15s at 72 °C, followed by 20 cycles of 30s at
94 °C, 30s at 75 °C and 15 s at 72 °C, and a final extension
of 30s at 72 °C. PCR products were pooled and purified
using the KAPA Hyper Prep Kit from Illumina (KAPA
Biosystems, Wilmington, USA), and were sequenced at the
IBIS sequencing platform on an lon Proton instrument
(Thermo-Fisher Scientific, Waltham, USA) according to the
manufacturer’s instructions.

Sequencing quality control was performed using FastQC
[37], and Trimmomatic version 0.36 [38] was used to filter
out reads that did not have the expected amplicon length.
Barcode sequencing data were analyzed using a custom
Python script (Jupyter Notebook available on Github:
https://github.com/Landrylab/Bleuvenetal2019). This resul-
ted in a total of ~39 million reads with a valid library and
strain assignment across the entire dataset. Following vali-
dation of the barcodes [39], only strains barcoded with both
HPH and NAT resistance cassettes, and that had more than
100 reads in the initial pool in each replicate, were con-
sidered for further analysis (see Supplementary Table S1 for
strains considered).

Library preparation, sequencing and biological varia-
bility generate experimental errors. We filtered the outliers
to limit the noise from the PCR indexing, using a filtering
threshold: we calculated the differences between the
indexing replicate of each barcode, and the barcodes with a
difference larger or smaller than the mean +2.5 x sd were
removed (Supplementary Fig. S5C).

We calculated the relative fitness of each barcoded strain
of the pool, where each genotype occurred in two biological
replicates with either a NAT or HPH resistance cassette.
First, to obtain the relative frequency of each copy, we used
the mean of the multiplexing replicates and then the mean
of their extraction replicates (Fig. 1c). Second, relative fit-
ness (w) was calculated with the following equation: w =
log, (Ifr—‘:‘;) where Py, is the frequency of the strain at the
final time of the experiment (day 21) and Py, is the fre-
quency of the strain in the initial pool. Frequencies were
calculated as the number of barcode reads divided by the
total number of reads in the library considered. This gives
us an estimate of the relative (ranks) fitness of each indi-
vidual strains (see Jupyter Notebook available on Github:
https://github.com/Landrylab/Bleuvenetal2019 for simula-
tions of fitness estimates).

To estimate the relative fitness of each lineage, the
relative fitness averaged of all strains belonging to each
lineage was calculated. The normality criterion of the data
was not met (Shapiro-Wilk test, p value <0.01). The var-
iance in relative fitness was non-homogeneous between the
treatments for SpB, SpC and SpC* (Levine’s test, p value
<0.001). To test how the lineages and strains differ in
relative fitness between the two treatments (irradiated and
natural soil) and between substrate of origin (soil or non-
soil), we used Kruskal-Wallis and Dunn post-hoc tests with
correction for multiple testing (FDR method). We examined
the interaction between lineage and treatment, and between
each genotype within the lineages and treatment, using fit-
ness rank-based ANOVA with the raov function from the
Rfit package [40, 41]. Spearman’s correlation was used to
analyze the effect of distance of the original sampling site
from the study site on strains performance. All statistical
analyses and data handling were performed using RStudio
version 1.0.153 from R Core [42].

Results

To investigate the influence of the soil microbial community
on S. paradoxus fitness, we measured the relative abun-
dance of barcoded North American strains through time by
competitive assay [31]. Two types of soil microcosms were
produced from the soil collected at the base of an oak tree
(Supplementary Fig. S1): from the sample, a fraction,
labelled natural soil, was kept at room temperature for 72 h,
and another fraction was treated with gamma irradiation for
72 h to reduce microbial viability (Fig. 1). No growth was
detected on the petri dishes inoculated with the irradiated
soil following irradiation (Supplementary Fig. S2), sug-
gesting that the living biomass was significantly decreased.
We also plated the soils inoculated with the S. paradoxus
barcoded collection to assess the persistence of barcoded

SPRINGER NATURE
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Fig. 1 Experimental design. a Geographic distribution of SpB (red),
SpC (blue) and SpC* (purple) lineages in North America. The sam-
pling site in Québec City is indicated by the black arrow and the white
circle. b The soil sample was splitted in two treatments: incubated at
room temperature for 72h (natural soil) and treated with gamma
irradiation for 72 h (irradiated soil). The initial pool, containing the
barcoded SpB (n = 114), SpC (n = 30) and SpC* (n = 15) strains, was
used to inoculate the experimental soils in three biological replicates.
Three biological replicates of non-inoculated soils were also included
as negative controls. DNA was extracted from the initial pool, and at
day 21 for barcode quantification, while sequencing of ITS and 16S

strains throughout the experiments. The number of inocu-
lated barcoded strains appeared to remain similar in the
experimental soil from the initial to the final time of the
experiment (21 days). This result indicates that overall
populations are maintained at a stable density throughout
the experiments. Because the data may not fulfil the criteria
for using standard analysis of variance, we used non-
parametric analyses and considered fitness ranks within an
experiment as measure of relative fitness for our analyses.
Because fitness values are relative within a given treatment,
the overall effect of the treatment on fitness cannot be
assessed. The inoculated strains were maintained through-
out the experiment in both diploid (27-56%) and sporulated
forms (44-73%) (Fig. 2 and Supplementary Figs. S3—-S4).

Identification of the experimental soil microbial
community

While plate counts of soils before the inoculation of the
barcoded strains were negative for the irradiated soil

SPRINGER NATURE

NAT HPH

was performed on the original soil, at day 5 and 21. Experimental
soils, inoculated and non-inoculated, were incubated at 25 °C for
21 days. ¢ For each inoculated soil of both treatments, two DNA
extractions and two indexing PCR were performed on each DNA
sample at day 21. d To calculate the relative fitness of each NAT and
HPH copies of the individual strain, the mean of the ratio of the
frequencies of each indexing PCR replicate within each DNA
extraction was calculated, and the overall mean for each biological
replicate was calculated. Yellow circle: indexing PCR replicate 1,
green circle: indexing PCR replicate 2, grey star: two DNA extraction
replicates (a, b).

(Supplementary Fig. S2), counts throughout the experiment
showed that the irradiated soils were not entirely sterile
(Supplementary Fig. S3). To determine the composition of
the microbial community that could interact with the
inoculated S. paradoxus strains and the potential change in
community composition obtained by irradiation treatment,
we sequenced the bacterial 16S and fungal ITS regions in
the experimental soil of the two treatments at different time
points (the original soil before treatment, at day 5 and at day
21). Each of the dominant phyla and genera identified is
represented by more than one OTU (Fig. 3).

The fungal community consisted of 670 OTUs when
considering all samples combined, ranging from 176 to 227
OTUs per sample (Supplementary Table S4). The dominant
phylum in richness was Ascomycota (mean richness pro-
portion: 67 +13.8%) followed by Basidiomycota (25+
13.4%). The richness of Ascomycota was higher in natural
soils (75 +£5.32%) than in irradiated soils where Ascomy-
cota (46 = 1.04%) and Basidiomycota (45 £0.77%) were in
similar proportions (Fig. 3). The relative abundance of the
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Fig. 2 Persistence of S. paradoxus strains in the experimental soils.
a Colonies of S. paradoxus strains isolated from experimental soils
directly after inoculation and after 21 days of experiment were coun-
ted. Results were expressed as colony forming units (CFU) per gram of
soil. For each soil, counts were measured on HPH + Chl and NAT +
Chl medium to select for the barcoded strains and eliminate bacteria. A
Kruskal-Wallis test was used to compare log;o CFU/g of soil between
the days 0 and 21. P values are shown on the plot for each treatment.

two phyla was similar in natural soils (47+7.5% for
Ascomycota and 50 +7.94% for Basidiomycota), but Basi-
diomycota had higher relative abundance in irradiated soils
(62 £ 16.5%) than Ascomycota (24 £2.69%). The irradiated
soils were dominated in richness and relative abundance by
a basidiomycetous yeast of the genus Apiotrichum and a
Mortierella fungus from the Mortierellomycota phylum.
The natural soils were mostly dominated by Penicillium
(Ascomycota) and Russula (Basidiomycota) (Fig. 3).

The bacterial community consisted of 1565 OTUs when
considering all samples, ranging from 344 to 540 OTUs in
each sample (Supplementary Table S4). Phylum-level ana-
lysis showed high relative abundance and richness of
Actinobacteria, Proteobacteria and Acidobacteria (Fig. 3).
The phyla Acidobacteria, Proteobacteria and Actino-
bacteria are known to be among the most dominant in
forest soils [36]. Genus-level analysis showed that all the
soils were largely dominated either by Acidothermus
(Actinobacteria) or Ktedonobacter (Chloroflexi) (Fig. 3).

Diversities of the fungal and bacterial communities
appeared stable throughout the experiment (Fig. 3). The
bacterial community was more diverse, with a higher
Shannon index in all soils (H’ = 5.11-5.73) compared with
the fungal community (H” = 3.97—4.44). In both groups, the
irradiated soils presented lower Shannon index than natural
soils after 5 and 21 days (Fig. 3). The range of Shannon
index values and the difference between bacterial and
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10014 @ m Control
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&\ NN
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b Comparison of the percentage of heterozygous strains between the
original strains from the collection and the strains from the experi-
mental soils at day 21. Strains in the initial pools were all heterozygous
for the barcodes (HO/Barcode) as expected, as shown by the control.
At the end of the experiment, nearly half of the isolated strains (n =47
for each condition) are homozygous (Barcode/Barcode), indicating
that at least some inoculated strains went through sporulation during
the course of the experiment.

fungal communities are consistent with several studies of
forest soils [43, 44]. This suggests that the soil sampled for
our study is representative of forest soils in terms of bac-
terial and fungal community composition and diversity.
Furthermore, these analyses suggest that the total biomass
was not only reduced by irradiation, but also modified in
terms of taxonomic composition, at least for the dominant
taxa.

Effect of the microbial community on relative fitness

Using barcode sequencing, the ratio of the barcode fre-
quency at day 21 over the frequency in the initial pool was
used as a proxy for the relative fitness of each strain within a
given soil (Supplementary Material). The strains of the three
main lineages showed significant differences in their rela-
tive fitness. In the natural soil, SpB displayed a higher fit-
ness than both SpC and SpC* (Dunn test, p value <0.001)
and SpC had higher fitness than SpC* (Dunn test, p value =
0.0044) (Fig. 4a). In the irradiated soil, the SpB and SpC
relative fitness was not significantly different, while SpC*
had a lower fitness than both SpB and SpC (Fig. 4b, Dunn
test, p value <0.02). This observation was similar whether
we considered the two biological replicates separately
(NAT and HPH barcodes, Fig. 4), or using the average of
the relative fitness of the two copies (Supplementary
Fig. S6).

SPRINGER NATURE
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Fig. 3 Microbial community diversity in the experimental soils at
the phylum and genus level. Relative abundance and richness pro-
portion of fungi and bacteria phyla in the initial soil before treatment
(day 0), and in natural (dark brown) and irradiated soils (light brown)

When considering the copies separately, a significant
Lineage x Treatment interaction was detected (rank-based
ANOVA, p value < 0.002) caused by a change in magnitude
of the difference among lineages but no change in rank
(Fig. 4c, Supplementary Table S5). Then, we performed a
more conservative analysis; we used the average of the rela-
tive fitness of the two biological replicates and ranked each
strain within each treatment and replicate. The Lineage x
Treatment interaction is marginally significant, but supports
the analysis above (rank-based ANOVA [40], p value = 0.07,
Supplementary Table S5). This shows that the relative fitness
of the three lineages depends on the composition and biomass
of the natural microbial community.

To examine whether the relative fitness of individual
strains was also affected by the microbial community, we
considered each individual genotype within lineage. Using
the same conservative method, we ranked each strain within
each treatment, replicate and lineage. Within each lineage,
we tested if there was a significant Genotype x Treatment
interaction using a rank-based ANOVA. We found a sig-
nificant interaction in the three lineages (rank-based

SPRINGER NATURE

at day 5 and 21. Numbers in parenthesis indicate the replicate con-
sidered when relevant. Diversity is quantified by the Shannon index
with the blue bars.

ANOVA, p value < 0.05, Supplementary Table S5, Fig. 4d).
These results show that genetic variation within a lineage
led to fitness variation in the soil, and that relative fitness of
strains within lineage is significantly affected by the soil and
community composition.

Geographical location and substrate of origin does
not influence relative fitness

Each barcoded strain was sampled at a precise location in
North America. This gives us an opportunity to explore the
possibility of adaptation to specific conditions even if the
experimental design does not allow to conclusively test for
local adaptation. Under the local adaptation hypothesis, one
would expect for instance a negative correlation between
relative fitness and distance from the sampling site of the
sites at which strains were isolated. However, we find that
the contribution of the distance of the strain original loca-
tion to the soil sampling site to fitness variation within each
lineage in natural soil is not significant and positive when
significant: relative fitness is not negatively correlated
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Fig. 4 Relative fitness of the S.
paradoxus strains in natural
and irradiated soils. Each
biological replicate (NAT and
HPH barcodes) was considered

A

Natural soil

Kruskal-Wallis, p = 5.3e-08
0.0016

5 < 0.0001

0.0044

B

Irradiated soil
Kruskal-Wallis, p = 0.022

0.3619
0.0085

separately. a Relative fitness of
SpB, SpC and SpC* strains in
the natural soil. SpB performs
better than both SpC and SpC*,
while SpC* has a lower fitness
than both SpB and SpC
(Kruskal-Wallis and Dunn post-
hoc tests, p values on plot). b In
the irradiated soil, SpB and SpC
present no significant difference
in relative fitness, while SpC*
still performed more poorly
(Kruskal-Wallis and Dunn post-
hoc tests, p values shown on -10+ n =227

_5. :

Relative fitness (log2)

o0 0 o o

°
0 o @é’rég‘&:
e 3
® a
°

2.5
0.0222

0.0 1

Relative fitness (log2)

_25 .

n =30

plot). ¢ Average rank of the r
three lineages in natural and SpB
irradiated soils. While a

statistically significant Cc

160

Lineage x Treatment interaction ‘ ‘

was detected (Supplementary
Table S5, Section A), the rank of
the lineages did not change
across the environment.
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with the distance from the sampling site (SpB Spearman’s
rho =0.1, p value =0.002; SpC Spearman’s rho = —0.05,
p value = 0.45; SpC* Spearman’s rho = —0.03, p value =
0.72). In addition, we tested the pairwise differences in
relative fitness between the strains from different locations
in SpB and SpC. While no specific pattern emerged from
SpB analysis, in SpC, among all comparisons, the strains
from the closest locations (46.81388 N) to the soil sampled
showed significant differences with several other locations
in the natural soil (p value < 0.02, Dunn test, Supplementary
Table S6).

We compared the performance of the barcoded collection
in the natural and irradiated soils with previous experi-
mental conditions that comprise variation in carbon and
nitrogen sources, chemical compounds and incubation
temperatures [31, 45] (Supplementary Fig. S7). The

clustering indicates that the relative fitness of the strains in
natural and irradiated soil conditions is more similar to each
other than to the laboratory conditions previously tested.
Most importantly, the analysis indicates that the relative
fitness of the two SpC strains from the closest locations to
the soil sampled is often higher than the rest of the SpC
strains in the previous experimental conditions. This result
suggests that the highest fitness value of these two strains in
the soil microcosm does not reflect local adaptation but
rather a general advantage (Supplementary Fig. S7).

Then, we compared the relative fitness of strains from
soil and non-soil origin in natural soil and within each
lineage. The substrate of origin presents no significant effect
on the relative fitness of the strains in our experimental
design (Kruskal-Wallis test, p value > 0.1 for SpB, SpC and
SpC¥*), which does not support a model in which strains
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sampled from the soil would be better adapted to this sub-
strate. The graphical representation of the S. paradoxus
strains relative fitness in natural and irradiated soils asso-
ciated with their location and substrate of origin highlights
the absence of a clear effect of these factors (Supplementary
Fig. S8).

Discussion

We measured the relative fitness of S. paradoxus strains
from natural SpB, SpC and SpC* lineages in a microcosm
representing a natural soil and a natural soil with an altered
microbial community. We tested for the effect of an
alteration of the microbial community on strain relative
fitness. We found that the magnitude of fitness differences
was attenuated in the soil with an altered microbial
community.

One factor to consider in our experiments is the density
of cells used for the assays. S. paradoxus is thought to
occur at very low density in nature [20] and the cell density
used in our experimental soils was much higher than
observed in nature. Therefore, the relative fitness measured
could also have been influenced by density- and frequency-
dependent effects if strains interact with each other.
However, density dependence and diversity dependent
effects in S. paradoxus have not yet been documented. In
addition, frequency-dependent effects and interactions
among strains are difficult to track in experimental settings,
such as the one used here, which is common to all studies
comparing fitness of genotypes in a single pool [46-48].
Further technological developments may be needed to
examine whether these types of effects are common and
important.

Our observations show that strains could persist in dif-
ferent viable states, vegetative and sporulated. The large
proportion of sporulated cells gives some indications about
the fact that the soil is poor in nutrients or that specific
molecules may trigger sporulation. Further investigations
on the soil nutrient composition could contribute to better
understand the dynamics of spore formation in S. para-
doxus, and if there are differences among lineages. In
addition, if mating occurred, it most likely occurred within
asci [49], thereby preserving the association between strain
genotypes and their barcodes. Tracking barcoded strains
during our experiment may have provided information
about the survival component of fitness rather than solely
growth rate in the soil since cell density remained constant
during the experiment. This difference in the estimated fit-
ness of strains could limit the comparisons with other stu-
dies in which growth was used to infer fitness in
continuously renewed liquid media [31], or by measuring
the colony growth on solid media [45].

SPRINGER NATURE

Differences in relative fitness between lineages and
effect of the microbial community

The better performance of SpB in our microcosms is con-
sistent with previous studies in most conditions from arti-
ficial media and maple sap [25, 45]. In addition, SpB and
SpC were shown to perform differently on various nitrogen
sources, for example, allantoin and allantoate [25]. These
molecules are natural nitrogen sources found in plants
exudate [50]. This difference in nitrogen metabolism could
be linked to the difference in performance in the natural
soil, where nitrogen oligotrophy is an important ecological
adaptation in yeast [51]. Furthermore, the fact that SpB was
shown to perform better at 25 °C, temperature at which our
experiment was conducted, could also have influenced our
results [28, 30]. Moreover, in nature, soils are subjected to
temperature variation throughout the year, and testing sev-
eral temperatures as well as fluctuations in further studies
could help to understand the natural S. paradoxus popula-
tion dynamics [52]. This may reflect another limitation in
our study, that is, we used one soil sample taken at one time
point, thus limiting the study of fluctuating selection in time
and space [53].

In our study, gamma irradiation was preferred to the
more commonly used autoclaving because prior research
has shown that the former reduces the chemical and phy-
sical alteration of soil properties [32, 54, 55]. The drawback
is that autoclaving better eliminates DNA molecules and
microorganisms than gamma irradiation, which makes
DNA amplification still possible even though no bacterial or
fungal growth is detected [32]. However, microorganisms
can persist in a viable but non-cultivable state, as the plate
counts after several days seem to indicate, along with the
changes in relative proportions of the most abundant genera
over the experiment. Irradiated soils were therefore not
sterile. Our choice was motivated by the idea of ensuring
similar abiotic conditions in the different experimental soils.
The dominant phyla in our soils are those frequently
occurring in forest soil [43, 56] with Ascomycota and
Basidiomycota that coexist in soil with a diversity of
organisms, and are involved in many types of interactions
[26].

The interactions of one microbe with other populations
or species are predicted to have strong evolutionary con-
sequences [9, 57, 58]. We find that the microbial commu-
nity appears to influence the magnitude of fitness variation
between lineages and also influence the fitness ranking of
the strains within the three lineages. Irradiation of the ori-
ginal soil led to a change in the microbial community
composition and diversity and biomass reduction. The
fungal community was the most impacted with a change in
dominant genus between natural and irradiated soils. Thus,
potential biotic interactions were clearly modified, and the
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resulting community impacted the S. paradoxus strain fit-
ness. The change in the community composition could also
have impacted diversity-dependant effects in the S. para-
doxus lineages. Species that could have positively affected
SpB or negatively affected SpC and/or SpC* relative fitness
in natural soil could have been reduced in irradiated soil.
The effect of the variation in the microbial community
across the treatments could be explained by direct or
indirect interactions. For example, S. paradoxus strain fit-
ness could be impacted by the effect of competition or
differential access to public goods [59]. The degradation of
organic compounds present in the soil by the microbial
community could benefit S. paradoxus and facilitate the
access to nutrients. In addition, diffusible and volatile
compounds emission from bacteria and fungi are important
actors of microbial interactions in soil [60, 61]. These
molecules can serve as nutrient sources and mediate various
interaction, such as inhibition as well as stimulation of
growth [62]. Microbial diffusible compounds are produced
by several bacterial and fungal genera found in our soil,
such as Clostridium, Flavobacterium, Methylobacterium,
Streptomyces, Penicillium and Trichoderma [60, 63]. The
presence of such compounds could have impacted differ-
entially the fitness of the SpC, SpC* and SpB strains. The
SpB lineage could display an advantage in using soil
nutrients, in coping with microbial interactions and thus, be
more adapted to the natural soil environment. As a future
perspective, analysis of soil compounds and the isolation of
the dominant microbial species would help test the biotic
effect on each lineage. One interesting finding related to the
evolution and divergence of the SpC and SpB lineages is
that SpB outperforms SpC in most conditions tested in the
laboratory and here in the natural soil, making it difficult to
understand why it does not outcompete SpC in its range.
Our results show that these differences were reduced when
grown in a natural soil with an altered microbial commu-
nity. This suggests that interaction with other microbes may
play a role in shaping the ecology of these three lineages.

Influence on relative fitness of geographical and
substrate origin

Although our experimental design does not allow to test for
local adaptation directly, it allowed to examine whether
strains could be adapted in terms of geographical origin and
in terms of substrate of origin. In the first case, one would
expect that strains isolated closer to the soil sampling site
would show higher fitness than other strains. In the second
case, one would expect strains that were originally isolated
from soil would outperform strains originally isolated from
other substrates. First, we detected a higher relative fitness
for the two SpC strains that were originally the closest to the
sampling site compared with the others. Given that the only

signal comes from two particular strains that also performed
better in other conditions, these strains may have been
found in the site nearby due to stochastic processes [64]
rather than due to their fitness advantage. Second, we did
not find evidence that strains could be adapted to their local
substrates. Indeed, no significant differences were observed
between strains isolated from the soil when grown in the
soil and strains isolated from another substrate. This result
is consistent with previous studies in which the adaptation
of S. paradoxus to the substrate of origin was not detected
by reciprocal transplant experiment [22], and with the dif-
ficulty to detect local adaptation in free-living microorgan-
isms [14, 65, 66]. Our choice of experimental substrate was
mainly driven by the higher abundance of S. paradoxus
strains in oak-associated soil than in other substrates. The
presence of yeast in soil could also be explained by dis-
persal due to insects or climatic conditions, and therefore
masking the optimal substrate for wild yeasts. Additional
work in the field may be needed to further examine these
questions.

Data availability

Raw data of barcode sequencing and microbial diversity are
available at Bioproject PRINA529380 at http://www.ncbi.
nlm.nih.gov/bioproject/.
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