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The budding yeasts are prime models in genomics and cell biology, but the ecological factors that
determine their success in non-human-associated habitats is poorly understood. In North America
Saccharomyces yeasts are present on the bark of deciduous trees, where they feed on bark and sap
exudates. In the North East, Saccharomyces paradoxus is found on maples, which makes maple sap
a natural substrate for this species. We measured growth rates of S. paradoxus natural isolates on
maple sap and found variation along a geographical gradient not explained by the inherent variation
observed under optimal laboratory conditions. We used a functional genomic screen to reveal the
ecologically relevant genes and conditions required for optimal growth in this substrate. We found
that the allantoin degradation pathway is required for optimal growth in maple sap, in particular genes
necessary for allantoate utilization, which we demonstrate is the major nitrogen source available to
yeast in this environment. Growth with allantoin or allantoate as the sole nitrogen source
recapitulated the variation in growth rates in maple sap among strains. We also show that two
lineages of S. paradoxus display different life-history traits on allantoin and allantoate media,
highlighting the ecological relevance of this pathway.
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Introduction

Unicellular eukaryotes such as yeast are well-
established models for genetics and cell biology,
but they are also powerful emerging models for
ecology, evolution and ecotoxicology (Landry et al.,
2006; Hittinger, 2013; Braconi et al., 2016). The
budding yeasts of the genus Saccharomyces in
particular are widely studied organisms. Its most
studied species, S. cerevisiae, is the testbed of a large
body of research in fundamental cell biology and
genetics. However, there is little knowledge about
Saccharomyces ecology, natural history and geo-
graphic distribution compared with our understand-
ing of their behavior under optimal laboratory
conditions (Goddard and Greig, 2015; Sylvester
et al., 2015). A major limiting element is our lack
of knowledge of fitness determinants under their
natural environmental conditions. Overcoming this
limitation would require either measuring fitness in
the wild (Boynton et al., 2016) or elucidating the
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composition and availability of substrates in natural
habitats (Samani et al., 2015), or at least growing
yeast isolates on a natural substrate in controlled
conditions (Bell, 2010; Giraldo-Perez and Goddard,
2013; Clowers et al., 2015; Kowallik et al., 2015). For
example, nitrogen availability is an important ecolo-
gical factor for microbial communities associated
with trees (Kembel and Mueller, 2014; Kembel et al.,
2014) and the ability to use specific nitrogen sources
could also be critical for yeast growth in the wild.
Microhabitats occupied by yeast such as decompos-
ing fruits, flowering plant nectar and saps are rich in
sugar but poor in nitrogen, with one or few
dominating sources, mainly amino acids (Landry
et al., 2006; Hittinger, 2013; Ibstedt et al., 2015).

In North America, Saccharomyces strains have
been successfully isolated from deciduous tree bark
such as oak and maple (Naumov et al., 1998; Charron
et al., 2014a), where they likely feed on sugar-rich
sap exudate and bark, as they can be grown in sap
and bark tea (Bell, 2010; Kowallik et al., 2015). For
instance, Saccharomyces paradoxus strains were
successfully isolated from maple tree bark. This
species is of particular interest because it is an
undomesticated relative of S. cerevisiae and an
emerging model system for speciation where distinct
lineages have been well described (Leducq et al.,
2016). The region where S. paradoxus has been
isolated and characterized in North America vastly
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overlaps with the production area of maple syrup, a
natural sweetener obtained from the concentration of
maple sap, mostly from Acer saccharum (Filteau,
2011; Leducq et al., 2016). Maple sap composition
varies over the spring flow period, along with maple
syrup quality (Filteau et al., 2011, 2012). Numerous
constituents have been reported, including sugars,
organic acid, phenolic compounds, amino acids and
minerals, but many compounds remain unidentified
(Dumont, 1994a,b; Morselli and Whalen, 1996;
Yoshikawa et al., 2013; Yuan et al., 2013). Therefore,
aside from the high sugar content, mainly sucrose,
other nutrients contributing to fitness determinants
of yeast remain to be characterized.

The utilization of maple sap in the food industry
makes it a readily available deciduous tree exudate,
and thus a prime model substrate for yeast ecological
studies. Methods have been optimized to extract and
concentrate maple sap in large volumes so that it
provides the opportunity to use it as a substrate in
the laboratory. We took advantage of the availability
of maple sap concentrates and syrups to study the
growth of a diverse population of natural isolates of
S. paradoxus that have been isolated directly on
maple trees, their associated soils and on other
substrates in regions where maple tree is known to
occur. We identify key metabolic and regulatory
pathways that are required for growth in this natural
substrate, and at the same time, the major nitrogen
source available, allantoate.

Materials and methods

Maple sap and syrup samples

This work was designed to identify yeast cellular
functions specifically affected by the molecular
composition of maple sap and maple syrup. Since
maple syrup is a stable concentrate of maple sap, it
was used as a biological replicate to monitor
seasonal trends. Maple sap and syrups of every
production day of the 2015 season were obtained
from a sugaring plant in Edmundston, NB, Canada.
Maple sap was concentrated by reverse osmosis
before being processed into maple syrup. The sugar
concentration of sap concentrate and syrups was
measured at room temperature with a refractometer.
Sap concentrates were rapidly frozen at — 20 °C until
processing time. Syrup samples were packaged as
per the production norms and kept at room tem-
perature. A total of 17 paired samples were collected
(Supplementary Table S1). Six samples spanning the
whole tapping period were selected for further
experiments. Samples 16 and 17 were collected only
4 h apart, yet there were noticeable differences in the
appearance of the syrup produced. In particular,
syrup17 was turbid and had an increased viscosity, a
defect known as ropy or stringy syrup caused by
specific microbial activity in the sap. Before their use
in experiments, the sap concentrates were thawed,
adjusted to 10° Brix and then sterilized by 0.2 uM
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filtration. Syrups were handled aseptically and
negative controls were included in each experiment,
showing that no microbial contamination was pre-
sent in the original samples. However, a bacterial
contamination occurred in syrup1, preventing us to
include this sample in subsequent experiments.

Saccharomyces strains.
are listed in Table 1.

Strains used in this study

Growth experiments

Rich undefined media (YPD) consisted of 1% yeast
extract, 2% tryptone and 2% glucose while synthetic
media was made with 0.175% yeast nitrogen base,
2% sucrose and 0.005% of nitrogen source, either
ammonium sulfate, allantoin or allantoate. Solid
medium also contained 2% agar. Sap concentrates
and syrups were added to 2% sterilized agar at a
final dilution factor of 1/5 and 1/33, respectively,
which would correspond to the natural 2-3% sugar
concentration of maple sap.

Strains were precultured for 2 days at room
temperature on YPD at a density of 1 536 colonies
per plate using a BM3-BC robot (S&P Robotics, Inc.,
North York, ON, Canada). Strains were then trans-
ferred on the desired media and grown at room
temperature for 10 days. Time series images of the
plates were analyzed using custom scripts written in
Image] 1.45s (National Institutes of Health,
Bethesda, MD, USA; https://imagej.nih.gov/ij/) to
measure colony sizes in pixel density as described in
Diss et al. (2013). Colony sizes were log, transformed
and normalized by subtracting the value obtained
after transfer to account for variation in the initial
amount of cells transferred. A time series of 16 data
points was used to construct growth curves. Growth
curve analysis was performed in JMP12 (SAS
Institute, Cary, NC, USA) individually for each
replicate by fitting a three parameter Gompertz
model. The growth rate and asymptote (efficiency)
parameters were averaged for a minimum of six
replicates for each strain, excluding colonies at
border positions on agar plates. Pearson correlations
are presented unless the data were non-normally
distributed, then Spearman correlations are pre-
sented. A t-test was used to compare lineages since
the data had similar variance. P-values correspond to
the two-sided hypothesis.

Functional genomic screen

To characterize the ecologically relevant genes for
growth in maple sap, we used a systems biology
approach using the fitness of S. cerevisiae mutants as
biological reporters. The approach consists of using a
collection of strains in which the non-essential genes
have been deleted individually and replaced with an
antibiotic resistance cassette flanked with unique
identifying DNA barcodes. These strains are pooled
and grown together, and the change in relative
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Table 1 Strains used in this study

Lineage

Strains isolated from Maple, Oak, others

Geographical origin

Reference

S. cerevisiae
SpA

SpB

SpBf

SpC

SpC*

Deletion strains

LL2013 054
CBS432
LL2012_001
YPS642, YPS644
YPS695

95 1 5A

95_7 1D
LL2015_004
LL2012_002, LL2012_003, LL12_021
LL2012_009
LL2012_028

MSH_3052_1, MSH_3061_3, MSH_475, MSH_483, MSH_498, MSH_5009,

MSH 527, MSH 544, MSH_562, MSH_567_4, MSH_573_4,

MSH _578_1_B5, MSH_578_3_F8, MSH_578a_4_E3, MSH_584,
MSH_603, MSH_604, MSH_605, MSH_645, MSH_657, MSH_661,
MSH 678, MSH_830_1_H3

yHBH3

yHBJ16, yHBJ17, yHBJ24, yHBJ]5, yHB]6, yHBJ9

yHKS10

YPS484

YPS616, YPS618, YPS631

LL2012_014

LL2011_001

LL2011_003, LL2011_004, LL2012_005
LL2011_007, LL2011_008

LL2011_010, LL2011_011

LL2011_012

LL2012_007

LL2012_010, L1.2012_011

LL2012_019

LL2012_027

MSH_D1S11, MSH_D2B12, MSH_D2S35
yHBH4 (YPS667)

LL2012_016, LL2012_017, LL2012_018, LL2012_020
LL2011_006

MSH-587-1 AHO (SpC)

MSH-587-1 AHO Adal1 (SpC)

Rockport, MA
Moscow, Russia
Hull, QC

Buck Hill Falls, PE
Tuscarora Forest, PE
Saugatuck, MI

East Lansing, MI
Edmunston, NB
Pointe Platon, QC
Québec, QC
Sherbrooke, QC
Mont St Hilaire, QC

Salem, MO

Iron River, WI
Sussex, WI

Grand Bend, ON
New Brunswick, NJ
St-Michel de Belle-
chasse, QC
Québec, QC

Cap Chat, QC

fle d'Orleans, QC
Squatec, QC

Station Dushesnay, QC

St Jean Port Joli, QC
Parc du Bic, QC
Pointe Platon, QC
Sherbrooke, QC
Mont St Hilaire, QC
Buck Hills Falls, PA
Pointe Platon, QC
fle d'Orleans, QC
Mont St Hilaire, QC
Mont St Hilaire, QC

This study®

Naumov (1987)
Charron et al. (2014a)
Kuehne et al. (2007)
Kuehne et al. (2007)
This study®

Charron et al. (2014a)

Leducq et al. (2014)

Leducq et al. (2014)

Kuehne et al. (2007)
Charron et al. (2014a)

Charron et al. (2014a)

Leducq et al. (2014)
Kuehne et al. (2007)
Charron et al. (2014a)

Charron et al. (2014b)
This study

(
MSH-587-1 AHO Adal2 (SpC)
MSH-587-1 AHO Adal7 (SpC)
MSH-587-1 AHO Adur1,2 (SpC)

a[solation method as in Charron et al. (2014a).

frequency of each barcode between treatments is
used to calculate fitness. The MATa yeast knockout
collection (Giaever et al., 2002) was pooled as in
Smith et al. (2011) with the following modification:
The collection was replicated twice and selected
colonies from the second set of plate were added to
the pool to increase the amount of cells of slow
growing strains. Following the same protocol, liquid
assays were carried out in 96-deep-well plates. The
control culture media was prepared with 1.75g1~" of
yeast nitrogen base without amino acid or ammo-
nium sulfate, 0.073 g1~ of histidine, methionine and
uracil, and 0.367 g1~" leucine, for which the knock-
out strains are auxotroph, and 2% sucrose. For the
maple media, sap concentrates and syrups substi-
tuted sucrose, with a final dilution factor of 5 and 33,
respectively. For each sap or syrup sample, eight
wells were inoculated with 0.08 OD units (~500 000
cells). To limit stochastic effects, aliquots from four
wells were pooled to obtain two final replicates for

each sample. Cultures were sampled after an average
of 18 generations. DNA extractions were performed
using the Blood and Tissue Kit (Qiagen, Hilden,
Germany).

For the initial pool, two separate DNA extractions
and two PCR were performed on each DNA sample
to create four libraries. The same multiplexing tags
were used for the two PCRs, which were sequenced
on different chips to estimate technical variation.
We used predefined tags (Faircloth and Glenn,
2012) to construct primers for multiplex sequencing
with Ion Torrent technology. Oligos are listed in
Supplementary Table S2. Each PCR reaction was
performed in triplicate and PCR products were
pooled to limit stochastic effects. Each PCR reaction
had a final volume of 50 pul, which contained 1 x
PCR buffer, 300 pM of each dNTP, 1 U of Kapa HiFi
DNA polymerase (KAPA Biosystems Inc., Wilming-
ton, MA, USA), 50 ng of genomic DNA and 200 nM of
each primer. PCR amplification was conducted in a
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MasterCycler ProS (Eppendorf, Hamburg, Germany)
with the following conditions: 3 min at 95°C; 10
cycles of 20s at 98 °C, 15s at 52 °C and 15 s at 72 °C;
followed by 15 cycles of 20s at 98 °C, 15s at 75 °C
and 15 s at 72 °C, and a final extension time of 15 s at
72 °C.

Pooled PCR products were purified using Axyprep
Mag PCR cleanup kit (Corning, Corning, NY, USA).
The libraries were quantified using Picogreen (Ther-
moFisher, Waltham, MA, USA) and quality was
assessed using a high-sensitivity chip (Agilent, Santa
Clara, CA, USA) on a Bioanalyzer2100 (Agilent).
Libraries were loaded on P1 sequencing chips using
an lonChef (ThermoFisher) and sequenced (IBIS
sequencing platform) on an Ion Proton (Thermo-
Fisher) according to the manufacturer’s instructions.
Sequencing data were analyzed with Geneious 6.1.8
software (Biomatters Inc., Newark, NJ, USA). All
possible expected synthetic PCR products were
concatenated with NNNNN spacers to create a
reference on which the barcode reads were mapped
using the default settings and excluding reads with
multiple best matches. We used the two available
versions of barcodes lists (Smith et al.,, 2009) to
determine the best barcode for each strain and
remapped the reads to this updated reference
(Supplementary Table S3). We obtained an unam-
biguous assignment for 95% of reads with correla-
tion coefficients of 0.92—-0.97 among the initial pool
replicates.

There were 4771 strains present in the prepared
pool, among which 4606 were detected. The 4278
strains that had a total of more than 100 reads in the
initial pool were considered for further analysis.
Since the total number of reads obtained per library
varied and correlated with the number of detected
strains, we conservatively set the undetected strains
in the end point at 0.5 reads to estimate their
proportion in the library. Fitness was then calculated
as in Qian et al. (2012) using the average of
pseudogenes deletion strains (YCL074W, YCLO75W,
YDR134C, YFL056C, YIL170W, YIR044C, YLL017W)
as the wild type. Duplicates were averaged resulting
in a total of 4 250 ORF's.

Because the chemical composition of maple sap
and maple syrup varies throughout the production
season, we considered median values across samples
to establish thresholds on P-values of Welch tests
comparing fitness to the control minimal media.
Strains having a median P-value lower than 0.1 and a
difference in fitness greater than 0.04 were consid-
ered candidates and used for functional category
enrichment analysis. Gene Ontology (GO) enrich-
ments were performed with the ClueGO plug-in
v2.2.3 (Bindea et al., 2009) in Cytoscape v3.2.1
(Shannon et al., 2003). The lists of sap and syrup
candidate genes with significant effects on fitness
were tested for enrichment in biological processes
against the 4250 ORF recovered in the functional
genomic experiment with a right-sided hypergeo-
metric test. P-values were corrected with the
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Bonferonni stepdown method and other ClueGO
parameters were kept to default settings.

Allantoin and allantoate quantification

Allantoin, allantoate and Allantoin-13C2, 15N4 were
purchased from Cedarlane (Burlington, ON, Canada).
Solvents and acids of LC-MS grade were purchased
from EMD Millipore Chemicals (Billerica, MA,
USA). Ultrapure water was obtained from a Milli-Q
water purification system (Millipore).

Maple products, saps and syrups, previously
diluted 3 x with water, were diluted 4 x with 90:10
(acetonitrile:water) containing allantoin-13C2,15N4
as an internal standard (1ppm), vortexed for 1 min
and centrifuged at 16 000 g for 5 min at 4 °C. Super-
natants were collected, filtered on 0.2 pum nylon
filters and placed in a vial prior to injection. A UPLC-
MSMS analysis was performed using a Waters
Acquity H-Class Ultra-Performance LC system
(Waters, Milford, CT, USA), equipped with a
quaternary pump system. An Aquity BEH HILIC
Column, 130A, 1.7pm, 2.1mmx150mm from
Waters set at 40°C was used. Allantoin and
Allantoate were separated with a mobile phase that
consisted of 0.5% formic acid (eluent A) and
acetonitrile (eluent B). The flow rate was
0.4 ml min~" and the gradient elution was 70% B;
0-1.5min, 70-50% B; 1.5-3.0 min, 50-5% B; 3.0-
3.1 min, 5-70% B with post time of 3.5 min. The MS
analyses were carried out on a Xevo TQD mass
spectrometer (Waters) equipped with a Z-spray
electrospray interface. The analysis was performed
in positive mode and the data were acquired
through masses reactions monitoring, allantoin
158.71>61.04 (quantification) and 158.71>116.04
(identification confirmation), allantoate 176.78 >61.03
(quantification) and 176.78>116.03 (identification
confirmation). The ionization source parameters
were capillary voltage 3.1kV; source temperature
150°C; cone gas flow rate 101h~"' and desolvation
gas flow rate 10001h~"; desolvation temperature
500°C. Nitrogen (99% purity) and argon (99% purity)
were used as nebulizing and collision gases, respec-
tively. Data acquisition was carried out with the
MassLynx 4.1 software (Waters Corporation, Milford,
MA, USA). Quantification was performed based on
internal calibration.

-1

DAL deletion strains construction

Four allantoin pathway genes were deleted in a
previously isolated S. paradoxus strain with its HO
locus replaced with the NATMX antibiotic resistance
cassette (Table 1; Charron et al., 2014b). This strain is
representative of the SpC wild populations found in
the North-East of North America (Leducq et al., 2014,
2016). The deletions of DAL1, DAL2, DAL7
and DUR1, 2 were conducted using homologous
recombination cassettes (Rothstein, 1991). The cas-
settes were amplified using lineage-specific



oligonucleotides designed from available genomic
data (Leducq et al., 2016) on the pFA-HphNT1
plasmid (Janke et al., 2004). Cassette amplification,
transformation by homologous recombination and
verification of cassette integration followed Leducq
et al. (2012) with heat shock performed at 37°C
instead of 42°C (primers listed in Supplementary
Table S4). Verification of cassette integration was
performed on the 5’ region of the gene. One verified
transformant was kept for each gene deletion and
stocked at — 80 °C in 25% glycerol culture medium.

Data availability
Raw sequencing data are available at Bioproject
number PRJNA342949 at http://www.ncbinlm.nih.
gov/bioproject/.

Results

To investigate variation in fitness of natural yeast
populations on maple sap, we performed a high-
throughput screen to measure growth rate (normal-
ized log, colony size per hour) and efficiency
(normalized log, colony size) of 72 S. paradoxus
strains and one wild S. cerevisiae strain on the
selected maple samples (Supplementary Table S5).
A principal component analysis of these growth
parameters shows that variation in growth pheno-
types on maple sap discriminates strains belonging
to different S. paradoxus lineages (Figure 1a) with
the first and second principal component (PC1 and
PC2) positively reflecting efficiency and growth rate,
respectively. Indeed, both PC1 and PC2 were
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significantly higher for the SpB than the SpC lineage
(t-test P-value <0.001), indicating that in maple sap
this set of SpB strains performed better than the
SpC strains tested. A similar difference in efficiency
was also observed on the standard laboratory rich
undefined medium YPD (#-test P-value <0.001), but
the growth rate difference was reversed, with SpC
growing significantly faster (¢-test P-value =0.01).

While there were no significant correlation bet-
ween PC1 and geographical origin (P-value >0.14),
PC2 correlated with latitude and longitude (Spearman
p=-0.46 and -0.57, respectively, P-value <0.001;
Figure 1b). Pairwise correlations between growth
rates and coordinates are significant (Spearman
p< —0.31, P-value <0.01) for all but the first maple
sap sample, while there is no significant correlation
between these parameters on YPD (P-value >0.23).
Altogether these results indicate that maple sap is an
ecologically relevant substrate for S. paradoxus in
North America. The growth parameters measured on
syrup correlated well with those measured on sap
(Supplementary Figure S1), indicating that the
transformation process might only subtly alter the
chemical components influencing yeast growth.

To identify the ecologically relevant component of
maple sap that may underlie this phenotypic varia-
tion, we performed a functional genomic screen via
liquid competition growth assays of a pool of
S. cerevisiae deletion strains. We used as control a
minimal medium containing sucrose, and substi-
tuted sucrose with maple sap or maple syrup for the
experimental media. The fitness of each deletion
strain growing in one of the six sap or syrup samples
was compared with their respective fitness in the
control media. Differences in fitness result from the

85w 80w 7BW 70 W
Longitude

Figure 1 Wild strains of Saccharomyces show variation in growth parameters on maple sap. (a) Principal component analysis on
correlations of growth rates and efficiency measured for 73 strains on six maple saps. PC1 and PC2 positively reflect growth efficiency and
rate in maple sap samples, respectively. Colored symbols correspond to S. paradoxus lineages as defined in Leducq et al. (2016): SpA
(green squares), SpB (red circles), SpC (blue triangles), SpC* (purple diamonds), SpBf (orange rectangle) and the empty square represents a
wild S. cerevisiae strain. (b) Map showing the relationship between the median PC2 and the geographical origin of the strains. The area
defined by the broken line represents the distribution of Acer saccharum Marsh (based on USGS.gov).
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effect of one or more chemical compounds found

only in the sap or syrup. Because maple syrup is a
concentrate of maple sap, in most cases, seasonal
changes should occur in parallel in maple saps and
syrups.

We defined a list of candidate genes based on the
median fitness difference with the control in each
sample type and the median P-value of a Welch test
(Figure 2a and Supplementary Table S6). Half of
the 80 candidates were common to sap and syrup,
a highly significant overlap (Fisher’s exact test,
P-value=8.6e-67). The lists of genes with significant
effect on growth were collectively enriched for
connected biological processes required for nitrogen
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assimilation and its regulation (Figure 2b), including
the allantoin catabolic pathway. This pathway is
under the regulation of the nitrogen catabolic
repression, and the 80 genes with significant effects
were enriched in members of the nitrogen catabolic
repression regulon (A-NCR) as defined by Godard
et al. (2007; strongest enrichment for the candidates
in sap or syrup Fisher’s exact test, right-sided
P-value=4.1e-33). Fitness of strains lacking a gene
involved in the allantoin catabolic pathway and its
regulation (Figure 3) suggested that being able to use
allantoate, and not allantoin, was most critical for
growth on maple sap, suggesting that it is the major
source of nitrogen in this substrate.
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. Sap

localization
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transport
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Figure 2 The most relevant genes for growth in maple samples are enriched in biological processes relevant for nitrogen utilization.
(a) The lists of genes with significant effects were defined based on the median fitness difference with the control and the median P-value
of a Welch test for maple saps and syrups. (b) Functionally grouped network with biological processes as nodes linked based on their
x-score level (> 0.4). Node color represents the term enrichment specificity to sap, syrup or both gene lists and the node size reflects the
significance.
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Quantification of the ureides allantoin and allanto-
ate in maple sap concentrates and syrups confirmed
that allantoate is present in maple sap with concen-
trations that range between 0.6 and 24.1mgl~" in
unconcentrated sap. Both compounds are present
and increasing in concentration over the spring flow
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period in maple syrup (Figures 4a and b). These
quantification results mirrored the general increase
in efficiency observed for the wild Saccharomyces
strains (Figure 4c), which support our overall
findings that these ureides are the main nitrogen
sources available in maple sap. To confirm this
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hypothesis, we constructed dal1 (allantoinase), dal2
(allantoicase), dal7 (malate synthase) and duri, 2
(urea amidolyase) single knockout in a S. paradoxus
wild isolate. We then measured their growth in
maple saps and syrups along with the wild type.
These genes are part of the allantoin catabolism
pathway (Figure 3) and are reported as being
required for the use of their upstream metabolites
in S. cerevisiae, except for dal7, which has a
functional paralog. All strains were able to grow on
ammonium sulfate media as expected, but also on
sapl and on syrupl7, indicating that nitrogen
sources other than ureides were available in these
media (Figure 5). There was also weak growth of the
dal2 mutant in allantoate media, but not on most
saps and syrups, reflecting a possible interaction
with other properties of the media, a lower pH for
example, since the allantoate media was not
buffered.

As allantoin and allantoate are the main nitrogen
sources in most saps, the ability to use these
molecules could be a major fitness determinant in
the wild. Indeed, growth of the S. paradoxus (n=72)
and S. cerevisiae (n=1) strains on allantoin and
allantoate media correlated very well with growth in
maple sap, even better than ammonium sulfate
media (Figure 6 and Supplementary Table S7).
Moreover, the correlation coefficients increased with
the flow period, mirroring the increase of ureides,
again suggesting that the ability to use these nitrogen
sources is a major determinant of fitness in the wild.

Given the apparent ecological relevance of allan-
toin and allantoate, we examined the life-history
traits that are reflected in the correlation among the
growth components of S. paradoxus SpB and SpC
lineages. We observed no significant correlations
between growth rate and efficiency for strains of the
SpC lineage in maple sap, but all SpB correlations
were significant (P-value<0.05; Figure 7). Similar
correlations were recovered when the SpB strains
where grown on allantoin and allantoate media,
while they were only partially recovered on ammo-
nium sulfate media, and weakest on YPD, implying
different life-history relationships with allantoin and
allantoate for these lineages.

Discussion

Budding yeasts of the genus Saccharomyces are the
workhorses of the baking, brewing, wine making and
biofuel industries. S. cerevisiae is also the best-
characterized model eukaryotic species in genetics,
genomics and cell biology. Understanding the
evolution and phenotypic diversity of these species
has been limited by our humble understanding of
their ecology, and a lack of natural context in which
to measure fitness components that would be
relevant to natural conditions. The only major
ecological parameters that have clearly been shown
to play a role in shaping the ecological distribution of
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Figure 5 Heat map showing the growth efficiency of S.
paradoxus knockout strains of the allantoin catabolism pathway
compared with the wild type (WT) on maple samples and
synthetic media with allantoate (ALA), allantoin (ALN) or
ammonium sulfate (AMS) as the nitrogen source. DAL2 and
DUR1,2 are required for growth on most maple saps while DAL1
and DAL7 are not. These results indicate that deletion strains
unable to utilize allantoate as a nitrogen source are unable to grow
on most maple sap samples, underlying the absence of alternate
nitrogen sources.

Saccharomyces sp. so far are temperature and
survival to freeze and thaw cycles (Leducq et al.,
2014; Sylvester et al., 2015). Here we exploited the
resources of the maple syrup industry to measure
genetic variation of growth parameters in popula-
tions of Saccharomyces isolated from maple trees
and other substrates found in North American
forests. We found that fitness in maple sap signifi-
cantly differs among isolates and varies with geo-
graphy to a larger extent than fitness on artificial
laboratory conditions such as rich undefined
medium. Our results show that maple sap from
A. saccharum or growth medium reconstituted from
concentrated and cooked maple sap (from syrup)
provide a representative medium for measuring
relevant fitness parameters in natural isolates of
S. paradoxus.

We identified key genes involved in growth in
maple sap and at the same time the most abun-
dant source of nitrogen for yeast growth in this
natural substrate, allantoate. In early experiments on
A. saccharum, the main sap nitrogen content has
been reported to be of organic origin, but could not
be identified (Pollard and Sproston, 1954). In the
following decade, allantoate has been reported as an
important translocatory and metabolic nitrogen
currency in other Acer species (Barnes, 1959,
1963). Our results indicate that A. saccharum shares
this metabolic trait. Moreover, the ureide content of
xylem sap of deciduous trees, such as Acer species,
undergoes a seasonal cycle where ureides are stored
in roots during winter and account for 70-100% of
nitrogen in root bleeding sap in spring (Conn et al.,
1990). Our results show that sugar maple saps
collected during spring also follow this pattern, with
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values found for allantoate (0.6-24.1mgl~")
matching the reported concentration of total
nitrogen compounds (10—20 mg 1~ *; Dumont, 1994a,b;
Morselli and Whalen, 1996). Thus, allantoate is the
major form of nitrogen compound in sugar maple sap
during spring.

The ability to use allantoate may therefore be a
major factor determining fitness for microbial popu-
lations growing on maple trees. Being such a major
determinant of fitness, it may be surprising to find so
much variation in growth rate and efficiency among
natural strains using these key compounds. How-
ever, the yeast isolates used here come from various
substrates, including different trees, which may
constitute a different selective regime. In oak trees
for instance the main nitrogen compound in xylem
sap is asparagine and aspartate depending on the
species (Barnes, 1963). The importance of using
allantoate could also vary through the season.
Considering both sample types, we observed a
general increase in allantoin and allantoate as the
spring progresses, which matches the general
increase in efficiency observed for the wild Sacchar-
omyces strains. This trend also matches the pre-
viously reported average bacterial and fungal
contamination increase over the tapping period
(Filteau et al., 2010). A change in the maple-
associated communities could also influence
nitrogen sources throughout the season. Here for
instance we observed that the first sap sample could
contain other nitrogen sources (Figure 5), which is
most likely because the first flow washed away the
dead biofilms present in the tubing systems (Lagacé
et al., 2006), which contributed other nitrogen
sources. Similarly, the syrup17 sample can be
recognized as a ropy or stringy syrup defined as a
maple syrup that forms strings and becomes gelati-
nous (Canadian Food Inspection Agency, 2007). This
defect is attributable to the action of the bacterium
Enterobacter (Aerobacter) aerogenes, a rare contami-
nant of maple sap (Filteau, 2011), which polymerizes
the sugars in the syrup. The optimal growth condi-
tion of this bacterium occurs at temperatures
between 24 and 32 °C, and is therefore more likely
to cause problems during the last days of the
collecting period. Thus microbial activity would
convert part of the allantoate in other sources of
nitrogen as illustrated by the growth of dal2 and
dur1,2 mutants on syrupl? that has been sterilized
by boiling, but not on sap17 that has been sterilized
by filtration.

Although acknowledged to be a nitrogen source for
Saccharomyces yeast, allantoate has seldom been
used in studies investigating nitrogen metabolism
and regulation on a broad scale (Godard et al., 2007;
VanderSluis et al., 2014; Ibstedt et al., 2015). Here
we show that the allantoin catabolic pathway genes
and its main regulators are important factors for
growth in maple sap. Nitrogen availability is a major
determinant of the ecology of microbial species
associated with trees (Kembel and Mueller, 2014;
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Kembel et al., 2014). Nitrogen use appears to have
been a major determinant in the evolutionary history
of budding yeasts, as suggested by the organization
of the yeast genomes and from studies on the model
S. cerevisiae. Most of the genes required for allantoin
utilization form the largest metabolic gene cluster
found in the budding yeast genome, which may be a
co-adapted gene complex formed by epistatic selec-
tion (Wong and Wolfe, 2005). Variation in DAL1 and
DAL4 has been reported as the genetic basis for
nitrogen source use variation in S. cerevisiae (Ibstedt
et al., 2015). Both genes are required for allantoin
use, but are not essential for allantoate utilization.
Also, the allantoate permease gene has been shown
to be strain specific and DAL cluster gene expression
to be variable among strains (Treu et al., 2014). Given
these observations and the fact that allantoin and
allantoate are found in several plants and excretion
products of various organisms (de Bruijn, 2015;
Atkins, 1982), it is likely that these ureides played
a role in shaping the current ecology and evolution
of budding yeast. How important this role is in the
North American forests will require further investi-
gations at the interface of ecology, genetics and
evolution. However, using a recently proposed
approach looking at correlation between fitness
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components over natural isolates (Ibstedt et al.,
2015), we already observed differences among the
incipient species SpB and SpC in their use of these
nitrogen sources. Significant negative correlations
between growth parameters in the SpB but not the
SpC lineages in maple sap suggest that they may
allocate energy differently in the presence of these
molecules. While rapidly growing strains of SpB
show a decline in achieved biomass compared to
slow growing strains, no such strong trade-off exists
in SpC, which may indicate different degree of
adaptation to this environment. Moreover, we
observed a correlation between the growth rate of
Saccharomyces in maple sap and the geographic
origin of the strains, but also a significant difference
in growth rate between lineages, which are known to
have different distributions (Leducq et al., 2016).
How much genetic or ecological factors such as
lineage and substrate adaptation contribute to this
pattern is still unclear at this point and will require
further targeted sampling efforts.

The main focus of this study was to investigate
fitness variation of S. paradoxus populations on a
natural substrate, maple sap. However, our results
also bear important consequences for the maple
syrup industry, which does not control tree physiol-
ogy or their associated microbes. On the one hand,
microbial growth in maple sap is intimately linked to
the quality of the maple syrup produced (Filteau
et al., 2012). The report that allantoate is the main
nitrogen source in maple sap is therefore highly
relevant for the understanding of the complex
microbial community dynamics over the spring flow
period (Filteau et al., 2011). On the other hand, part
of the complex maple flavor comes from the Maillard
reaction that takes place during the heating process
in which compounds containing amino groups such
as allantoin and allantoate can react with the
reducing sugars present in the sap. An excess of
these compounds in the presence of sufficient
reducing sugars would lead to strong empyreumatic
or burnt flavors. Knowledge of ureide concentration
in maple saps could help predict maple syrup
quality as producers currently monitor only glucose
in their sap, and this variable alone cannot fully
explain syrup quality (Lagacé and Charron, 2008).
The current results highlight the importance of
ureides both as a nitrogen source available for
microbial growth in maple sap and as a Maillard
reaction reactive. These findings stress the need for
development of on-site monitoring tools of nitrogen
compounds and bring forward new possibilities in
maple sap quality control.

In conclusion, we exposed variation in the
adaptation to a specific nitrogen source in closely
related lineages of S. paradoxus, demonstrating its
ecological relevance and illustrating the usefulness
of our functional genomic approach in a natural
substrate. Altogether our results bring us closer to a
better understanding of yeast ecology and the maple
microhabitat.
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