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Abstract

Saccharomyces cerevisiae strains are genetically diverse, largely as a result of human
efforts to develop strains specifically adapted to various fermentation processes. These
adaptive pressures from various ecological niches have generated behavioral differences
among these strains, particularly in terms of their nitrogen consumption capacities. In this
work, we characterize this phenotype by the specific quantity of nitrogen consumed under
oenological fermentation conditions using a new approach. Indeed, unlike previous studies,
our experiments were conducted in an environment containing excess nitrogen, eliminating
the nitrogen limitation/starvation factor that is generally observed in fermentation processes.
Using these conditions, we evaluated differences in the nitrogen consumption capacities for
a set of five strains from diverse origins. The strains presented extremely different pheno-
types and variations in their capacities to take up nitrogen from a wine fermentation environ-
ment. These variations reflect the differences in the nitrogen uptake capacities between
wine and non-wine strains. Finally, the strains differed in their ability to adapt to the nitrogen
composition of the environment, leading to variations in the cellular stress states, fermenta-
tion performances and the activity of the nitrogen sensing signaling pathway.

Introduction

The budding yeast Saccharomyces cerevisiae is the most exploited microorganism in the food
industry because of its ability to achieve complete fermentation of solutions with high sugar
contents, and the sugars are converted into alcohol, carbon dioxide and secondary end-prod-
ucts. Different studies have demonstrated the wide genetic diversity of S. cerevisiae strains [1-
4] that result from the combination of their natural genetic diversity (or non-domesticated
yeasts) and different domestication processes. Yeasts occupy diverse natural habitats, such as
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rotten fruits, flowering plant nectars, hops and tree exudates [5-6]. The selective pressure
imposed by these stressful environmental conditions has clearly impacted the evolution of
these species. Furthermore, human activity has shaped the genetics of the yeast population to
obtain yeasts with adaptive properties for use in several industrial fermentation processes,
such as baking, brewing, winemaking and the production of various fermented beverages [7-
9]. Consequently, S. cerevisiae strains can be classified in five distinct lineages according to
their geographic origin or isolation sources (Saccharomyces Genome Resequencing Project
(SGRP)); [10], some of them (wine and sake lineages) are the result of distinct domestication
events [11].

Yeasts are continually challenged by stressful environments due to inadequate temperature,
lack of oxygen, acidity of the medium or undesirable nutritional composition such as limited
amounts of nitrogen, lipids, vitamins or mineral salts. In particular, one of the greatest chal-
lenges for yeasts is to cope with low nitrogen availability in their environments, which may
result in adaptive evolution [12]. Nitrogen concentrations and compositions vary greatly
among musts and various microhabitats. Grape musts and Chinese rice wines both have very
high concentrations of amino acids, but the proportions of each amino acid are very different
in these two media: glutamine is one of the most abundant nitrogen sources in grape juice and
conversely one of the lowest in Chinese rice wine [13-14]. In the same way, the amino acid
compositions of floral nectars vary substantially depending on the plant species [15-16].

In the case of winemaking, yeast assimilable nitrogen (YAN) from grape musts is composed
of a complex mixture of ammonium ions and amino acids in concentrations between 60 and
2400 mg L' depending on the grape variety and plant cultivation conditions [17]. Nitrogen is
a critical nutrient that directly affects yeast growth [18], fermentation performance [19-21]
and the development of organoleptic qualities [22-23]. In particular, it is a key factor for com-
plete the fermentation process [17], and low nitrogen levels in musts may cause slow or stuck
fermentations [24]. Yeasts can use thirty distinct nitrogen-containing compounds, which all
have different effects on its growth. As a result, nitrogen sources have been classified as pre-
ferred (ammonium, glutamine, glutamate and asparagine) or not-preferred (urea, proline and
allantoin) [25]. When provided as a mixture, the N-containing compounds are consumed
sequentially during the growth phase of wine fermentation. Interestingly, this sequential
assimilation slightly depends on the availability of substrates and on the selected strain but is
likely the result of differential regulation of the permeases involved in the uptake of these mole-
cules [26]. It is generally accepted that nitrogen sources characterized as preferred present a
significate impact on the cellular growth rate during fermentation using a medium with a sin-
gle nitrogen source. These preferred sources are consumed first, with an exception for ammo-
nium. In the case of ammonium, this source corresponds to a preferred source i.e. one that
support optimal growth for which the consumption starts when two other preferred sources as
glutamate and glutamine are exhausted [27].

During fermentation, different YAN compounds are transported by various permeases
with specific features (such as specificity and affinity). In particular, the three ammonium per-
meases, Meplp, Mep2p and Mep3p, have different kinetics properties depending on the
ammonium concentration (K, values for NH," of 10 pM, 1 uM and 2 mM for MEP1, MEP2
and MEP3, respectively) [27-28]. Amino acids enter the cells via either permeases specific to
one or more amino acids [26] or via a general amino acid permease (such as Gaplp and
Agplp), which can transport amino acids unselectively [29]. The activities of these transporters
are strongly regulated by a complex regulatory network and depend on the quantity and qual-
ity of the nitrogen sources in the must [30-31]. First, the Ssy1-Ptr3-Ssy5 (SPS) amino acid
sensing pathway [32] is expressed at the start of nitrogen consumption [33]. It can detect the
presence of specific amino acids in musts, including aspartic and glutamic acid, threonine,
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glutamine, leucine, methionine, isoleucine, serine, phenylalanine, valine, tryptophan and tyro-
sine, which will induce the transcription of genes encoding a subset of AAP (amino acid per-
mease) genes [34]. At the same time, the nitrogen catabolite repression (NCR) regulatory
system, which involves two positive regulatory factors, Gln3p and Gatlp [35, 30], prevents the
transcription of genes coding for transporters of nitrogen sources consumed in the late stage
of growth, including the MEP genes. In addition, at the end of the growth phase when nitrogen
becomes limiting, the general amino acids control (GAAC) process is activated, slowing the
transcription in progress and inducing the transcription of new genes in response to the lim-
ited nitrogen [36]. Both the NCR and GAAC processes are controlled by the TOR pathway
[37].

Within S. cerevisiae species, important variations have been reported in the ability of the
strains to efficiently uptake YAN [26], in their nitrogen consumption profiles [38-39, 12] and
in their preferences for nitrogen sources [40-42, 12]. These diverse phenotypes are likely the
result of variations in the regulation mechanisms of nitrogen uptake between strains [41, 43].
In line with this hypothesis, several allelic variants involved in the differences in the nitrogen
consumption among strains have been recently identified; these include genes related to
amino acid transporters (VBA3, GLT1, and AGPI) and genes involved in nitrogen sensing and
signaling (ASI1, ASI2, PDC1, GCN1, and MDS3) [39,43-45]. However, the underlying mecha-
nism of the difference in nitrogen consumption between strains remains unknown.

The aim of this study was to determine the molecular mechanisms associated with the vari-
ations in nitrogen consumption capacity between S. cerevisiae strains. We first explored the
profiles of the consumption of nitrogen sources of strains from different habitats (wine, sake,
rum, fruit, and soil) during wine fermentations carried out in a synthetic grape juice contain-
ing an excess of nitrogen to avoid the molecular responses related to nitrogen starvation. This
comparison revealed differences between the abilities of the strains to efficiently uptake some
N-containing compounds, and the molecular basis for the discrepancies was further investi-
gated using reciprocal hemizygosity and transcriptomic analysis.

Materials and methods
Yeasts strains and culture conditions

The five S. cerevisiae strains used in this study are listed in Table 1. All the strains used here are
haploid with different geographical origins, and three (WE, FWI and SA) are used in different
industrial processes. The haploid parental strains used in this study, namely, North American
(NA; YPS128, MAT a, ho:HygMX, ura3::kanMX), West African (WA; DBVPG6044, MAT a,
ho:HygMX, ura3::kanMX) and Sake (SA; Y12, MAT alpha, ho:HygMX, ura3::kanMX), have
been previously described [46-47]. The haploid Wine/European strain (WE; 59A, MAT a, ho)
and the Rum strain (FWI; A390D2, French West Indies) were previously described by
Ambrosset et al. [48] and Marsit et al. [49], respectively. The strains were stored and plated on
yeast extract-peptone-dextrose (YEPD) medium for single-colony isolation.

Table 1. Saccharomyces cerevisiae strains used in this study.

Identification Lineages Geographic origins Utilization-Isolation References
WE (59A) Wine/European Europe Oenological wine fermentation Ambrosset et al. 2011
FWI (A390D2) Mosaic French West Indies Sugar cane juice and molasses Marsit et al. 2015
SA (Y12) Sake Africa Rice wine fermentation Liti et al. 2009
WA (DBVPG6044) West African Africa Fermenting fruit juices Liti et al. 2009
NA (YPS128) North American Americas Soil beneath OAK Liti et al. 2009

https://doi.org/10.1371/journal.pone.0192383.t001
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Fermentation conditions

All cultures were developed from a pre-culture started from a single colony grown overnight
in synthetic medium (SM) at 25°C with constant shaking (280 rpm). One aliquot from this
pre-culture was used for inoculation at a density of 1x10° cells mL™". The yeast strain was cul-
tured in the SM as described by Bely et al. [50]; the medium contained 200 g L™ glucose with
various nitrogen concentrations. Briefly, SM465 was supplemented with a final concentration
of 465 mg L' of assimilable nitrogen (YAN) corresponding to 161 mg L' ammonium ion and
302 mg L' of a mixture of 19 amino acids (636.1 mg L' L-proline, 505.3 mg L' L-glutamine,
374.3 mg L' L-arginine monohydrochloride, 179.3 mg L' L-tryptophan, 145.3 mg L™' L-ala-
nine, 120.4 mg Lt L-glutamic acid, 78.5 mg L' L-serine, 75.92 mg L' L-threonine, 48.4 mg
L' L-leucine, 44.5 mg Lt L-aspartic acid, 44.5 mg L' L-valine, 37.9 mg Lt L-phenylalanine,
32.7mg L' L-isoleucine, 32.7 mg L' L-histidine monohydrochloride monohydrate, 31.4 mg
L™ L-methionine, 18.3 mg L' L-tyrosine, 18.3 mg L' L-glycine, 17.0 mg ™" L-lysine monohy-
drochloride, and 13.1 mg Lt L-cysteine).

The phenotypic parameters were measured in microfermenters (with 80 mL of SM) with an
airlock system, and the mixtures were stirred each day. Microfermentations were carried out
in isothermal conditions (25°C) with manual measurements to determine the CO, released.
The amounts of CO, lost (g/L) from the fermentations are available in S1 Table. To obtain full
fermentation kinetics, 1.2-liter fermenters (containing 1 liter of medium) with airlocks to
maintain anaerobiosis were used. The amount of CO, released during fermentation was calcu-
lated from automatic measurements (taken every 20 min) of the fermenter mass [51]. The CO,
production rate was estimated using a sliding-window second-order polynomial fitting of the
last ten measurements of fermenter weight. The use of this technique for monitoring fermenta-
tions has already been validated and is thoroughly described by Bezenger et al. [52-53]. For
each strain, three fermentations were conducted in parallel in three distinct fermenters. Each
strain was pre-cultured in triplicate (one by fermentation), and the same lot of synthetic
medium was used for all pre-cultures and fermentations.

Analytical methods

The yeast population was estimated after cell sonication using an electronic particle counter
(Multisizer 3 Coulter Counter; Beckman Coulter) and by dry weight determination. The resid-
ual amino acid and ammonium concentrations were determined by HPLC. Samples were col-
lected at 24-hour intervals after inoculation for the first 72 hours and then every 48 hours until
the fermentation was completed. HPLC data are presented in S2 Table. For each sample, 1 mL
of MS was centrifuged at 12,000 rpm for 10 min, and the supernatant was collected. A 20-pl ali-
quot of supernatant was injected into a Prominence HPLC system (Shimadzu, USA) equipped
with a Biorad HPX-87H column according to Nissen et al. [54]. The concentrations of ammo-
nium jon and the 14 amino acids were measured using the previously described HPLC analysis
method [55]. The consumption of each nitrogen source was estimated from the difference
between the initial and final amounts of each source before and after fermentation. In this
study, YAN estimation did not consider four amino acids (His, Gly, Cis and Lys) because the
HPLC measurements of these compounds are not sufficiently accurate, and they represent a
small percentage of the total YAN. In addition, proline is poorly consumed during wine fer-
mentation that occurs under anaerobiosis since its metabolism involves an O,-dependent oxi-
dase [56]. Consequently, this amino acid was not considered in the study.

Total cell protein was determined by the bicinchoninic acid protein assay (BCA), which is a
modified biuret method. Briefly, proteins were extracted from cells by incubation with 50%
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(vol/vol) dimethylsulfoxide for 1 hour at 100°C and then quantified with the BCA kit (Sigma-
Aldrich, France). Bovine serum albumin (BSA) was used as the calibration standard.

The different values obtained were compared using Fisher’s LSD test and each mean value
and standard error of the mean (SEM) were calculated from three replicates.

The maximum uptake rate (uMax), i.e. the maximum flow of nitrogen consumed observed
during fermentation process (mg N L' h™")was determined using GraphPad Prism version 6.0
for Windows, GraphPad Software, La Jolla California USA, www.graphpad.com, according to
the following equation:

M Vimax x X"
ax =—
K Khalf* x X"

where the X parameter corresponds to the time value presented in abscissa, and the values of
Vmax, h and Khal are provided by the software.

Functional validation

Permease sequences were compared using SIFT analysis [57]. Two strains were used to per-
form the reciprocal hemizygosity assay on the TAT2 and DIP5 genes, WE and SA strains,
which are representative of the extreme phenotypes (strong and weak nitrogen consumption,
respectively). Each construction was obtained by crossing a strain bearing an inactivated form
of the gene with one containing a functional form. Yeasts were transformed as described by
Guldener et al. [58], and hemizygotes were tested on YPD plates supplemented with G418 and
hygromycin (100 mg/mL G418 and 100 mg/mL hygromycin). The deletions of the target
genes were confirmed by PCR using primers positioned upstream or downstream of the cod-
ing region with a primer in the cassette insertion.

Sequence comparison demonstrated that the RPI1 gene causes sequence truncation in
wine-type strains [46], like the WE strain used in this study. For the assay performed on the
RPII gene, yeasts were crossed to generate the reciprocal hemizygote strains and selected on
double drug plates (50 mg/mL hygromycin and 100 mg/ml nourseothricin). The deletions of
the target genes were confirmed by PCR using the primer pairs A1/S8 or A4/S5 [59]. The dip-
loid hybrid strains were confirmed by MAT locus PCR [60].

Comparison of the residual amino acids and ammonium consumption for the reciprocal
hemizygotes was determined at the end of fermentation by HPLC (see S3 Table).

RNA extraction, library preparation, Illumina sequencing and RNA-seq
analysis

Two strains with extreme phenotypes were subjected to gene expression analysis, i.e., Wine/
European and Sake representing high and low nitrogen consumption capacities, respectively.
Three biological replicates were fermented in SM465 as previously described, and cell cultures
was collected at two conditions; total RNA was obtained from each culture when 15% of the
YAN had been consumed by the two strains (corresponding to 24 hours) and when the two
strains reached their maximum YAN consumed (at 45 g of CO, released) utilizing the TRIzol
method described by Chomczynski and Sacchi [61]. For each RNA extraction, 1x10° cells
were pelleted by centrifugation (3000 rpm, 2 min) and mechanically lysed by vortexing for 8
min with glass beads (diameter = 0.3 mm) in 400 pl of TRIzol (Gibco BRL) at 4°C. The liquid
phase was collected, and TRIzol was used to dilute the sample to a final volume of 4 mL. Sam-
ples were incubated for 5 min at room temperature and 800 ul of chloroform was added. The
mixture was vortexed, incubated for 2 min at room temperature, and then centrifuged (10,000
rpm, 15 min). An equal volume of cold (-20°C) isopropanol was added to the aqueous phase
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to precipitate the RNAs. The samples were then incubated for 10 min at room temperature
and centrifuged (10,000 rpm, 10 min). The resulting nucleic acid pellet was washed twice with
2 mL of 75% ethanol-diethyl pyrocarbonate-treated water and then dissolved in 150 pl of
nuclease-free water (Qiagen). The RNAs were stored in 100 pg aliquots of these preparations
and were purified with an RNeasy mini kit (Qiagen) following the RNA cleanup protocol
including membrane DNase digestion.

RNA-seq was performed as previously described [45]. Briefly, mRNA from 1 ug of the total
RNA was enriched using magnetic beads for mRNA purification. Enriched mRNAs were
eluted and fragmented at 94°C for 5 min. The double-stranded cDNA was acquired by
RT-PCR using the above fragmented mRNA followed by end-repair, single A base adding and
adapter/index ligation. The ligation product was amplified by PCR. The size of the end product
was approximately 260 bp, and sequencing was conducted on an Illumina HiSeq™4000 (Illu-
mina Inc, San Diego, CA, USA) in paired-end mode with a read length of 100 bp. The quality
of the raw reads was assessed using the FASTQC tool kit (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). Low quality reads were discarded after Trimmomatic
screening with default score settings and a phred score cut-off of 30 (http://www.usadellab.
org/cms/?page=trimmomatic). RNA-seq reads were then aligned to the S288c reference (8. cer-
evisiae genome obtained on 03/03/2016, from the Saccharomyces Genome Database, FTP
SITE: http://downloads.yeastgenome.org/sequence/S288C_reference/genome_releases/ corre-
sponding to a stable release from January 2015) using TopHat with default score settings [62].
BAM files were sorted and indexed using Samtools with default score settings [63]. Alignments
were then processed, and gene counts were obtained using HTSeq [64] with the no-stranded
and -gene counts configuration from the S288c gft file. Differential expression was assessed
with edgeR utilizing the exactTest function [65]. The results obtained from edgeR provided
the differentially expressed genes between strains and/or conditions with FDR < 0.05. FDR
was estimated utilizing the default Benjamin-Hochberg correction [66].

The gene ontology (GO) technique was used to group genes with differing expressions
using the Funspec program with the Bonferroni correction at a P value cutoff of 0.05 [67].

Data access

The complete data sets of the RNA-Seq are deposited at the National Center for Biotechnology
Information (NCBI) BioProject (http://www.ncbi.nlm.nih.gov/bioproject/), under BioProject
PRJNA39755.

Results

Nitrogen consumption profiles of the five strains during fermentation

To investigate the variations in YAN consumption capacity between strains, we compared five
S. cerevisiae isolates from distinct ecological backgrounds (Table 1); the NA and WA strains
originated from natural habitats (fruit and soil, respectively), while WE, FWI and SA were iso-
lated from industrial environments (wine, sugar cane and rice fermentation, respectively). The
abilities of these strains to consume the 14 amino acids and ammonium sources were first eval-
uated under wine fermentation conditions. The stressful environment used in winemaking,
which is characterized by high sugar and ethanol concentrations, low pH and anaerobiosis,
constitutes a model system for studying yeasts with diverse phenotypic characteristics [68]. All
fermentations were carried out in triplicate in a synthetic medium (SM465) containing 240 g
L' sugars and 465 mg N L. Under these conditions, nitrogen was provided in excess to over-
ride the nitrogen limitation responses, and the yeast growth stopped as a result of limitations
in other nutrients (lipids or vitamins) [69-70]. The comparison of the kinetics of nitrogen
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Fig 1. Comparison of the kinetic profiles of YAN consumption by the five strains. The YAN consumption is expressed as a percentage based on the
amount of nitrogen concentration consumed by the yeast by the end of the fermentation. Mean values and mean standard errors were calculated from
three replicates.

https://doi.org/10.1371/journal.pone.0192383.g001

consumption revealed the distinctions between the phenotypes (Fig 1) and reflected the differ-
ences between the abilities of the strains to efficiently uptake nitrogen. Overall, the WE and
FWI strains consumed higher amounts of total YAN (between 1324 and 1334 mg L") during
fermentation than that of the NA, WA and SA (total consumption lower than 853 mg L.
Furthermore, the profiles of the residual nitrogen sources differed substantially between the
strains (Fig 2), allowing the nitrogen sources to be classified into three groups. Alanine was the
sole amino acid that is more consumed by the NA, WA and SA yeasts. The second group,
including threonine, serine, tryptophan, glutamic acid, methionine, arginine and aspartic acid,
were the nitrogen compounds consumed to the same extend by the five strains, while tyrosine,
leucine, isoleucine, glutamate, valine, phenylalanine and ammonium were more efficiently
consumed by the WE and FWT strains.

Weak differences between strains were observed in the profiles and the maximum rates of
consumption of the amino acids showing similar residual concentrations at the end of the fer-
mentations (Fig 3). By contrast, the WE and FWI strains displayed significant differences with
higher rates of consumption of ammonium, phenylalanine, tyrosine, valine, glutamate, isoleu-
cine and leucine. In particular, the maximum rate of phenylalanine consumption by the WE
and FWT strains was close to 2.90 mg N L™"h"!, while it was 0.8 mg N L"".h™" for other strains
(Fig 3); the WE and FWI consumed ammonium 3.5 and 6.8 times faster, respectively, than the
NA, WA and SA strains. Interestingly, some of these nitrogen sources share common trans-
porters, for example, BAP2,3 for isoleucine, valine and leucine and TAT1,2 for tyrosine and
phenylalanine [71-72].

PLOS ONE | https://doi.org/10.1371/journal.pone.0192383 February 12,2018 7120


https://doi.org/10.1371/journal.pone.0192383.g001
https://doi.org/10.1371/journal.pone.0192383

@° PLOS | ONE

Variability in nitrogen consumption strategies between strains

A B

N-[initials]  NA WA SA FWI WE
—_ sources
o 107 Ala 151.367 28.8 20.68 25.73 0.83 1,98
> Thr 78150 63.06  60.96 6129 5943 52,22
= Ser 82721 56.89 5098 5475 5215 4856
- 87 Trp  191.322 12801 13055 12969  131.18 121,71
® GIn 505300 19850 18324  183.39  197.05 17348
© Met 9994 9.99 9.99 9.99 9.99 9,99
= 61 Arg 392160 122.81 12650  117.54 13771 176,94
E Asp  48.687 24.51 2073 2355 2772 49,69
A ~ o Tyr  18.286 3.38 3.83 3.21 1257 353
© ® Leu 49.785 4032 4085  39.80 4752 33,12
® 2 . - lle 33137 21.74 2289 2170 3262 11,45
° i e Glu 125437 11.65 14.85 8.16 59.09 91,05
s 2 P ® b ~ - Val 48151 17.05 19.54 16.72 4396 42,26
° a P $ o | ZRY Phe 36.957 15.87 13.07 16.76 3445 3598
2 0 - — o7 9 g o8 NH4+ 616.118 11032 9335  110.87  480.01 424,62

o o et N Quantities expressed in mg L™
v\'b&'o"ge‘&& oS @0\\*&\»&’\# RN QQQ'Q}"
Q
NA ® WA ® SA
® FWI ®© WE

Fig 2. Profiles of the residual N

sources at the end of fermentation. (A) Comparison between strains in terms of the 14 residual amino acids and

ammonium they did not consume. Values are expressed in log2 of the N sources not consumed in comparison to the amount of nitrogen initially in the

MS465. (B) The quantity of each
https://doi.org/10.1371/journal.pon

residual nitrogen source expressed in mg L.

£.0192383.9002

Based on these data, we can suggest that differences between the abilities of the strains to
uptake specific nitrogen sources, including tyrosine, ammonium, phenylalanine, valine, gluta-
mate, isoleucine and leucine may explain the variations in the amounts and the profiles of the
residual YAN at the end of the fermentations carried out under excess nitrogen.

Functional analysis

To further investigate the differences in the abilities of the WE and FWI on one hand and the
SA, WA and NA on the other hand to uptake some specific nitrogen sources, we compared the
sequence of the permeases involved in the uptake of these compounds. Indeed, the variations
in the transport efficiency could be explained by mutations in the active sites of these proteins.
Sequence comparisons revealed that only Tat2p and Dip5 exhibit non-synonymous mutations
in their coding sequences (S1A Fig). We carried out a reciprocal hemizygosity analysis for
these two genes using the WE and SA strains, which displayed strong and weak abilities,
respectively, to transport glutamate, tyrosine and phenylalanine. However, no differences were
found in the amount of YAN consumed between the reciprocal hemizygous strains, ruling out
the contribution of mutations in the coding sequence to the differential capacity of the strains
to uptake some nitrogen sources (S1B Fig).

Transcriptomic comparison between two strains with different nitrogen
consumption capacities
To assess the potential contribution of transcriptomic regulation to the differences in the YAN

consumption between the yeast strains, we then examined the gene expression profiles of two
strains exhibiting strong and weak abilities (WE and SA, respectively) to uptake some nitrogen

PLOS ONE | https://doi.org/10.1371/journal.pone.0192383 February 12,2018

8/20


https://doi.org/10.1371/journal.pone.0192383.g002
https://doi.org/10.1371/journal.pone.0192383

o @
@ : PLOS | ONE Variability in nitrogen consumption strategies between strains

A NH4+ Glu val C o oo
g100 a 100 100 6+ r ¥ 1
:80 = WA go §80 —_— I L I
2 - sA s N3 1 1
2 60 —- Fw]| 60 2 60 N *

H - WE £ ® 1
¢ 40 40 2 40 ) 1
s H - 44 1 1
5 20 _ o~ 20 z 20 z *
sk e B I o x .l
0 100 200 300 0 100 200 300 o 100 200 e D o o o
Time (h) Time (h) Time (h) é 1 [ ] L4 : 1
24 [} [ N
b ~ @
lle . Leu Phe ® o, 0 °
: - 1 s ® o0V o0 °® 1
g = z
: H g w0 = 3.8."'§I. ® L
2 s 2
g : £ o0 0--|—|—|—?ﬂ—,—|—=|=|=r_—r'ﬂ.=ﬁ:l
2 : 2 40 $ L X $ O Q2O D@ X
: : : SN ONRCIRS LN I OO IR
z ) = ! S TAV K V‘?'Q« OAQQQ‘
y <
> _ > >
0~ T T ol - = T 1
0 100 200 300 0 100 200 300 D(; 100 200 300 NA ° WA ° SA
Time (h) Time (h) Time (h)

B e FWI ¢ WE
~ 100 Ser Gin _100 Arg
§ ;100 §
H ‘;’ 80 c 80
£ 260 260
@ H H
§ § 40 § 40 V-{:‘

z z 20 z 20 _

°

0 100 200 300 0 100 200 100 200 300
Time (h) Time (h) Time (h)

w
°
o

o

Fig 3. Comparison of the N source consumption dynamics between the strains. (A) Comparison of the consumption kinetics of the N sources differentially
consumed between the strains. (B) Comparison of the N sources consumed at equal rates by all five strains. The YAN consumption is expressed as a percentage
based on the amount of nitrogen consumed by yeast at the end of the fermentation. (C) Comparison of the maximum uptake rates (uMax values) (mg N L'"h™") of
the N sources between the strains. Data within the dashed box correspond to the N sources with the best consumption profiles for the WE and FWI strains. Mean
values were calculated from three replicates from each strain. Values marked with an asterisk are significantly different (pIle<0.050; pGlu<0.023; pVal<0.050;
pPhe<0.002; and pNH,"<0.040).

https://doi.org/10.1371/journal.pone.0192383.g003

compounds. The transcriptomes of the two strains were compared at two specific moments of
SM465 fermentation; during the growth phase, when the rate of YAN consumption was at its
maximum (when 15% of total YAN was consumed), and at the end of the growth phase, when
the nitrogen consumption had stopped.

During the growth phase, 1,341 genes were differentially expressed with log-fold-change-
higher than 1 in the WE and SA strains (Fig 4). The set of 612 genes overexpressed in SA
(Fig 4A) was enriched in genes related to stress responses, such as genes encoding for proteins
involved in the production of reserve carbohydrates (TPS2, PGM2, TLS1, GIP2, GSY1, GYS2,
GLC3, YPI1, and GACI), genes encoding for stress response proteins that can be expressed in
environmental stress conditions (ALD3, DDR2, XBP1, HSP12, and HSP104) or genes associ-
ated with autophagy (ATG1, ATGS, ATG15, ATG19, ATG22, ATG32, and ATG33). In addition,
we observed an enrichment in genes involved in the tricarboxylic acid cycle (TCA) and genes
involved in aerobic respiration, suggesting this strain is under higher stress during the fermen-
tation process [73]. In contrast, the set of 729 genes overexpressed in WE included many genes
involved in protein synthesis, ribosome biogenesis and RNA processing and metabolism (Fig
4B). These distinct expression patterns likely reflect the different adaptations of the WE and
SA strains to the wine fermentation conditions. Unaccustomed to this stressful environment,
the SA strain exhibited an important stress response, while the WE strain, which is more
accustomed to these conditions, displayed a higher growth capacity based on the overexpres-
sion of genes involved in cell proliferation.
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In agreement with the results obtained in a previous study [45], a differential expression of
the RPII gene, a transcription factor involved in stress tolerance during fermentation [74], was
observed. The characterization of reciprocal hemizygotes obtained by crossing a WE strain
with a truncated sequence with an SA strain revealed the impact of RPI1 on the nitrogen con-
sumption capacity and the fermentation performances (Fig 5). Surprisingly, the SArpilA/
WE-RPII strain, expressing the allele of the strain with the higher amino acid uptake capacity,
showed lower consumptions of aspartic acid, glutamic acid, serine and valine. This effect is
opposite of what is seen in the WE strain phenotype and would be consistent with the notion
that cellular stress has a greater impact on the SA strain and results in the phenotype having
weak nitrogen consumption. Functional analysis also revealed that a decrease in the YAN con-
sumption capacity for the wine strain had repercussions on its fermentation performance,
which is in agreement with the phenotype of the five strains.

Focusing on genes involved in nitrogen transport, we found that the WE strain overex-
pressed most of the genes encoding for cytoplasmic membrane permeases (MEPI, MEP3,
AGP1, HIP1, BAP2, BAP3, and LYPI), which includes genes involved in the transport of
ammonium and branched amino acids as well as the genes encoding for vacuolar basic amino
acid transporters (VBA3, VBA5, and PTR2) (Fig 4C). By contrast, the SA strain overexpressed
only four genes encoding for permeases, namely, GNPI, MUPI, AGP3 and GAP]I.

At the end of the growth phase, 1,463 genes were differentially expressed with log-fold-
changes greater than 1 between the SA and WE strains, most of the genes were involved in
metabolism; 811 genes were overexpressed in the SA strain and 652 genes in the WE strain.
Interestingly, the transcriptomic expression profiles between the two conditions were substan-
tially different, with only 25 and 50% of common genes observed for the WE and SA strains,
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respectively. The SA strain was enriched in genes involved in sugar transport (HXT genes)
and, surprisingly, for genes responsible for the uptake of amino acids regulated by either the
NCR system (CANI, ALP1, GAPI1, and PUT4) or the SPS system (AGPI, AGP2, AGP3, GNP1,
and MUPI) (Fig 6A). Under the same physiological conditions and in contrast with what was
seen during the growth phase, the WE strain did not overexpressed genes encoding for perme-
ases, but instead, it overexpressed genes related to cellular amino acid biosynthetic processes
(LYS, HIS, ARG, SER and MET families) and genes involved in de novo IMP biosynthetic pro-
cesses with the overexpression of the ADE family of genes (Fig 6B). The comparison of the
transcriptomic patterns revealed distinct physiological states between the SA and WE strains
at the end of the growth phase. The WE strain, which efficiently consumed and stored nitrogen
during the growth phase [18], redistributed its nitrogen pool towards the anabolism of amino
acids required for proteins synthesis. In contrast, relative to the WE strain, the SA strain over-
expressed nitrogen permeases to increase its intracellular nitrogen pool.

Comparison of physiological parameters

Nitrogen consumption is a key factor in the fermentative abilities of yeasts. To investigate the
impact of nitrogen consumption on the fermentation performances of the strains, we studied
their fermentation profiles in SM465 under oenological conditions (S2 Fig).
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Results show that the two classes of strains could be differentiated according to their fer-
mentation kinetics; the WE and FWTI strains, which efficiently consume nitrogen sources,
presented higher fermentation rates than the NA, WA and SA strains and pronounced
reductions in the fermentation duration. It is interesting to note that the WE and FWI
strains show similar behaviors in the winemaking process. This can be explained by the fact

that these two strains are used in fermentations with high nitrogen concentrations [75]
(CTCS Martinique personal communication). Furthermore, the rum fermentation process
is technically closer to the winemaking process than the sake making process is to the wine-

making process.

Moreover, the WE and FWI strains presented higher biomass productions at the end of fer-

mentation than the other strains (S2 Fig). These results are consistent with the findings of
Camarasa et al. [68], suggesting that yeast strains that produce more biomass present have bet-
ter fermentative abilities.

Nitrogen represents a non-negligible part of the cellular weight [76]. We evaluated whether
variations in nitrogen consumption could be associated with variations in the nitrogen content
of the yeast cells. We quantified the total protein content at the end of the fermentation process
for each studied strain (S2 Fig). Our results indicate that the percentage of protein per biomass
is equivalent among the strains. However, the amount of nitrogen used for protein synthesis is
higher in the WE and FWI fermentations since the production of biomass is more important
under these conditions.
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Discussion

Phenotypic diversity among yeast strains has long been characterized and exploited, particu-
larly with regards to the central carbon metabolism [77]. However, some aspects of the differ-
ences in the abilities of strains to efficiently metabolize nitrogen compounds remain unclear.
Previous studies have demonstrated the substantial diversity of nitrogen consumption capaci-
ties within S. cerevisiae species [26, 38, 43, 45], which is partly related to their original environ-
ment. It has also been reported that the differences between strains can be amplified by
providing excess nitrogen [78]. In this study, the comparison of the nitrogen consumption
profiles of five S. cerevisiae strains, originating from nitrogen-poor (NA, WA and SA) or nitro-
gen-rich (WE, FWI) environments, confirmed these differential behaviors. The WE and FWI
strains consumed up to 20% more YAN during fermentations with excess nitrogen than the
NA, WA and SA strains. Furthermore, we demonstrated that the differences between the
capacities of the strains to consume YAN were a result of variations in their abilities to uptake
specific nitrogen sources, and the residual amounts of these sources at the end of the growth
phase varied between the WE and FWI strains on one hand and the NA, WA and SA on the
other hand. The differentially transported N compounds included branched amino acids (leu-
cine, valine and isoleucine) transported by the permeases Bap2p and Bap3p [71], the aromatic
amino acids (tyrosine, phenylalanine) transported by the permeases Tatlp and Tat2p [72],
glutamic acid transported by the permease Dip5p [79] and ammonium ions exclusively
transported by the Meplp, Mep2p and Mep3p permeases [27-28]. The variations the capaci-
ties of these strains to import these nitrogen sources may be due to mutations in the coding
sequences that modulate the activities of the permeases or to differences in the expression pat-
tern of genes encoding for these transporters. Comparison of the coding sequences and recip-
rocal hemizygosity analysis for the candidate genes exhibiting non-synonymous mutations
allowed us to rule out the contribution of these mutations to the differences in the abilities of
the strains to import nitrogen compounds.

The comparison of the gene expression profiles of strains exhibiting low or high capaci-
ties to uptake nitrogen sources during the growth phase revealed things including substan-
tial differences in the levels of expression of a wide range of permeases. In particular, genes
encoding for transporters of ammonium and branched amino acids were overexpressed in
the WE and FWI strains. This indicates that an increased expression of the genes encoding
for these permeases is likely responsible for the more efficient uptake of ammonium, phenyl-
alanine, valine, acid glutamic, isoleucine, leucine and tyrosine by the WE and FWI yeasts.
These variations are correlated with the fact that yeast strains are highly differentiated
regarding their preferred nitrogen sources [43]. Overall, these variations in the consumption
capacities for some nitrogen sources may be related to differences in the adaptation capaci-
ties between wine and non-wine strains to the wine environment. For example, the WE and
FWTI strains showed strong consumption of ammonium, which is the major nitrogen source
present in the sugar cane and wine fermentation media. In addition, alanine is the only
amino acid consumed to a large extent by the non-wine strains (NA, WA and SA). Alanine
is the major nitrogen source in Chinese rice wine [13-14], and its concentration is dramati-
cally different in wine must. Likewise, it appears that this medium is poor in ammonium
ions, resulting in a lower consumption by the SA strain compared to WE [39]. However,
these observations cannot be applied to the NA and WA strains because the nutritional com-
positions of their natural environments are difficult to quantify. Strains appear to consume
large amounts of the nitrogen sources they find in their original environments, suggesting
that nitrogen metabolism plays an important role in the adaptive evolution of strains of S.
cerevisiae [80].
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It seems that a greater ability to consume nitrogen is one of the factors involved in the adap-
tation of wine-type strains to their environment. This observation is correlated with the fact
that a better capacity to uptake nitrogen compounds impacts the yeast fitness [12] and thus the
ability to adapt to the environment. These differences in adaptation capacity between wine
and non-wine strains to a wine fermentation medium are visible in the transcriptomic data,
which reflect two distinct behavioral patterns.

The transcriptomic analysis between the strains from wine (WE) and non-wine (SA) envi-
ronments revealed they had different strategies during the cellular growth and stationary
phases. During the growth phase, the non-wine strain shows a strong cellular stress state in
response to the environmental conditions [81]. Functional analysis by hemizygous construc-
tion conducted on the RPII gene revealed that cellular stress has a negative impact on the
nitrogen consumption capacity of yeast, which can explain the low nitrogen consumption
capacity of the non-wine strains (NA, WA, and SA). In addition, this cellular stress state high-
lights the weak attributes of the non-wine strains and demonstrates the difficulties these strains
face in adapting to the wine fermentation conditions [82]. This important period prior to
growth initiation could explain the behavior of the strain observed at the end of cell growth. If
the non-wine strain failed to store a sufficient amount of nitrogen by the end of the growth
phase, the strain will express nitrogen permeases regulated by the NCR and SPS systems, and
its energy will be directed toward cell proliferation. In contrast, the behavior observed for the
wine strain (WE) during the growth cellular phase is characteristic of a strong cellular metabo-
lism and indicates this strain is well-suited to wine fermentation conditions [43]. This adapta-
tion performance is accompanied by significant nitrogen permease expression, which explains
the greater nitrogen consumption of the wine-type strains (WE and FWTI), and their ability to
obtain a sufficient amount of cellular nitrogen to ensure optimal functioning of the organism
during the fermentation process. This behavior is correlated to the behavior observed at the
end of growth where the cells will adjust patterns of gene expression and protein activity to
optimize metabolism. Yeasts direct their energy into biomass production by modifying the
nitrogen cellular pool through the amino acid biosynthetic processes and the production of
DNA/RNA building blocks with the purine nucleotide biosynthetic pathway, and an impor-
tant portion of the observed genes are regulated by the GAAC pathway [83-84].

Notably, the transcriptomic comparison observed at the end of the growth phase revealed
interesting information related to variations in nitrogen sensing signaling systems between the
wine and non-wine strains. On one hand, the non-wine strain presented an overexpression of
genes directed by the SPS and NCR systems, which are both regulated by the TOR complex 1
(TORC1) [33]. One the other hand, the wine strain revealed an overexpression of genes regu-
lated by the GAAC pathway. These differences in genes expression effectively reveal two differ-
ent regulatory behaviors with respect to nitrogen consumption.

Indeed, the differences in fermentation performances under wine conditions reflect the var-
iations between the wine and non-wine strains on the medium adaptation, which could be
explained by the distinct compositions of their original environments. The FWI and WE
strains are typically usually used in the same food industry processes in which the YAN con-
centrations are very high [75]. These strains showed a similar fermentative behavior that
suggests they are better adapted to this particular stress during the fermentation process.
Inversely, the NA, WA and SA strains show the least adapted fermenting behavior to a stan-
dard winemaking medium. On one hand, the comparison of the kinetic profiles of the five
strains confirmed that YAN consumption capacity is associated with variations in fermenta-
tion performances as previously demonstrated [85-86]. One the other hand, our results con-
firm that the capacity of yeasts to consume YAN has a substantial impact on biomass
production, as previously reported [18].
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The different strains used in this study have genetics variations [10] even if industrial strains
are genetically grouped based on their industrial origin [11], which corresponds to how they
impact human activity. The S. cerevisiae strain is not adapted to a particular environment, but
yeasts have strong abilities to survive in a wide range of conditions [87]. Thus, the behavior
observed in the non-wine strains depends more on the nitrogen composition of the medium,
which is a challenge faced by the strain, rather than their genetic differences. Finally, the
behavioral differences observed between the wine and non-wine strains can be a result of trait
selection associated with the nitrogen substrates present in wine fermentation medium [6;
88-89].

Conclusion

In this study, we investigated the metabolic and molecular basis for the differences in nitrogen
consumption between strains. Using strains exhibiting extremely diverse nitrogen consump-
tion profiles, we characterized this phenotype based on the variability between strains in their
abilities to consume different quantities of YAN during the fermentation process. We determi-
nate that variations in nitrogen consumption capacity between strains are associated with
different adaptation capacities of the strains for the winemaking environment. Thus, the effi-
ciency of nitrogen consumption seems to be involved in the ability of the strains to adapt to
the winemaking environment. It would be interesting to know if variations in nitrogen con-
sumption capacity reflect differences in the nitrogen metabolic requirements between the wine
and non-wine strains. Further investigations are now in progress to identify the cause of this
variability by exploring the management of the nitrogen anabolic requirements between these
strains.

Supporting information

S1 Table. CO, lost (g/L) during the fermentations processes using the NA, WA, SA, FWI
and WE strains.
(XLSX)

S2 Table. HPLC results (mg/L) from samples collected during the fermentation processes.
(XLSX)

S3 Table. Nitrogen consumption (mg/L) of the reciprocal hemizygotes for TAT2, DIP5 and
RPI1.
(XLSX)

S1 Fig. Reciprocal hemizygosity analysis on the TAT2 and DIP5 genes. The YAN consumed
is expressed as a percentage based on the amount of nitrogen consumed by the yeasts by the
end of fermentation. Mean values and mean standard errors were calculated from three repli-
cates. The SEM is indicated by vertical error bars. Values marked with an asterisk are signifi-
cantly different (p<0.05).

(TIFF)

S2 Fig. Comparisons of the physiological parameters of the five strains. (A) Comparison
between the fermentation profiles of the five yeast strains with diverse YAN consumption pro-
files. The axes show the changes in the specific CO, production rate with fermentation time on
SM465. (B) Comparison between the dry masses of the strains at the end of fermentation. (C)
Comparison of the protein contents of the yeast cells of the different strains at the end of fer-
mentation. Mean values and standard errors of the mean (SEM) were calculated from three
replicates. The SEM is indicated by vertical error bars. The values are expressed in g L', Values

PLOS ONE | https://doi.org/10.1371/journal.pone.0192383 February 12,2018 15/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192383.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192383.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192383.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192383.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192383.s005
https://doi.org/10.1371/journal.pone.0192383

@° PLOS | ONE

Variability in nitrogen consumption strategies between strains

with different superscripts are significantly different (p<0.05).
(TIFF)

Acknowledgments

This work was supported by grants from Comision Nacional de Investigacion Cientifica y Tec-
noldégica CONICYT FONDECYT [grant 3150159] to CB, [grant 1150522] to CM and [grant
150077] to FC.

Author Contributions

Conceptualization: Claire Brice, Carole Camarasa, Claudio Martinez.
Formal analysis: Claire Brice, Francisco A. Cubillos.

Funding acquisition: Claudio Martinez.

Investigation: Claire Brice.

Methodology: Francisco A. Cubillos, Carole Camarasa.

Supervision: Claire Brice, Sylvie Dequin, Carole Camarasa, Claudio Martinez.
Validation: Francisco A. Cubillos, Carole Camarasa.

Writing - original draft: Claire Brice, Carole Camarasa.

References

1. Querol A, Fernandez-Espinar MT, del Olmo M, Barrio E. Adaptive evolution of wine yeast. Int J Food
Microbiol. 2003; 86: 3—10. PMID: 12892918

2. LegrasJL, Merdinoglu D, Cornuet JM, Karst F. Bread, beer and wine: Saccharomyces cerevisiae diver-
sity reflects human history. MolEcol. 2007; 16: 2091-2102.

3. Sicard D, Legras JL. Bread, beer and wine: yeast domestication in the Saccharomyces sensustricto
complex. C R Biol. 2001; 334: 229-236.

4. Cubillos FA, Billi E, Zorgo E, Parts L, Fargier P, Omholt S, et al. Assessing the complex architecture of
polygenic traits in diverged yeast populations. Mol Ecol. 2001; 20:1401-1413.

5. Landry CR, Townsend JP, Hartl DL, Cavalieri D. Ecological and evolutionary genomics of Saccharomy-
ces cerevisiae. Mol Ecol. 2006; 15: 575-591. https://doi.org/10.1111/j.1365-294X.2006.02778.x PMID:
16499686

6. Hittinger CT. Saccharomyces diversity and evolution: a budding model genus. Trends Genet. 2013; 29:
309-317. https://doi.org/10.1016/j.tig.2013.01.002 PMID: 23395329

7. Mortimer RK. Evolution and variation of the yeast (Saccharomyces) genome. Genome Res. 2000; 10:
403-409. PMID: 10779481

8. Martini A. Origin and domestication of the wine yeast Saccharomyces cerevisiae. J Wine Res. 1993; 4:
165-176.

9. Naumov Gl. Genetic identification of biological species in the Saccharomyces sensustricto complex. J
Ind Appl Microbiol. 1996; 17: 295-302.

10. Liti G, Carter DM, Moses AM, Warringer J, Parts L, James SA, et al. Population genomics of domestic
and wild yeasts. Nature.2009; 458: 337—341. https://doi.org/10.1038/nature07743 PMID: 19212322

11. Fay JC, Benavides JA. Evidence for domesticated and wild populations of Saccharomyces cerevisiae.
PLoS Genet. 2005; 1: 66—71. https://doi.org/10.1371/journal.pgen.0010005 PMID: 16103919

12. Ibstedt S, Stenberg S, Bagés S, Gjuvsland AB, Salinas F, Kourtchenko O, et al. Concerted evolution of
life stage performances signals recent selection on yeast nitrogen use. Mol Biol Evol. 2015; 32: 153-61.
https://doi.org/10.1093/molbev/msu285 PMID: 25349282

13. ShenF, Niu X, Yang D, Ying Y, Li B, Zhu G, et al. Determination of amino acids in Chinese rice wine by
Fourier transform near-infrared spectroscopy. Journal of Agricultural and Food Chemistry. 2010; 58:
9809-9816. https://doi.org/10.1021/jf1017912 PMID: 20707307

PLOS ONE | https://doi.org/10.1371/journal.pone.0192383 February 12,2018 16/20


http://www.ncbi.nlm.nih.gov/pubmed/12892918
https://doi.org/10.1111/j.1365-294X.2006.02778.x
http://www.ncbi.nlm.nih.gov/pubmed/16499686
https://doi.org/10.1016/j.tig.2013.01.002
http://www.ncbi.nlm.nih.gov/pubmed/23395329
http://www.ncbi.nlm.nih.gov/pubmed/10779481
https://doi.org/10.1038/nature07743
http://www.ncbi.nlm.nih.gov/pubmed/19212322
https://doi.org/10.1371/journal.pgen.0010005
http://www.ncbi.nlm.nih.gov/pubmed/16103919
https://doi.org/10.1093/molbev/msu285
http://www.ncbi.nlm.nih.gov/pubmed/25349282
https://doi.org/10.1021/jf1017912
http://www.ncbi.nlm.nih.gov/pubmed/20707307
https://doi.org/10.1371/journal.pone.0192383

@° PLOS | ONE

Variability in nitrogen consumption strategies between strains

14.

15.

16.

17.

18.

19.
20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

YuH, Zhang Y, Xu C, Tian H. Discrimination of wine age of Chinese rice wine by electronic tongue
based on amino acid profiles. Transactions of Chinese Society of Agricultural Engineering. 2017; 33:
297-301.

Baker HG, Baker I. Amino acids in nectar and their evolutionary significance. Nature. 1973; 241: 543—
545.

Gardener MC, Gillman MP. Analyzing variability in nectar amino acids: composition is less variable than
concentration. J Chem Ecol. 2001; 27: 2545-2558. PMID: 11789958

Belly M, Sablayrolles JM. Barre P. Description of alcoholic fermentation kinetics: its variability and signif-
icance. Am. J. Enol. Vitic. 1990; 159: 25-32.

Crépin L, Sanchez |, Nidelet T, Dequin S, Camarasa C. Efficient ammonium uptake and mobilization of
vacuolar arginine by Saccharomyces cerevisiae wine strains during wine fermentation. Microb. Cell
Factories. 2014; 13: 109.

Bisson LF. Stuck and sluggish fermentations. Am. J. Enol. Vitic. 1999; 50: 107—-119.

Brice C, Sanchez |, Tesniére C, Blondin B. Assessing the mechanisms responsible for differences in
nitrogen requirements between Saccharomyces cerevisiaewine yeasts in alcoholic fermentation. Appl
Environ Microbiol. 2014a; 80: 1330—1339.

Freese S, Vogts T, Speer F, Schéfer B, Passoth V, Klinner U. C- and N-catabolic utilization of tricarbox-
ylic acid cycle-related amino acids by Scheffersomycesstipitis. Yeast. 2011; 28: 375-390. https://doi.
org/10.1002/yea.1845 PMID: 21360752

Rollero S, Bloem A, Camarasa C, Sanchez |, Ortiz-Julien A, Sablayrolles JM, et al. Combined effects of
nutrients and temperature on the production of fermentative aromas by Saccharomyces cerevisiae dur-
ing wine fermentation. Appl Microbiol Biotechnol. 2015; 99: 2291-304. https://doi.org/10.1007/s00253-
014-6210-9 PMID: 25412578

Swiegers JH, Bartowsky EJ, Henschke PA, Pretorius IS. Yeast and bacterial modulation of wine aroma
and flavour. AUST J GRAPE WINE R. 2005; 11: 139—-173.

Blateyron L, Sablayrolles JM. Stuck and slow fermentations in enology: statistical study of causes and
effectiveness of combined additions of oxygen and diammonium phosphate. J. Biosci. Bioeng. 2001;
91: 184-189. PMID: 16232972

Magasanik B, Kaiser CA. Nitrogen regulation in Saccharomyces cerevisiae. Gene. 2002; 290: 1-18.
PMID: 12062797

Crépin L, Nidelet T, Shanchez |, Dequin S, Camarasa C. Sequential use of nitrogen compounds by Sac-
charomyces cerevisiae during wine fermentation: a model based on kinetic and regulation characteris-
tics of nitrogen permeases. Appl Environ Microbiol. 2012; 78: 8102—8111. https://doi.org/10.1128/AEM.
02294-12 PMID: 22983966

Marini AM, Vissers S, Urrestarazu A, André B. Cloning and expression of the MEP1 gene encoding an
ammonium transporter in Saccharomyces cerevisiae. EMBO J. 1994; 13: 3456-3463. PMID: 8062822

Marini AM, Soussi-Boudekou S, Vissers S, André B. A family of ammonium transporters in Saccharo-
myces cerevisiae. Mol. Cell. Biol. 1997; 17: 4282—4293. PMID: 9234685

Grenson M, Mousset M, Wiame JM, Bechet J. Multiplicity of the amino acid permeases in Saccharomy-
ces cerevisiae. Evidence for a specific arginine-transporting system. Biochim Biophys Acta. 1996; 127:
325-338.

Godard P, Urrestarazu A, Vissers S, Kontos K, Bontempi G, van Helden J, et al. Effect of 21 different
nitrogen sources on global gene expression in the yeast Saccharomyces cerevisiae. Mol Cell Biol.
2007; 27: 3065—-86. https://doi.org/10.1128/MCB.01084-06 PMID: 17308034

Broach JR. Nutritional control of growth and development in yeast. Genetics. 2012; 192: 73—-105.
https://doi.org/10.1534/genetics.111.135731 PMID: 22964838

Forsberg H, Ljungdahl PO. Genetic and biochemical analysis of the yeast plasma membrane Ssy1p-
Ptr3p-Ssy5p sensor of extracellular amino acids. Mol. Cell. Biol. 2001a; 21: 814-826.

Ljungdahl PO. Amino-acid-induced signaling via the SPS-sensing pathway in yeast. Biochem. Soc.
Trans. 2009; 37: 242—247. https://doi.org/10.1042/BST0370242 PMID: 19143640

Forsberg H, Ljungdahl PO. Sensors of extracellular nutrients in Saccharomyces cerevisiae. Curr.
Genet. 2001b; 40: 91-109.

Beltran G, Novo M, Rozes N, Mas A, Guillamén JM. Nitrogen catabolite repression in Saccharomyces
cerevisiae during wine fermentations. FEMS Yeast Res. 2004; 4:625-632. https://doi.org/10.1016/j.
femsyr.2003.12.004 PMID: 15040951

Hinnebusch AG. Translational regulation of GCN4 and the general amino acid control of yeast. Annu.
Rev. Microbiol. 2005; 59: 407—450. https://doi.org/10.1146/annurev.micro.59.031805.133833 PMID:
16153175

PLOS ONE | https://doi.org/10.1371/journal.pone.0192383 February 12,2018 17/20


http://www.ncbi.nlm.nih.gov/pubmed/11789958
https://doi.org/10.1002/yea.1845
https://doi.org/10.1002/yea.1845
http://www.ncbi.nlm.nih.gov/pubmed/21360752
https://doi.org/10.1007/s00253-014-6210-9
https://doi.org/10.1007/s00253-014-6210-9
http://www.ncbi.nlm.nih.gov/pubmed/25412578
http://www.ncbi.nlm.nih.gov/pubmed/16232972
http://www.ncbi.nlm.nih.gov/pubmed/12062797
https://doi.org/10.1128/AEM.02294-12
https://doi.org/10.1128/AEM.02294-12
http://www.ncbi.nlm.nih.gov/pubmed/22983966
http://www.ncbi.nlm.nih.gov/pubmed/8062822
http://www.ncbi.nlm.nih.gov/pubmed/9234685
https://doi.org/10.1128/MCB.01084-06
http://www.ncbi.nlm.nih.gov/pubmed/17308034
https://doi.org/10.1534/genetics.111.135731
http://www.ncbi.nlm.nih.gov/pubmed/22964838
https://doi.org/10.1042/BST0370242
http://www.ncbi.nlm.nih.gov/pubmed/19143640
https://doi.org/10.1016/j.femsyr.2003.12.004
https://doi.org/10.1016/j.femsyr.2003.12.004
http://www.ncbi.nlm.nih.gov/pubmed/15040951
https://doi.org/10.1146/annurev.micro.59.031805.133833
http://www.ncbi.nlm.nih.gov/pubmed/16153175
https://doi.org/10.1371/journal.pone.0192383

@° PLOS | ONE

Variability in nitrogen consumption strategies between strains

37.

38.

39.

40.

4.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Tesniére C, Brice C, Blondin B. Responses of Saccharomyces cerevisiae to nitrogen starvation in wine
alcoholic fermentation. ApplMicrobiolBiotechnol. 2015; 99: 7025-34.

Gutiérrez A, Chiva R, Sancho M, Beltran G, Arroyo-Lopez FN, Guillamon JM. Nitrogen requirements of
commercial wine yeast strains during fermentation of a synthetic grape must. Food Microbiol. 2012; 31:
25-32. https://doi.org/10.1016/j.fm.2012.02.012 PMID: 22475939

Jara M, Cubillos FA, Garcia V, Salinas F, Aguilera O, Liti G, et al. Mapping genetic variants underlying
differences in the central nitrogen metabolism in fermenter yeasts. PLoS ONE. 2014; 9: e86533. https://
doi.org/10.1371/journal.pone.0086533 PMID: 24466135

Valero E, Millan C, Ortega JM, Mauricio JC. Concentration of amino acids in wine after the end of fer-
mentation by Saccharomyces cerevisiae strain. J Sci Food Agric. 2003; 83: 830—835.

Ough CS, Huang Z, An Dand, Stevens D. Amino acid uptake by four commercial yeasts at two different
temperatures of growth and fermentation: effects on urea excretion and reabsorption. Am J Enol Vitic.
1991; 42: 26—-40.

Jiranek V, Langridge P, Henschke PA. Amino acid and ammonium utilization by Saccharomyces cerevi-
siae wine yeasts from a chemically defined medium. Am J Enol Vitic. 1995; 46: 75-83.

Gutiérrez A, Beltran G, Warringer J, Guillamén JM. Genetic basis of variations in nitrogen source utiliza-
tion in four wine commercial yeast strains. PLoS One. 2013; 8(6): e67166. https://doi.org/10.1371/
journal.pone.0067166 PMID: 23826223

Brice C, Sanchez |, Bigey F, Legras JL, Blondin B. A genetic approach of wine yeast fermentation
capacity in nitrogen-starvation reveals the key role of nitrogen signaling. BMC Genomics. 2014b; 15:
495.

Cubillos FA, Brice C, Molinet J, Tisné S, Abarca V, Tapia S, et al. Identification of nitrogen consumption
genetic variants in yeast through QTL mapping and Bulk segregant RNA-seq analyses. G3 (Bethesda).
2017; 7: 1693-1705.

Cubillos FA, Louis EJ, Liti G. Generation of a large set of genetically tractable haploid and diploid Sac-
charomyces strains. FEMS Yeast Res. 2009; 9: 1217-25. https://doi.org/10.1111/j.1567-1364.2009.
00583.x PMID: 19840116

Cubillos FA, Parts L, Salinas F, Bergstrom A, Scovacricchi E, Zia A, et al. High-resolution mapping of
complex traits with a four-parent advanced intercross yeast population. Genetics. 2013; 195: 1141-55.
https://doi.org/10.1534/genetics.113.155515 PMID: 24037264

Ambroset A, Petit M, Brion C, Sanchez I, Delobel P, Guérin C, et al. Deciphering the molecular basis of
wine yeast fermentation traits using a combined genetic and genomic approach. G3 (Bethesda). 2011;
1:263-281.

Marsit S, Mena A, Bigey F, Sauvage FX, Couloux A, Guy J, et al. Evolutionary advantage conferred by
an eukaryote-to-eukaryote gene transfer event in wine yeasts. Mol Biol Evol. 2015; 32: 1695-1707.
https://doi.org/10.1093/molbev/msv057 PMID: 25750179

Bely M, Sablayrolles JM, Barre P. Automatic detection of assimilable nitrogen deficiencies during alco-
holic fermentation in oenological conditions. J. Ferment. Bioeng. 1990b; 70: 246-252.

Sablayrolles JM, Barre P, Grenier P. Design of laboratory automatic system for studying alcoholic fer-
mentations in anisothermal oenological conditions. Biotechnol Tech. 1987; 1: 181-184.

Bezenger M, Navarro JM, Abbal P, Sablayrolles JM. Suivi de fermentation a 'aide d’un micro-ordinateur
personnel. Application a la fermentation alcoolique en cenologie. Ind.Agr. Aliment. 1985; 102: 1283—
1291.

Colombié S, Latrille E, Sablayrolles JM. Online estimation of assimilable nitrogen by electrical conduc-
tivity measurement during alcoholic fermentation in ecological conditions. J Biosci Bioeng. 2007; 103:
229-35. https://doi.org/10.1263/jbb.103.229 PMID: 17434425

Nissen T, Schulze U, Nielsen J, Villadsen J. Flux distributions in anaerobic, glucose-limited continuous
cultures of Saccharomyces cerevisiae. Microbiology. 1997; 143: 203—218. https://doi.org/10.1099/
00221287-143-1-203 PMID: 9025295

Gomez-Alonso S, Hermosin-Gutiérrez |, Garcia-Romero E. Simultaneous HPLC analysis of biogenic
amines, amino acids, and ammonium ion as aminoenonederivatives in wine and beer samples. J Agric
Food Chem. 2007; 55: 608—613. https://doi.org/10.1021/jf062820m PMID: 17263449

Ingledew WM, Magnus CA, Sosulski FW. Influence of oxygen on proline utilization during the wine fer-
mentation. Am. J. Enol. Vitic. 1987; 38: 246-248.

Bergstrom A, Simpson JT, Salinas F, Barré B, Parts L, Zia A, et al. A high-definition view of functional
genetic variation from natural yeast genomes. Mol. Biol. Evol. 2014; 31: 872—-888. https://doi.org/10.
1093/molbev/msu037 PMID: 24425782

Guldener U, Heck S, Fielder T, Beinhauer J, Hegemann JH. A new efficient gene disruption cassette for
repeated use in budding yeast. Nucleic Acids Res. 1996; 24: 2519-2524. PMID: 8692690

PLOS ONE | https://doi.org/10.1371/journal.pone.0192383 February 12,2018 18/20


https://doi.org/10.1016/j.fm.2012.02.012
http://www.ncbi.nlm.nih.gov/pubmed/22475939
https://doi.org/10.1371/journal.pone.0086533
https://doi.org/10.1371/journal.pone.0086533
http://www.ncbi.nlm.nih.gov/pubmed/24466135
https://doi.org/10.1371/journal.pone.0067166
https://doi.org/10.1371/journal.pone.0067166
http://www.ncbi.nlm.nih.gov/pubmed/23826223
https://doi.org/10.1111/j.1567-1364.2009.00583.x
https://doi.org/10.1111/j.1567-1364.2009.00583.x
http://www.ncbi.nlm.nih.gov/pubmed/19840116
https://doi.org/10.1534/genetics.113.155515
http://www.ncbi.nlm.nih.gov/pubmed/24037264
https://doi.org/10.1093/molbev/msv057
http://www.ncbi.nlm.nih.gov/pubmed/25750179
https://doi.org/10.1263/jbb.103.229
http://www.ncbi.nlm.nih.gov/pubmed/17434425
https://doi.org/10.1099/00221287-143-1-203
https://doi.org/10.1099/00221287-143-1-203
http://www.ncbi.nlm.nih.gov/pubmed/9025295
https://doi.org/10.1021/jf062820m
http://www.ncbi.nlm.nih.gov/pubmed/17263449
https://doi.org/10.1093/molbev/msu037
https://doi.org/10.1093/molbev/msu037
http://www.ncbi.nlm.nih.gov/pubmed/24425782
http://www.ncbi.nlm.nih.gov/pubmed/8692690
https://doi.org/10.1371/journal.pone.0192383

@° PLOS | ONE

Variability in nitrogen consumption strategies between strains

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Salinas F, Cubillos FA, Soto D, Garcia V, Bergstrom A, Warringer J, et al. The genetic basis of natural
variation in oenological traits in Saccharomyces cerevisiae. PLoS One. 2012; 7: e49640. https://doi.org/
10.1371/journal.pone.0049640 PMID: 23185390

Huxley C, Green ED, Dunham I. Rapid assessment of S. cerevisiae mating type by PCR. Trends
Genet. 1990; 6: 236. PMID: 2238077

Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid guanidium thiocyanate-phenol-
chloroform extraction. Anal. Biochem. 1987; 162: 156—159. PMID: 2440339

Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice junctions with RNA-Seq. Bioinformatics.
2009; 25: 1105—-1111. https://doi.org/10.1093/bioinformatics/btp120 PMID: 19289445

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment/map format
and SAMtools. Bioinformatics. 2009; 25: 2078—2079. https://doi.org/10.1093/bioinformatics/btp352
PMID: 19505943

Anders S, Pyl PT, Hubert W. HTSeg—a Python framework to work with high-throughput sequencing
data. Bioinformatics. 2015; 31: 166—169. https://doi.org/10.1093/bioinformatics/btu638 PMID:
25260700

Robinson MD, McCarthy DJ, Smyth GK. “edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data.” Bioinformatics. 2010; 26: 139-140. https://doi.org/10.1093/
bioinformatics/btp616 PMID: 19910308

Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and powerful approach to mul-
tiple testing. Journal of the Royal Statistical Society Series B. 1995; 85: 289-300.

Smyth GK, Speed TP. Normalization of cDNA microarray data. Methods. 2003; 31: 265-273. PMID:
14597310

Camarasa C, Sanchez |, Brial P, Bigey F, Dequin S. Phenotypic landscape of Saccharomyces cerevi-
siae during wine fermentation: evidence for origin-dependent metabolic traits. PLoS One. 2011; 6:
e€25147. https://doi.org/10.1371/journal.pone.0025147 PMID: 21949874

Bataillon M, Rico A, Sablayrolles JM, Salmon JM, Barre P. Early thiamin assimilation by yeasts under
enological conditions: impact on alcoholic fermentation kinetics. Journal of Fermentation Bioengineer-
ing. 1996; 82: 145-150.

Rosenfeld E, Beauvoit B, Blondin B, Salmon JM. Oxygen consumption by aerobic Saccharomyces cer-
evisiae under conditions: effect on fermentation kinetics. Appl Environ Microbiol. 2003; 69: 113—-121.
https://doi.org/10.1128/AEM.69.1.113-121.2003 PMID: 12513985

Grauslund M, Didion T, Kielland-Brandt MC, Andersen HA. BAP2, a gene encoding a permease for
branched-chain amino acids in Saccharomyces cerevisiae. Biochim Biophys Acta. 1995; 1269: 275-80.
PMID: 7495881

Schmidt A, Hall MN, Koller A. Two FK506 resistance-conferring genes in Saccharomyces cerevisiae,
TAT1and TAT2, encode amino acid permeases mediating tyrosine and tryptophan uptake. Mol Cell
Biol. 1994; 14: 6597-606. PMID: 7523855

Lahtvee PJ, Kumar R, Hallstrom BM, Nielsen J. Adaptation to different types of stress converge on mito-
chondrial metabolism. Mol Biol Cell. 2016; 27: 2505-2145. https://doi.org/10.1091/mbc.E16-03-0187
PMID: 27307591

Puria R, Mannan MA, Chopra-Dewasthaly R, Ganesan K. Critical role of RPI1 in the stress tolerance of
yeast during ethanolic fermentation. FEMS Yeast Res. 2009; 9: 1161-71. https://doi.org/10.1111/j.
1567-1364.2009.00549.x PMID: 19678848

Ganou-Parfait B, Fahrasmane L, Galzy P, Parfait A. Les bactéries anaérobies des milieux fermentaire a
base de jus de canne a sucre. |.A.A. 1989; 6: 579-585.

Kitamoto K, Yoshizawa K, Ohsumi Y, Anraku Y. Mutants of Sacharomyces cerevisiae with defective
vacuolar function. J Bacteriol. 1988; 170: 2687—2691. PMID: 3131305

Tan SZ, Manchester S, Prather KL. Controlling central carbon metabolism for improved pathway yields
in Saccharomyces cerevisiae. ACS Synth Biol. 2016; 19: 116-24.

Crépin L, Sanchez |, Nidelet T, Dequin S, Camarasa C. Efficient ammonium uptake and mobilization of
vacuolar arginine by Saccharomyces cerevisiae wine strains during wine fermentation. Microb Cell
Fact. 2014; 13: 109. https://doi.org/10.1186/s12934-014-0109-0 PMID: 25134990

Regenberg B, Holmberg S, Olsen LD, Kielland-Brandt MC. Dip5p mediates high-affinity and high-
capacity transport of L-glutamate and L-aspartate in Saccharomyces cerevisiae. Curr Genet. 1998; 33:
171-7. PMID: 9508791

Ibafiez C, Pérez-Torrado R, Chiva R, Guillamén JM, Barrio E, Querol A. Comparative genomic analysis
of Saccharomyces cerevisiae yeasts isolated from fermentations of traditional beverages unveils differ-
ent adaptive strategies. Int J Food Microbiol. 2014; 171: 129-135. https://doi.org/10.1016/j.ijffoodmicro.
2013.10.023 PMID: 24334254

PLOS ONE | https://doi.org/10.1371/journal.pone.0192383 February 12,2018 19/20


https://doi.org/10.1371/journal.pone.0049640
https://doi.org/10.1371/journal.pone.0049640
http://www.ncbi.nlm.nih.gov/pubmed/23185390
http://www.ncbi.nlm.nih.gov/pubmed/2238077
http://www.ncbi.nlm.nih.gov/pubmed/2440339
https://doi.org/10.1093/bioinformatics/btp120
http://www.ncbi.nlm.nih.gov/pubmed/19289445
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1093/bioinformatics/btu638
http://www.ncbi.nlm.nih.gov/pubmed/25260700
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://www.ncbi.nlm.nih.gov/pubmed/14597310
https://doi.org/10.1371/journal.pone.0025147
http://www.ncbi.nlm.nih.gov/pubmed/21949874
https://doi.org/10.1128/AEM.69.1.113-121.2003
http://www.ncbi.nlm.nih.gov/pubmed/12513985
http://www.ncbi.nlm.nih.gov/pubmed/7495881
http://www.ncbi.nlm.nih.gov/pubmed/7523855
https://doi.org/10.1091/mbc.E16-03-0187
http://www.ncbi.nlm.nih.gov/pubmed/27307591
https://doi.org/10.1111/j.1567-1364.2009.00549.x
https://doi.org/10.1111/j.1567-1364.2009.00549.x
http://www.ncbi.nlm.nih.gov/pubmed/19678848
http://www.ncbi.nlm.nih.gov/pubmed/3131305
https://doi.org/10.1186/s12934-014-0109-0
http://www.ncbi.nlm.nih.gov/pubmed/25134990
http://www.ncbi.nlm.nih.gov/pubmed/9508791
https://doi.org/10.1016/j.ijfoodmicro.2013.10.023
https://doi.org/10.1016/j.ijfoodmicro.2013.10.023
http://www.ncbi.nlm.nih.gov/pubmed/24334254
https://doi.org/10.1371/journal.pone.0192383

@° PLOS | ONE

Variability in nitrogen consumption strategies between strains

81.

82.

83.

84.

85.

86.

87.

88.

89.

Pérez-Torrado R, Carrasco P, Aranda A, Gimeno-Alcafiiz J, Pérez-Ortin JE, Matallana E,et al. Study of
the first hours of microvinification by the use of osmotic stress-response genes as probes. Systematic
and Applied Microbiology.2002; 25: 153—-161. PMID: 12086182

Bauer FF, Pretorius IS. Yeast stress response and fermentation efficiency: how to survive the making of
wine—a review. S Afr J Enol Vitic. 2000; 21:2751.

Gedvilaite A, Sasnauskas K. Control of the expression of the ADE gene of the yeast Saccharomyces
cerevisiae. Curr Genet. 1994; 25: 475-9. PMID: 8082196

Ljungdahl Per O, Daignan-Fornier B. Regulation of amino acid, nucleotide, and phosphate metabolism
in Saccharomyces cerevisiae. Genetics. 2012; 190: 885-929. https://doi.org/10.1534/genetics.111.
133306 PMID: 22419079

Manginot C, Roustan JL, Sablayrolles JM. Nitrogen demand of different yeast strains during alcoholic
fermentation. Importance of the stationary phase. Enzyme Microb. Technol. 1998; 23: 511-517

Bell SJ, Henschke PA. Implications of nitrogen nutrition for grapes, fermentation and wine. Australian
Journal of Grape and Wine Research. 2005; 11: 242—-295.

Goddard MR, Greig D. Saccharomyces cerevisiae: a nomadic yeast with no niche? FEMS Yeast Res.
2015; 15: fov009. https://doi.org/10.1093/femsyr/fov009 PMID: 25725024

Boynton PJ, Greig D. The ecology and evolution of non-domesticated Saccharomyces species. Yeast.
2014; 31: 449-62. https://doi.org/10.1002/yea.3040 PMID: 25242436

Gallone B, Steensels J, Prahl T, et al. Domestication and divergence of Saccharomyces cerevisiae
beer yeasts. Cell. 2016; 166: 1397—410. https://doi.org/10.1016/j.cell.2016.08.020 PMID: 27610566

PLOS ONE | https://doi.org/10.1371/journal.pone.0192383 February 12,2018 20/20


http://www.ncbi.nlm.nih.gov/pubmed/12086182
http://www.ncbi.nlm.nih.gov/pubmed/8082196
https://doi.org/10.1534/genetics.111.133306
https://doi.org/10.1534/genetics.111.133306
http://www.ncbi.nlm.nih.gov/pubmed/22419079
https://doi.org/10.1093/femsyr/fov009
http://www.ncbi.nlm.nih.gov/pubmed/25725024
https://doi.org/10.1002/yea.3040
http://www.ncbi.nlm.nih.gov/pubmed/25242436
https://doi.org/10.1016/j.cell.2016.08.020
http://www.ncbi.nlm.nih.gov/pubmed/27610566
https://doi.org/10.1371/journal.pone.0192383

