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Abstract

Saccharomyces cerevisiae requirement for reduced sulfur to synthesize methionine and cysteine during alcoholic fermentation, is
mainly fulfilled through the sulfur assimilation pathway. Saccharomyces cerevisiae reduces sulfate into sulfur dioxide (SO,) and sul-
fide (H,S), whose overproduction is a major issue in winemaking, due to its negative impact on wine aroma. The amount of H,S
produced is highly strain-specific and also depends on SO, concentration, often added to grape must. Applying a bulk segregant
analysis to a 96-strain-progeny derived from two strains with different abilities to produce H,S, and comparing allelic frequencies
along the genome of pools of segregants producing contrasting H,S quantities, we identified two causative regions involved in H,S
production in the presence of SO,. A functional genetic analysis allowed the identification of variants in four genes able to impact
H,S formation, viz; ZWF1, ZRT2, SNR2, and YLR125W, and involved in functions and pathways not associated with sulfur metabolism
until now. These data point out that, in wine fermentation conditions, redox status, and zinc homeostasis are linked to H,S formation
while providing new insights into the regulation of H,S production, and a new vision of the interplay between the sulfur assimilation

pathway and cell metabolism.
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Introduction

Sulfur is an essential element for cells, particularly as a compo-
nent of sulfur-containing amino acids that are crucial for pro-
tein biosynthesis. While Saccharomyces cerevisiae, like other organ-
isms, can utilize organic sulfur sources, its primary source is in
the form of inorganic sulfate, which is naturally present in grape
must. During the alcoholic fermentation process, yeast cells as-
similate sulfur through the sulfur assimilation pathway (SAP)
(Thomas and Surdin-Kerjan 1997) (Fig. 1). Briefly, extracellular sul-
fate is imported into the cell, where it is reduced with the con-
sumption of two molecules of ATP and four molecules of NADPH
per molecule of SO4. Hydrogen sulfide (H,S) will then be incor-
porated into carbon chains to produce, in the end, methionine
and cysteine. Sulfur-containing amino acids are then consumed
for cell growth, and in many essential biochemical reactions such
as methyl group transfer, tRNA thiolation, S-adenosyl methion-
ine synthesis, glutathione synthesis, and protection from oxida-
tive stress (Walvekar and Laxman 2019).

H,S demand can be very high, depending on the environment S.
cerevisiae has to cope with, but, in the wine industry, an excessive
production of sulfide is not acceptable, given its unpleasant scent
of rotten egg, cabbage, and onion.

For several reasons, an imbalance may at times occur between
sulfide produced through SAP and its incorporation into carbon
chains, which leads to an overproduction of H,S by yeast during
fermentation. One of the most common and best-described cir-

cumstances is a nitrogen level sufficient for active growth and
fermentation, but too low to provide carbon chains for S*~ incor-
poration (Vos and Gray 1979, Jiranek et al. 1995, Mendes-Ferreira
et al. 2009, Ugliano et al. 2009, 2011, Song et al. 2020, De Guidi et al.
2021). A lack or a suboptimal concentration of vitamins or cofac-
tors needed for a proper SAP enzymatic activity can also result in
the same outcome (Wang et al. 2003, Bohlscheid et al. 2007, 2011,
Xing and Edwards 2019). Last, sulfur dioxide (SO,) addition, widely
used in winemaking to prevent spoilage and oxidation, has been
shown to impact H,S production (De Guidi et al. 2021).

In addition to targeted nutrient management, the use of spe-
cific strains with a low H,S production profile is nowadays one
of the best ways to avoid reductive off-odors. One can exploit the
natural diversity of S. cerevisiae for sulfide production (Spiropou-
los et al. 2000) and desired phenotypes (Linderholm et al. 2010,
Cordente et al. 2019) or, alternatively, engineer sulfite reductase
by chemical mutagenesis (Cordente et al. 2009). Both strategies
are valid, but with a low success rate, and both require intensive
large-scale screening. In addition, a reduced sulfite reductase ac-
tivity can cause a bottleneck effect and lead to a higher final sul-
fite concentration.

Another approach is to identify in a strain genes and their
allelic variants, responsible for the desired characteristic, with-
out any a priori. This approach makes it possible to introduce
these desirable traits into as many genetic backgrounds as de-
sired, and combine them with traits that are important in
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Figure 1. Global overview of sulfur metabolism. This image was created with BioRender.com.

winemaking. Quantitative trait loci (QTL) mapping allows such
strategy, and has been used to identify new genes involved in
many technological properties such as wine aroma production,
fermentative performances, sporulation efficiency, ethanol and
temperature tolerance, flocculation, amino acid consumption,
and nitrogen requirement, and even SO, and H,S production
(Brauer et al. 2006, Sinha et al. 2006, 2008, Hu et al. 2007, Marullo
et al. 2007, Smith and Kruglyak 2008, Katou et al. 2009, Ambroset
etal. 2011, Cubillos et al. 2011, 2013, 2017, Steyer et al. 2012, Brion
etal. 2013, Huang et al. 2014, Jara et al. 2014, Wilkening et al. 2014,
Noble et al. 2015, Eder et al. 2018, 2020, Haas et al. 2019, Ho et al.
2021, Villarroel et al. 2021). The role in sulfite production of the two
genes MET2 and SKP2 has been evidenced and ultimately applied
for the improvement of yeast starters (Blondin et al. 2017). MET2
encodes the homoserine O-trans-acetylase that catalyzes O-acetyl
homoserine production from homoserine, providing the carbon
chain into which S~ is incorporated as a first step in methionine
biosynthesis, therefore consuming H,S and reducing SO, excre-
tion. Skp2p is involved in the modulation of the SAP through the
degradation of Met14p, a kinase located upstream the sulfide re-
ductase (Met5p-Met10p). SKP2 allelic variants efficiently reduced
H,S and SO, excretion. Due to Skp2p position in the SAP (Fig. 1),
the efficiency of the modulation of sulfite (and possibly sulfide)
production, is most likely reduced in enological conditions, as SO,
from grape juice only enters midway the sulfur pathway.

More recently, the ecological significance of H,S production, as-
sociated with domestication features, has been elucidated, reveal-

ing that yeast strains that colonize different environments exhib-
ited varying aptitudes to produce H,S (De Guidi et al. 2023).

In this study, we investigated the genetic basis of H,S produc-
tion under winemaking conditions via QTL mapping. We selected
two strains producing different amounts of H,S with different ge-
netic background: one wine strain with moderate ability to pro-
duce H,S in the presence of SO,, that contained favorable MET2
and SKP2 alleles, and another low producer, previously identified
as a hybrid between wine and wine-velum strains (Coi et al. 2017,
Legras et al. 2018). After having measured the H,S production
ability of 96 segregants, we used a bulk segregant analysis (BSA)
strategy to detect QTLs explaining the variations in that trait. We
detected two QTLs, and investigated the effects of allelic varia-
tions in seven genes using reciprocal CRISPR-Cas9 mediated al-
lelic swaps. Four of these genes explained variations in H,S pro-
duction through the activation of different mechanisms.

Materials and methods

Yeast strains used and growth conditions

Saccharomyces cerevisiae strains used in this work are listed in
Table S1 (Supporting Information). 59A was obtained from our
laboratory collection (MTF 1438), hLMD20 was a derivative of
hILMD?20, provided by Lallemand SAS, that harbors the JN17 al-
lele of SKP2 (Noble et al. 2015). Yeast strains were grown at 28°C
on yeast extract peptone dextrose medium (YPD; 2% glucose, 1%
yeast extract, and 2% bactopeptone), supplemented with 2% agar
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Figure 2. Total H,S production by the two parental strains (59A and
LMD?20) in SM containing 0 or 60 mg/1 of SO,.

where needed. Selective media were prepared by adding to agar
medium 200 pg/ml geneticin (G418-Sigma A1720-5 G), 200 pg/ml
nourseothricin (ClonNAT—Werner BioAgents) or 300 pg/ml hy-
gromycin B (Invitrogen 10687010) according to the resistance to
test.

Stable haploid parental strain hLMD20

To obtain a stable haploid strain to be used as a parental strain,
LMD20 was deleted for HO by geneticin resistance cassette inser-
tion (KanMX4). KanMX4 cassette was amplified by high fidelity
PCR (with Phusion High Fidelity Taq polymerase; Thermo Fis-
cher, Illkirch, France) from the plasmid pUG6 using the couple
of primers HOKOMXfw—HOKOMXTTGG-rev (Table S2, Supporting
Information), having respectively 20 and 22 bases complementary
to the plasmid (upstream the promoter and downstream the ter-
minator of the antibiotic cassette) and the 40-bp complementary
to the HO gene to be deleted. Deletion mutants (LMD20AHO/HO)
were selected on YPD agar + G418 and confirmed by PCR with
the primers dHOVerifFOR—HOdelVerifREV located upstream and
downstream of the insertion region. A two-steps CRISPR-Cas9 sys-
tem was then used to remove the kanMX4 cassette from HO in
hLMD20 AHO:kanMX4. Yeast strains were transformed with a
modified pCfB2312 plasmid carrying the selection marker for hy-
gromycin and CAS9. Then, transformation with a pMEL15 plasmid
containing the gRNA for kanMX4 and an inactive copy of HO (ho)
as repair fragment allowed to obtain a stable haploid (hLMD20)
without any integrated resistance cassette. All the plasmids used
in this work are listed in Table S3 (Supporting Information).

Segregants

Haploid parents (59A and hLMD20) were mated on solid medium.
The resulting diploid hybrids were checked for the presence of
an (a/a) MAT genotype by multiplex PCR [Table 2 (Supporting
Information) for the primers used]. One diploid cross (59A x
hIMD20) was grown on PRE5 and cells were transferred at
mid-exponential growth phase to SPO2 medium for sporula-
tion (Codon et al. 1995). The presence of asci was verified with
an optic microscope. After asci digestion with g-glucuronidase,
spores were teased apart and isolated with the Singer Instrument
MSM300 micromanipulator tetrad dissection system (Watchet,
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UK). 96 segregants were then isolated and phenotyped for their
H,S production during alcoholic fermentation.

Phenotyping

Fermentation conditions

Fermentations were conducted in 300 ml glass bioreactors in syn-
thetic musts (SM) (Bely et al. 1990) prepared with 200 g/l of a 1:1
mix of glucose and fructose, 200 mg/1 assimilable nitrogen (amino
acids and ammonium), one-fourth of original recipe anaerobic
factor amount, and 60 mg/1 SO, added as potassium metabisulfite
(K25,0s). When H, S production in response to different zinc con-
centrations during fermentation was evaluated, SMs (that gener-
ally contain 0.91 mg/1 zinc) were prepared with either a zinc defi-
ciency (0.091 mg/l, corresponding to 1/10 of the control amount)
or an excess (2.73 mg/l, corresponding to three times the control
amount).

For each strain, an overnight YPD preculture was diluted 100-
fold in SM and grown at 28°C for 24 h. Cell population was then
determined with an electronic particle counter (Beckman Coul-
ter) and 250 ml of SM were inoculated at a concentration of
1 x 10° cells/ml. Fermentations were carried out at 28°C, un-
der permanent stirring (280 rpm) and daily followed by weight
loss, until the theoretical percentage of sugar consumed reached
95% (87.4 g CO,/l produced for a must containing 200 g/l of
sugar). The 96 segregants were separated into two subsets of 48
strains, and each subset was tested in three independent runs
(blocks) that included the two parental strains in duplicate or
triplicate.

H,S and SO, quantification

The total amount of H,S produced during each fermentation
was channeled into a zinc-based trap thanks to special glass-
ware, accumulated as zinc sulfide and quantified with a sulfide-
specific fluorescent probe, as previously described (De Guidi et al.
2021). Total SO, in fermented SM was quantified by titration with
TitraEVO (Ref.120700, Laboratoires Dujardin-Salleron).

Central carbon metabolism products quantification

Central carbon metabolism products (ethanol, glycerol, succinate,
a-ketoglutarate, and acetate) concentrations were determined by
HPLC (HPLC 1260 Infinity, Agilent™ Technologies, Santa Clara,
California) on a Phenomenex Rezex ROA column (Phenomenex™,
Le Pecq, France) at 60°C, from samples collected at the end of
fermentation. The column was eluted with 2.5 mM H,SO, at a
0.6 ml/min flow rate. Organic acids were analysed with a UV de-
tector (Agilent™ Technologies) at 210 nm; the other compounds
were quantified with a refractive index detector (Agilent™ Tech-
nologies). Analysis was carried out with the Agilent™ ChemSta-
tion software package.

QTL mapping

Given the high number of fermentations required to analyze H,S
production in the segregant population, the experiments were
split into blocks. To neutralize variations between blocks, data
were normalized by calculating the z score of each sample in
relation to the mean and standard deviation of the block as
follows:

Zij = LJ ;_ st ,
j

where z; is the z score of the sample i in the block j, x; is
the quantity (in pg) of H,S produced from the sample i in the
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Figure 3. Standard score representation of the cumulated H,S production during alcoholic fermentation for each segregant in comparison with the
parental strains. Dark red bars: low H,S producers’ bulk; blue bars: high H,S producers’ bulk; black: parents.

fermentation carried in the block j, uj is the mean of H,S pro-
duced by all the samples in block j, and o; the standard deviation
within block j. The mean z score was used to rank each segre-
gant. After normalization, no differences were observed between
blocks for the low producing strain 59A, while small differences
could still be observed for the high H,S producer. We chose two
bulks of 16 segregants with the most extreme production in order
to maximize the QTL detection power (Magwene et al. 2011). The
transgressive index of the phenotype was calculated as previously
described (Marullo et al. 2006).

Genomic DNA extraction for sequencing

For each segregant in the two bulks, an independent preculture
was prepared, and genomic DNA was isolated from liquid cul-
tures in the stationary phase (after 48 h of growth on YPD at
28°C). The number of cells per ml was evaluated with an electronic
particle counter (Multisizer 3 counter; Beckman Coulter) and, for
each bulk, an equal number of cells for each of the strains was
mixed, to obtain two separate populations of high and low pro-
ducers. DNA was extracted using a traditional method involving
phenol-chloroform extraction, as described previously (Saubin et
al. 2020). After nucleic acid extraction, samples were combined
with a DNA absorption solution (50 ul of 5 M NacCl, 15 pl of
Perkin-Elmer Chemagen CMG 252-A beads, 250 ul 7.8 M guani-
dinium chloride, 800 pl isopropanol). Subsequently, the metal
beads with DNA attached to their silica surfaces were collected
using the DynaMag™-2 Magnet tube holder (12321D-DynaMag-
2—Invitrogen), washed twice with AMMLAV/E buffer (10 mM Tris
pH 8,0.1 mM EDTA, 60 mM potassium acetate, 65% ethanol), and
twice with 75% ethanol. The DNA was desorbed in an aqueous
solution.

To assess DNA purity, we measured OD ratios at 260 nm/280 nm
and 260 nm/230 nm using a NanoDrop 1000 spectrophotometer
(Thermo Scientific, lllkirch, France). For quantification, we em-
ployed the QuantiFluor kit, dsDNA system (Promega), and subse-
quently stored DNA at —20°C.

Genome sequence and analysis

DNA samples of the two bulks, and of hLMD20, were processed
separately to generate libraries of 500 bp inserts. After passing
quality control, the libraries were sequenced with DNBseq tech-
nology using BGISEQ-500 platform, generating paired-end reads
of 2 x 150 bp.

For each library, low-quality reads were processed and filtered
using the FASTX Toolkit v0.0.13.2 and TRIMMOMATIC v0.36 (Bol-
ger et al. 2014) with the following parameters (LEADING:10 HEAD-
CROP:5 SLIDINGWINDOW:4:15 MINLEN:50).

Reads were then mapped to the 59A genome, used as reference,
with BWA v0.6.2 with default parameters (Li and Durbin 2009) and
genotyping performed with samtools v1.11. We obtained a variant
file with the sequencing depth of each allelic variant that was con-
sidered as a proxy to allelic frequency.

Afterwards, sequence positions were filtered for quality crite-
ria: sufficient coverage position as well as genotyping and map-
ping quality (MQ > —20) were kept. The impact of the different
SNPs was evaluated with SNPeffect 4.3 (Cingolani et al. 2012). Only
damaging SNPs were retained for the selection of candidate genes
in each QTL.

Block regression mapping

The statistical method Block Regression Mapping (BRM) (Huang
et al. 2020) was chosen for QTL mapping based on bulked segre-
gant analysis by deep sequencing, run in R environment (R version
4.0.2; R Core Team 2020). BRM estimates the probability of a sig-
nificant deviation of the allelic frequencies (F) from the neutral
situation (F = 0.5) and estimates a significance threshold given
the recombination rate and the length of the chromosome, tak-
ing in account multiple testing. To find candidate QTL peaks, the
genome is first divided into small blocks of equal size of 1 kb.
Based on the allelic frequency data, the algorithm calculates the
average allele frequency of each block in each pool, the average
allele frequency in the population of each block, along with the
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allele frequency difference (AFD) between two pools, in each
block. In a second step, BRM infers the AFD threshold of the 5%
overall significance level at every genomic position (5% risk of con-
cluding that a difference exists when there is no actual differ-
ence). In the last step, BRM identifies possible QTL positions (with
significant AFD) and calculates chromosomal coordinates corre-
sponding to a 95% confidence interval of each QTL. The potential
impact of each SNP was assessed using snpEffect v4.3 (Cingolani
et al. 2012).

Phylogeny

Maximum-likelihood phylogeny of ZRT2 alleles from hLMD20,
59A, genomes from Evolya and Genowine projects (Coi et al. 2017,
Legras et al. 2018) and other available genomes (SGD 2021) was
estimated using RAXML (Stamatakis 2014).

Gene expression analysis

Transcriptomic analyses were performed to understand the im-
pact on cellular physiology of allelic variants in different ge-
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Table 1. QTL detected by BSA using BRM software.

CHR QTL Peak (Position) AFD Peak Peak direction Start End Kb
XII 382 337 (YLR129W) 0.7508 + 365 894 (YLR119W) 394 323 (YLR135W) 28
X1V 200 384 (YNL234W) —0.6969 - 168 137 (YNL250W) 240787 (ARS1413) 73

Table 2. Amino acid changes between parental alleles detected in the candidate genes proven to have an impact on H,S production.

Gene AA position 5288C 59A hLMD20
CHR XIV ZWF1 58 Glu - Glu
358 Ala Ala Val
CHR XII SRN2 133 Glu Glu Gly
180 Asn Asp Asn
YLR125W 34 Asn fs Asn
ZRT2 19 Gly Asp Gly
322 Lys Glu Lys
325 Met Thr Met
A Allelic remplacement and H2S production B  Allelic remplacement and Residual SO2
[ hLMD20 59A hLMD20 50A
400+ p-value | 8.6 x 10exp-8 p-value { 0.004
a
[
£ 300] &
2 <
o~ o))
o b & 40l b type
b e hLMDZ20
= 200 ki hLMD20 with 594 allele
3 S 59A
@ | c o 59A with hLMD20 allele
5} c @
= g
E 100/ =
o
01 0
) wt ar wt ar wt ar wt ar

C ZWF1 deletion and H2S production

hLMD20 59A
400 p-value | 4.8 x10exp-8
il
£ 300
o
wn
o~
P a type
gt hLMD20
jc:n 200 hLMD20 - allele deletion
4 59A
2 59A - allele deletion
Q b
-
- i
(5]
c c
: — 1]
wi del wt del

Figure 5. Effect of different allelic versions of ZWF1 on total H,S production (A) and residual SO, content at the end of fermentation (B) Effect of
deletion of ZWF1 on total H,S production (C). For each panel, different lowercase letters (a, b, and c if present) on the top of the bars, indicate
statistically significant differences between modalities after Tukey’s multiple comparison of means at 95% family-wise confidence level. wt: wild-type
strain; ar: parental strain after allelic replacement (i.e. carrying the alternative allele of the other parent); del: deletion, strain without the gene under
investigation. Results are given as the mean of three replicates + standard error. The dashed line indicates the initial content of the grape must

(60 mg/l).
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netic backgrounds. We analyzed gene expression in each par-
ent in comparison to the strain containing the other parental al-
lele during alcoholic fermentation. Samples were collected when
35 g/l CO; had been produced as a result of alcoholic fermen-
tation, which corresponded to a maximum in sulfide produc-
tion for strain LMD20, from which hLMD?20 is derived (Figure S1,
Supporting Information).

Fermentations were performed in triplicate, in 1.2 1 bioreactor
systems, in the same fermentation conditions as previous experi-
ments in this work (i.e. SM 200 with 60 mg/1 SO,, 28°C). RNAs were
extracted as described before (Rollero et al. 2016). Agilent 8 x 15
k gene expression microarrays (Design ID 038619, including 40
EC1118-specific genes; Agilent Technologies) were used according
to the manufacturer’s instructions. Hybridization and scanning
were performed as described previously (Rollero et al. 2016) with
4000B laser Scanner (Axon Instruments).

For each gene, the transcriptome of the strains carrying the al-
ternative parental allele was compared to the one with the orig-
inal allele. The limma package was used to import and normal-
ize the global microarray data (quantile method for normalization
between arrays). The Benjamini-Hochberg correction was used for
multiple comparisons, and the false discovery rate (FDR) thresh-
old was set at 5% (Ritchie et al. 2015).

CRISPR-Cas9 targeted genome modifications (allelic replace-
ment)

Both two parental strains (59A and hLMD20) underwent a two-
step allelic replacement, for each of the candidate genes.

Allele deletions

For each modification, the entire gene (from ATG to stop codon)
was replaced in a different transformation experiment by the
nourseothricin resistance cassette (natMX), amplified by PCR from
PAG25 plasmid, with the couple of primers gene_name_del_UP and
gene_name_del DW (Table S2, Supporting Information) and Phu-
sion High Fidelity Taq polymerase (Thermo Fischer). The resulting
antibiotic cassette contained 80 base pairs of upstream and down-
stream homology arms for the gene to be deleted, and was used
to transform yeast cells that replaced the target gene through ho-
mologous recombination.

Allelic replacement

Mutants were then transformed with a plasmid derived from
pCfB2312 containing CAS9, an hygromycin resistance cassette
and the guide RNA targeting natMX cassette. For each deleted
gene, one parent received, as a repair fragment, the alterna-
tive variant of the gene under investigation, synthesized by PCR
performed with Phusion High Fidelity Taq polymerase (Thermo
Fischer) with primers gene_name_A and gene_name_D (Table S2,
Supporting Information) from the other parent. These primers
were designed to amplify the gene of interest with an average of
325 bp upstream and downstream homology, to include the pro-
moting region. For each candidate gene, three independent allelic
swap transformations were performed, and H,S produced during
alcoholic fermentation was assessed for each resulting strain.

All transformations were performed following the lithium ac-
etate method (Gietz and Schiestl 2007), adapting volumes to a 96-
well round (U) Bottom Plate well.

Statistical analysis

Statistical analyses were conducted in the R environment (R ver-
sion 4.0.2 (2020-06-22) (R Core Team 2020).
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ANOVA was performed to test the effect of the genetic modi-
fication in each strain (allelic replacements or deletions). For all
the experiments, when the impact of one factor was significant,
differences between modalities were evaluated by post hoc testing
(Tukey’s HSD multiple-comparison test, P-value < .05).

Results

Production of a population of segregants and
phenotyping for H,S production

To unravel the genetic bases explaining wine strains differences
in H,S production in the presence of SO,, we selected two hap-
loid strains derived from yeasts used in winemaking: 59A is a sta-
ble haploid descendant of EC1118 whose H,S production remains
low despite the presence of SO,, while, on the contrary, hLMD20
produces more H,S in presence of SO, (Fig. 2).

The variability of total H,S production under fermentation in
the presence of SO, (Fig. 3) was assessed for 96 segregants gen-
erated from the crossing of hLMD20 and 59A, and for parental
strains, using the trapping/colorimetric method previously de-
scribed (De Guidi et al. 2021).

The trait exhibited a continuous distribution, confirming its
multigenic nature. Furthermore, some segregants produced up to
three times more H,S than the higher-producing parent and up
to 2.5 times less than the lower-producing one, with a total of 50
segregants in which H,S production was more extreme than that
of the parental strains. A transgressive index of 3.12% and 2.08%
for the low H,S and high H,S phenotypes, respectively, suggests
the presence of alleles with opposite effects at multiple loci in the
genome of each parental strain.

QTL identification

To link these phenotypic differences to the genetic variation be-
tween parental strains, we performed a BSA on the progeny. We
selected two groups of 16 segregants with the most extreme phe-
notypes, i.e. low and high sulfide production.

After processing the sequencing data and performing genotyp-
ing, we detected 22 685 variant positions between the two parental
strains. Figure 4 shows the frequencies of each parental variant
across the genome of the two bulks. To detect possible depar-
tures from neutrality at specific loci, we used the LOESS method
of local regression (Jacoby 2000) applied to blocks of equal size
as implemented in the BRM software (Huang et al. 2020). Allelic
departures from normality of AFD could be detected for two ge-
nomic regions that reached the theoretical threshold inferred by
BRM (+ 0.6947), indicating two potential QTLs (Table 1 and Fig. 4;
Figure S2, Supporting Information). The first one (QTL_chrXII), was
located on chromosome XII, between YLR119W and YLR135W, in
a 28-kb region. The positive direction of the peak means that the
low sulfide producer bulk inherited the SNPs from the low H,S
producer parent (59A). The second genomic region (QTL_chrXIV),
located on chromosome XIV was wider (73 kb), spanning from
YNL250W to the origin of replication ARS1413, with a maximum
at YNL234W. In this case, the allelic variants from the high sul-
fide parent (hLMD?20), conferred a lower production to the progeny.
A third region located on chromosome VII almost reached the
threshold but was not explored here.

Within these QTLs, we searched for potentially impacting vari-
ants using the SnpEff software, not taking in account those lo-
cated in intergenic regions. In QTL_chrXIl, we found 14 SNPs
that were categorized as missense variants with moderate effects
and one that caused a frameshift and was classified as highly
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Table 3. Number of differentially expressed genes with fold change > 0.5 and FDR threshold of 5%.

ZWF1 ZRT2 YLR125W
hLMD20 wt vs. hLMD20 + allele >4 Upregulated 425 510 302
Downregulated 345 488 295
59A wt vs. 59A + allele MMMD20 Upregulated 914 369 149
Downregulated 981 406 101

ZRT2 allelic replacement
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Figure 6. Effect of different allelic versions of ZRT2 in each parental strain on total H,S production. Different lowercase letters (a, b, and c) on the top of
the bars, indicate statistically significant differences after Tukey’s multiple comparison of means at 95% family-wise confidence level. wt: wild-type
strain; ar: parental strain after allelic replacement (i.e. carrying the alternative allele of the other parent). Results are given as the mean of three

replicates + standard error.

impacting. In QTL_chrXIV, our analysis revealed the presence of
21 missense mutations and one premature stop codon (as detailed
in Table S4, Supporting Information). Given QTL_chrXIV size, we
focused on potentially impacted genes located close to the peak
of the maximum allelic frequency shift.

We evaluated the effect of seven of the genes with impact-
ing mutations, five on chromosome XII (SRN2, YLR125W, YLR126C,
ZRT2, and ACE2) and two on chromosome XIV (ATG2 and ZWF1).
The amino acid changes caused by allelic variation of the four
genes that led to the modulation of H,S production are given in
Table 2. No significant effect was observed for the three remaining
genes (ACE2, YLR126C, and ATG?2).

ZWF1 and the activity of PPP modulate H,S
production

The allelic replacement of ZWF1 PIMP20 by 7WWF1 94 led to a 76%
increase in HyS production in hLMD20 (Fig. 5A). The differences in
residual sulfite contents at the end of alcoholic fermentation were
symmetrical to the production of H,S (Fig. 5B) and suggest a lower
sulfite reductase activity. ZWF1 deletion also led to a decrease in
sulfide biosynthesis in both parental strains (—85% for hLMD20
and —63% for 59A—Fig. 5C), which suggests that the lower produc-
tion associated to ZWF1 "™P20 i5 due to a less active version of the
protein. As ZWF1 codes the glucose-6-phosphate dehydrogenase,
we could expect that differences in enzyme activity in parental
strains should lead to a difference in the production of NADPH
required for the reduction of sulfate into sulfite through Met16
activity and then sulfite to sulfide by the heterotetramer Met5-
Met10.

If the decrease in H,S production resulted from a reduced ac-
tivity in the PPP attributed to decreased Zwf1 activity, with a con-
sequent decrease in the NADPH pool, we should observe an im-
pact on other metabolites, whose synthesis is known to be sen-
sitive to cellular redox balance, such as acetate, a-ketoglutarate,
pyruvate, and succinate. Indeed, in 59A, the introduction of ZWF1
hIMD20 led to an increase in acetate (from 0.61 to 0.82 mg/l;
F311 = 46.87, P-value = 1.48 x 107°), while in hLMD20, ZWF1 >4
triggered a decrease in a-ketoglutarate (from 0.13 to 0.07 mg/l;
F311 = 26.58, P-value = 2.44 x 107°) and pyruvate (from 0.31
to 0.22 mg/l; F317 = 16.93, P-value = 1.96 x 107%) (Figure S3,
Supporting Information). These allelic replacements did not cause
any significant variation in the production of other main com-
pounds of the central carbon metabolism (ethanol and glycerol),
even though it has to be noted that fermentations were stopped
when only 95% of sugars were consumed.

To better explore how this allelic exchange impacts cell phys-
iology, we compared the transcriptome of each parental strain
with its corresponding strain carrying the alternative ZWF1 allele.
This allelic change had a high impact on gene expression, as 770
and 1895 genes were differentially expressed between hLMD20
and hLMD20-ZWF1 °%4, and between 59A and 59A-ZWF1 hLMD20,
respectively (Table 3), with 21% of differentially expressed genes
shared among strains. The replacement of the 59A allele of ZWF1
by the hLMD20 allele induced a strong activation of 22 of the genes
of the SAP pathway (GO Term: sulfur compound metabolic pro-
cess; P-value 9.74 x 107%,; Table S6A, Supporting Information). In
addition, the induction of the NADP dependent aldehyde dehy-
drogenase ALD6 is noteworthy, in line with reduced NADPH avail-
ability. By contrast, the introduction of the 59A allele in hLMD20
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Effect of zinc concentration in the media on H,S production
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Figure 7. Effect of different allelic versions of ZRT2 in each parental strain on total H,S production in response to different zinc concentrations. Results
are given as the mean of three replicates with a standard error. The significance of the effect of Zn on H,S production has been evaluated globally for
all strains (P-value = .006). Results are given as the mean of three replicates + standard error.

led to an induction of several genes in the PPP, and to a repression
of genes involved in sulfur compound metabolic process GO cat-
egory (P-value 3.69 x 107%%; Table S6D, Supporting Information).
Moreover, no changes in ZWF1 expression were detected between
hLMD-ZWF1 >4 and 59A-ZWF1 PMP20 supporting the hypothesis
that the phenotype observed was due to a different activity of the
protein rather than to a difference in expression.

All these metabolic and transcriptomic data are consistent
with a difference between strains in the availability of NADPH
caused by ZWF1 allelic variations that leads to differences in H,S
production.

Zinc uptake modulates H,S production

In QTL_chrXII, ZRT?2 is close to the maximum AFD of the region.
The exchange of alleles in parental strains induced a symmetri-
cal and opposite variation: for hLMD20-ZRT2 *°* H,S production
decreased by 37%, whereas ZRT2 PMP20 increased H,S production
by 160% in 59A (Fig. 6).

As ZRT2 codes a low-affinity zinc transporter, active at the
zinc concentration present in this synthetic media, we evaluated
whether different zinc concentrations in the fermentation media
might lead to differences in H,S total production. The response of
the different strains carrying their own allele or the other parental
allele is presented in Fig. 7. The H,S production of strains carrying
the ZRT2 MPMP20 was correlated to zinc concentration in the media.
However, strains carrying ZRT?2 >°* were less sensitive to variations
in zinc concentration.

The comparison of the transcriptome of strains carrying the
two alternative alleles revealed that the reduction in H,S produc-
tion in hLMD20-ZRT2 >°A corresponded to a downregulation of SAP
genes (Figure S4, Supporting Information) and a strong upregula-
tion of ZRT?2 allele (GO Term: sulfur compound biosynthetic pro-
cess, P-value = 5.81 x 10719, Table S8D, Supporting Information).
By contrast, 59A-ZRT2 PMMP20 presented a less pronounced re-
sponse with the upregulation of the SAM biosynthetic process
(P-value: .017; Table S8A, Supporting Information). This response
is similar to the response of yeast to a moderate zinc deficiency,
which results in ZRT2 upregulation and SAP genes downregulation
(Eide 2009). This suggests that ZRT2 *°4 transports less efficiently
the divalent ion inside the cell, although it is supposed to act as
the main transporter in these conditions.

By comparing the ZRT2 gene sequence of the parental strains,
59A and hLMD?20, with that of 88 other strains (Coi et al. 2017,

Legras et al. 2018, SGD 2021), we observed that ZRT2 > allele had
the same sequence as ZRT2 of velum strains, while ZRT2 PLMD20
had a typical wine-strain sequence (Fig. 8). ZRT2 >°* allele presents
three major mutations leading to changes in electrical charge
and hydrophobicity: D19G, E322K, and T325M. According to a sec-
ondary structure prediction performed with PROTTER (Omasits et
al. 2014) (Figure S6, Supporting Information), all three mutations
impact amino acids located in the N-terminal or in a loop, both
oriented to the extracellular compartment, which suggests that
they could be involved in zinc ion sensing or binding.

An uncharacterized novel mechanism impacting
H,S production

Among the highly impacted genes encountered in the QTL lo-
cated on chromosome XII, YLR125W, whose function is unknown,
was present in a truncated form in the genome of 59A. YLR125W
hLMD20 replacement with the truncated YLR125W % led to a 21%
decrease in H,S production, while the replacement of YLR125W
%% by the full-length YLR125W MMP20 1ed to an increase of 81%
(Fig. 9A). As this phenotype could result from the inactivation of
the short-version allele, we compared the result of the allelic ex-
change with that of parental strains deleted for YLR125W. Sur-
prisingly, the deletion effect was only visible in the 59A genetic
background, for which the magnitude of the deletion (nearly 2.5-
fold higher H,S production) was even higher than the presence of
the full-length allele (Fig. 9B).

To understand the possible mechanisms involved in this
trait, we also compared gene expression in each parental strain
following allelic swapping. Interestingly, the allelic exchange
in 59A led to less variation in expression without any GO
term associated with sulfur metabolism (Table 3; Table S7A,
Supporting Information). Conversely, in hLMD20-YLR125W>%4,
genes of the sulfur biosynthesis GO category were repressed (P-
value 4.01 x 107%), as well as genes of vitamin metabolism,
including that of thiamine (P-value 1.29 x 107%) (Table S7C,
Supporting Information).

ESCRT machinery participates in the modulation
of H,S production

A fourth gene was found to be involved in the regulation of to-
tal H,S production between parental strains. The evaluation of
SRN2 allelic swaps performed in each parent led to opposite and
symmetrical effects (Fig. 10). In hLMD?20, the replacement of SRN2
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Figure 8. Maximum-likelihood phylogeny of ZRT2 MMP20 and ZRT2 %% (in
red) among 90 strains of different origins.

hLMD20 1y SRN?2 594 decreased H,S production by 33%, while in 59A
the replacement of the wild type allele by SRN2 MMP20 increased
this production by 83%. Interestingly, Srn2, a component of the
ESCRT machinery involved in cytoplasmic membrane remodel-
ing, participates in the degradation of the general amino acid per-

mease Gapl and the high affinity methionine permease Mupl. A
E133G substitution is found in SRN2 PIMP20 (Table 2), whereas this
Eresidueis conservedin yeast, fly, and human versions of the gene
(Kostelansky et al. 2006).

Cumulate effect of QTL_XII genes’ cluster

QTL mapping serves to elucidate the genetic bases of different
mechanisms, but it can also be the first step for a targeted genetic
improvement. Before starting backcrossing programs, it is wise to
evaluate the effect of introgression of such a wide region as the
one in chromosome XII, in the genome of the target strain to im-
prove. Therefore, we evaluated the effect of the whole QTL iden-
tified on chromosome XII in both parental strains, applying the
same double step strategy as for single-gene allelic replacements.
Due to the presence of essential genes in the region, we modi-
fied hLMD20 ZRT2 °°4, transformant 1, to first delete the region
from upstream SRN2 to downstream YLR125W and subsequently
replace it with the one amplified from 59A. As for all the candi-
date genes evaluated individually, the same modification was car-
ried out on the other parent strain (59A ZRT2 MMP20 deleted for
its SRN2-YLR125W region, replaced with the one amplified from
hLMD?20). As shown in Fig. 11, we obtained a decrease in H,S pro-
duction in hLMD20 when the region from 59A was present (—34%).
Similar to the mirror effect observed in single-gene allelic replace-
ments, 59A modification produced an increase in H,S production
of 57%. However, the effect of the three genes was not cumula-
tive, since the magnitude of the decrease due to the whole region
swapping was not higher than the single-gene ones.

Discussion

H,S is a key metabolite essential for the synthesis of sulfur-
containing amino-acids. In S. cerevisiae, its production results from
SAP activity and, in the most simplistic way, from the succes-
sive activity of sulfate and sulfide reductases. Its yield depends on
complex metabolic interactions, and is affected by many factors.
Some of them are of considerable relevance in oenological condi-
tions, as SO», nitrogen, and vitamin contents of grape must. Yeast
strains display variable ability to produce H,S (Spiropoulos et al.
2000) and, given H,S negative impact on wine aroma, those char-
acterized by an excessively high production are avoided. While the
SAP has been known for more than 25 years (Thomas and Surdin-
Kerjan 1997), efforts have recently been made into the exploration
of the genetic basis of these differences in wine or vineyard yeast
isolates. Among them, the allelic variation in four SAP genes (viz;
MET10, MET2, MET5, and SKP2) and one gene coding for the B-lyase
TUM1 have been found to explain differences in H,S production
(Cordente et al. 2009, Linderholm et al. 2010, Huang et al. 2014,
2016, Noble et al. 2015). However, these genes are directly involved
with H,S production and do not tell us more about the interplay
between SAPs and cell metabolism.

Using a quantitative genetic approach, that limits preset choice
about the targets potentially involved, we describe here for the
first time four different mechanisms that participate in the varia-
tion in H,S production, and tightly connect this production to cell
metabolism.

The first mechanism described here is caused by differences
in the activity of the pentose phosphate pathway (PPP), gener-
ated by a lower activity of the glucose-6-phosphate dehydroge-
nase, coded by ZWF1. Indeed, the reduction of one mole of sulfate
requires six moles of NADPH for the synthesis of methionine. It
has been shown recently from metabolic flux modeling that the
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Figure 9. Effect on total H,S production of different allelic versions of YLR125W (A) and of its deletion (B) in each parental strain. For each panel,
different lowercase letters (a, b, and c if present) on the top of the bars, indicate statistically significant differences after Tukey’s multiple comparison
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decrease in NADPH availability results in a lower production of
sulfur-containing compounds and to a global derepression of the
sulfate assimilation pathway (Celton et al. 2012), quite in line with
our results. However, this PPP modulation has one cost: a moder-
ate increase in acetate production.

Besides the somehow expected interaction between NADPH
availability and H,S production, we show for the first time that
zinc availability mediated by low affinity transporter interacts
with H,S production under wine making conditions.

A relation between cell Zn?* content and sulfide synthesis has
been suggested from the analysis of the adaptive response to zinc
depletion (Eide 2009). In addition, it has been shown recently that
the methionine synthase Met6p achieves, along with 19 other pro-
teins, 90% of cell zinc requirements (Wang et al. 2018). Yeast cells
contain three divalent Zn’* ion transporters: the high affinity
transporter Zrt1, the vacuolar transporter Zrt3 and the low affin-

ity transporter Zrt2 (Zhao and Eide 1996a,b) that is especially ac-
tive at moderate zinc concentrations (such as that of the grape
must concentration mimicked by our SM, i.e; 14 uM zinc). These
transporters are regulated by the transcription factor of Zap1. Un-
der moderate zinc deficiency, ZAP1 is overexpressed to compen-
sate for the shortage of zinc, which leads to the upregulation of
ZRT2 and MET30 (Eide 2009, Wu et al. 2009). Met30 is responsible
for the degradation of the transcriptional activator Met4 that reg-
ulates genes of the sulfur amino acid pathway with Cbf1, Met28,
Met31, and Met32. Therefore, an upregulation of Zap1l induces a
downregulation of SAP genes (Eide 2009), and thus a decrease in
H,S production.

Two hypotheses could be made to explain the relation between
Zn?* concentration and H,S production. One could stem from
a detoxification mechanism associated with an excess of metal
ions, while the other might be the activation of Met6p favoring
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an intense methionine synthesis, and thus stimulating growth.
These differences in zinc transport in connection with SAP may
also have an ecological ground. Indeed, it is noteworthy that the
ZRT?2 allele of 59A is a wine-velum-type allele, whereas the allele
of hLMD20 is a classical wine allele (the glycine in position 19 and
the methionine in 325 are specific to wine strains). According to
(Yampolsky and Stoltzfus 2005), the mutation permitting the sub-
stitution of threonine to methionine, such the one in position 325,
is not very frequent. Moreover, it has recently been shown that
wine and wine-velum yeast isolates have extremely different al-
leles for the high affinity transporter ZRT1, very likely resulting
from repeated positive selection (Coi et al. 2017), as well as quite
different phylogeny for ZRT3 (unpublished results).

Zinc is an essential element for vine development (Volschenk
et al. 1996), and dithiocarbamate-based fungicides are also a sig-
nificant source of zinc in vineyards. However, few works report the
variability in zinc content of grapes and grape juice (Olalla et al.
2004, Dani et al. 2012, Ribéreau-Gayon et al. 2012, Daccak et al.
2020).

Zinc also plays a crucial role in supporting yeast balanced de-
velopment, metabolic processes, and overall physiological func-
tions. The activator role of zinc for wort fermentation has long
been known in brewery (reviewed by Gibson 2011), but has been
less described for wine fermentations (De Nicola et al. 2009). In-
terestingly, zinc is taken up in the first hours of the grape must
fermentation, which it activates. In addition, Coi et al. (2017) evi-
denced the presence of highly different alleles of the zinc trans-
porters Zrtl, Zrt2, and Zrt3 between velum and wine yeasts, but
did not observe a clear phenotype caused by allelic swaps of wine

and flor alleles of ZRT1 on velum growth. This suggests a possi-
bly different management of zinc in velum and wine strains, in
association with the ecology of these strains.

We show here for the first time the role of YLRI25W on the
modulation of H,S production. Surprisingly, the role of this gene
could not be determined from the comparison of the deleted
and wild type form, but from the presence of a truncated allele.
Furthermore, the contribution of this gene to the sulfate assim-
ilation pathway is in line with its regulation by Met31, Met32,
and Cbfl (Moxley et al. 2009) as well as its genetics interaction
with Atgl and Pho85 (Ptacek et al. 2005), and with its repression
in case of leucine or sulfur limitation (Saldanha et al. 2004, Tai
et al. 2005). Interestingly, when mining for the presence of this
truncated allele of YLR125W, we only found it in EC1118, and in
none of the 1006 sequenced strains (Peter et al. 2018), however,
we could detect the high frequency of a truncated, but differ-
ent, version of this gene in the groups of sake strain and Asian
beverages.

The fourth mechanism participating in the modulation of H,S
production is the ESCRT system. The comparison of the two allelic
sequences of SRN2 to the known structure of the Srn2 complexes
in yeast, fly and human enabled us to identify a mutation in the
high H,S-producing parent, located in a conserved residue of the
protein. This mutation might impact the assembly, or at least the
stability of the complex itself, and suggests a loss of function of
the hLMD20 allele. It is worth mentioning that the reference strain
S288C is 30 amino acids longer, with at the N-terminal, which
causes a 30aa shift in the amino acid numbering in the strains
studied in comparison to S288C.
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An improper functioning of the ESCRT-I complex means that
the machinery of degradation of certain membrane proteins such
as Mupl and Gapl might be impaired, and these proteins might
notbe sorted to the vacuole. This could lead to an improved amino
acids uptake, including sulfur-containing ones, methionine and
cysteine, and a higher cellular cysteine concentration can lead to
an increase in H,S production (Jiranek et al. 1995, Winter et al.
2014, Huang et al. 2016).

Besides the complementarity of these four different mecha-
nisms permitting H,S production modulation, one remarkable
result is the localization of three of four of these genes in the
QTL_chrXII region, within 18.5 kb regions on chromosome XII
(Fig. 12). The presence of several genes with opposite effects have
been mentioned in a single QTL (Ben-Ari et al. 2006, Brice et al.
2014); however, it is to our knowledge the first time that three
genes acting similarly are found in a single small genomic region.
This suggests the presence of a putative cluster involved in sulfur
or zinc metabolism.

From a fermentation industry perspective, this work sheds new
light on the significance of zinc content in the must for alcoholic
fermentation. Zinc was already known to be an important factor
for fermentation speed of high gravity musts for brewery (Gibson
2011); however, zinc content is rarely considered in wine fermen-
tation, very likely because of the naturally high zinc concentra-
tions of the grape must (Ribéreau-Gayon et al. 2012); In addition,

the relation between zinc content and H,S production in a wine
making environment has never been described yet. Given that the
Zrt2 transporter is also inhibited by copper (Zhao and Eide 1996b),
the impact of Cu?*, extensively used for vine sanitary manage-
ment, on H,S production should be investigated. In addition, this
work also shows PPP importance for H,S production. We discov-
ered here an allele of ZWF1 allowing a low NADPH production of
with a consequently low H,S production. As the NADPH content
is strictly regulated, the impact of this allele of ZWF1 in different
genetic backgrounds should be evaluated, to allow further genetic
improvement of yeast starters.

Altogether, our results indicate that sulfide production in the
cell is closely connected to cell physiology (Fig. 13), through the
NADPH and Zn?* availability, through the status of the protein
degradation machinery, and through an unknown mechanism as-
sociated with YLR125W, that remains to be discovered.
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