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Sulfur and Adenine Metabolisms Are Linked, and Both
Modulate Sulfite Resistance in Wine Yeast
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Sulfite treatment is the most common way to prevent grape must spoilage in winemaking because
the yeast Saccharomyces cerevisiae is particularly resistant to this chemical. In this paper we report
that sulfite resistance depends on sulfur and adenine metabolism. The amount of adenine and
methionine in a chemically defined growth medium modulates sulfite resistance of wine yeasts.
Mutations in the adenine biosynthetic pathway or the presence of adenine in a synthetic minimal
culture medium increase sulfite resistance. The presence of methionine has the opposite effect,
inducing a higher sensitivity to SO,. The concentration of methionine, adenine, and sulfite in a synthetic
grape must influences the progress of fermentation and at the transcriptional level the expression of
genes involved in sulfur (MET16), adenine (ADE4), and acetaldehyde (ALD6) metabolism. Sulfite
alters the pattern of expression of all these genes. This fact indicates that the response to this stress
is complex and involves several metabolic pathways.
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INTRODUCTION a high production of acetaldehyde by a yeast strain leads to
increased sulfite resistance (112). The opposite is also true,

The wine yeastSaccharomyces cerevisidaces a great X L
Y y g and we have shown that acetaldehyde increases transcription

variety of stress conditions during its role in winemaking. . X
One of these stress conditions is caused by the addition of sulfite® Sulfur metabolism coding genes, such B&T16 (13),
to the grape must (2). Sulfite refers to all species of sulfurous €Stablishing another link between both compounds. Regarding
acid, including sulfur dioxide (S§). This chemical is used in ~ Sulfur metabolism, it is worth mentioning that methionine
the wine industry to prevent growth of spoiling microorganisms, 2ddition decreases yeast thermotolerariet), (suggesting that
while S. cerevisiaeis relatively resistant to sulfite. Such Sulfur metabolism plays another role in stress resistance.
resistance has been studied at the molecular level in laboratory Transcription of genes encoding proteins involved in me-
strains. The main protein involved in sulfite resistance is the tabolism strongly depends on media compositiosircerevi-
sulfite pump Ssulp3; 4) that mediates sulfite efflux. Deletion  siae Regarding sulfur metabolism, yeast is able to import sulfate
of this gene leads to sulfite sensitivity. This membrane protein from the medium and reduce it first into sulfite and then into
is regulated at the transcriptional level by the transcription factor sulfide to finally incorporate it into sulfur amino acids such as
FZF1 (5, 6). Mutations in this gene also lead to sulfite methionine and cysteine (15). However, whenever a source of
sensitivity. organic sulfur is present, this sulfate assimilation pathway is
In wine strains there is a particular version of B®8Ulgene switched off. Methionine is the key regulator of this evet8)(
called SSU1-Rthat was produced by reciprocal translocation MET genes transcription is repressed in laboratory strains when
between chromosomes VIl and XVT (8). This event leadsto  methionine is present in the medium at a concentration of over
aSSUlgene with a promoter which contains sequences derived 0.05 mM. In a similar way, adenine in the media represses its
from theECM34gene and results in a high86Ulexpression own biosynthetic pathwaylg), acting on the first step of the
and sulfite resistance. Both alleles $8Ulare regulated in path, the enzyme phosphoribosylpyrophosphate amidotransferase
different ways (9). coded byADE4.

An important feature of sulfite is its chemical reactivity,  This paper studies sulfite resistance of wine yeast and relates
particularly with carbonyl groupslQ). This fact explains why jt with the metabolic state of the cell. Our analysis demonstrates
that a novel link exits between adenine metabolism, sulfur
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Table 1. Strain Resistance to Sulfite Table 2. Oligonucleotides Used in This Work
sulfite acetaldehyde  oxidative  relative name sequence
_ gtress gtress gtress nitrogen  fermentation MET16a GCTGGAAACGCCACAGGAG

strains  resistance?  resistance?  resistance®  needs? speed? MET16b ATTGCGCGAATCGGCTGGC

L2056 8 >09% 394406 medium  moderate ADE4a AAACCACTCCAGTAGCTCCG

73 7 >99% 36.8+14 low moderate ADE4b CCCTCTCTATAAGGCTTCCC

EC1118 6 >99% 398+02 low fast SSUla TGATGGTCATGGGTGTCGGC

RC212 6 >09% 39.11+0.7 high moderate SSulb AGCCCATAGCGAGCAATGCC

R2 6 >09% 385+05  high moderate ALDG6a ACGACACTGAATGGGCTACC

BM45 6 >99% 409409  high moderate ALDGb CTTCAACATCTTGGCCACCT

DV10 4 >99% 385+02 low fast

QA23 4 >99% 398+05 low fast ) . ) )

M2 4 >99% 403+05 medium  moderate without shaking. Evolution of the fermentations was followed by
CY3079 4 >99% 37.7£03  high moderate determination of sugar consumption, as previously described (21).
CSM 4 >99% 37.4+05  high moderate Analysis of Gene ExpressionRNA was isolated by the hot-phenol
BDX 4 >99% 38.8+06  high moderate procedure described by Kohrer and Domd&g)( It was quantified,
71B 2 96.2+0.7% 36705 low moderate

2 Strains were replica-plated from YPD plates to YPD+TA plates buffered at
pH 3.5 and containing increasing amounts of Na,SOs. The highest sulfite (in mM)
concentration in which cells grow is shown. ? Exponentially growing cultures in
YPD were treated with 20 g/L acetaldehyde for 1 h in closed tubes. Viability was
measured by the citrate—methylene blue method (20) in three independent
experiments. €2 x 10° cells from a culture grown to saturation in YPD were
spread on a YPD plate, and a circle of Whatman paper with 10 uL of H,0, (33%)
was placed in the middle of the plate. The diameter of the halo (in mm) of
inhibition was measured in three plates. Information from Lallemand Inc.
(www.lallemandwine.us/products/yeast_chart.php).

analysis was carried out ddET16,ADE4, SSU1, andALD6

and its quality and concentration were checked in a 1% agarose gel in
TAE buffer.

RNA analysis by Northern blot, hybridization, and quantification
were carried out as previously described (23). Probes were obtained
by PCR from genomic DNA of T73 strain using the oligonucleotides
described inTable 2.

RESULTS

Mutations in the Adenine Synthesis Pathway Lead to
Increased Sulfite ResistanceAs the starting point for the study
of sulfite resistance, we first characterized several commercial
yeast strains (Lallemand Inc.; www.lallemandwine.us/products/
yeast_ chart.php) for their resistance to this compound. We

genes during synthetic must fermentation in order to study all performed replica plating of these strains on Petri dishes

these interactions at the molecular level ,;$€ts by modulating

containing increasingly higher amounts of sulfite in order to

the transcription of genes of the sulfur, adenine, and acetalde-estimate the threshold of sulfite resistan€alfle 1). The most

hyde metabolism.

MATERIALS AND METHODS

Yeast Strains and Media.Yeast strains shown iffable 1 were
provided by Lallemand Inc. (Canada). L2056 haploid derivatives were
a gift from Michelle Walker 17). In the experiments under laboratory
conditions YPD medium (1% (w/v) yeast extract, 2% (w/v) bactopep-
tone, 2% (w/v) glucose) and SD medium (0.17% (w/v) yeast nitrogen
base without amino acids and ammonium sulfate, 0.5% (w/v) am-
monium sulfate, 2% (w/v) glucose) were used. Media with sulfite were
buffered with 75 mM tartaric acid (TA) according to Hoon et a18).

sulfite-sensitive strain was 71B, and the more resistant one was
L2056. T73 is the second most resistant strain. There was no
correlation between sulfite resistance and other oenological
parameters such as nitrogen needs and fermentation speed (see
Table 1). A link between acetaldehyde and sulfite has been
clearly established. It has been shown that production of
acetaldehyde leads to an increased sulfite resistalicelR).

We wanted to know if resistance to acetaldehyde was correlated
to resistance to sulfite. We have previously shown that industrial
strainsof S. cerevisia@re very resistant to this chemic&l3).

This fact was true with all strains tested (Sesble 1), although

For microfermentation experiments, synthetic must containing 300 mg strain 71B, the least resistant strain to sulfite, showed a slight
of N/L (MS300) was prepared according to Riou et 40) but with sensitivity to the presence of 20 g/L acetaldehyde. Therefore,
the following differences: it contains equimolar amounts of glucose in strain 71B there is a reduced ability to face both sulfite and

and fructose instead of only glucose, no cysteine was added, andacetaldehyde stress conditions, and this indicates that the

variable amounts of methionine (from 1 to 24 mg/L) and adenine (from \,achanisms that deal with these siress conditions may be
4 to 15 mg/L) were included depending on the condition to be tested

(see below).

Growth and Stress Conditions. Sulfite resistance on plate was
tested by replica plating cells grown in YPD plates on YPDA
(tartaric acid) plates buffered at pH 3.5 and containing increasing
amounts of Ng50; (18). In the experiments on liquid medium, 10 mg/L
of K;$,0s was added to SBTA (pH 3.3) and growth was followed
measuring the OFo in three independent cultures. To study acetal-

related. We also tested resistance to other stress conditions such
as oxidative stress to rule out that 71B has a generally lower
stress resistance. This strain has a good behavior against oxygen
peroxide compared to other strains more resistant to sulfite and
acetaldehyde.

Previous data from our group have established a link between
acetaldehyde and sulfur metabolisa8). For this reason we

dehyde resistance, 20 g/L acetaldehyde was added to exponentiallybegan studying a set of haploid strains derived from L2056 wine

growing cultures in YPD and incubation continued for 1 h. Viability
was measured by the citratenethylene blue method2Q) in three
independent experiments. Oxidative stress was measured by plating
x 1CP cells from a culture grown to stationary phase in YPD on a
YPD plate and placing a circle of paper with &0 of H,O, (33%) in
the middle of the plate. The diameter of the halo of inhibition in three
independent experiments was measured.

For microfermentation experiments cells from overnight cultures in
YPD were inoculated at a final concentration 0&21C cells/mL in

strain (L7) that show different acetaldehyde and,$@oduction
during vinification. When we tested the sulfite resistance of these

%strains we did not find a correlation between acetaldehyde or

sulfite production (17) and sulfite resistance (data not shown).
However, the most intriguing result was that a large number of
red colonies arose on plates containing sulffigure 1 shows

the behavior of several selected red mutants (dark patches)
derived from two of those haploid derivatives C9 and 11D (light

the synthetic must mentioned above in three independent cultures.patches). The mutants grew better that the parental white strains

Incubations were carried out at several (22 and®@) temperatures

when replicated on sulfite-containing plates. Red colonies are
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Figure 1. Sulfite resistance of ade™ mutants. Strains C9 and 11D (derived t(h)
from L2056 strain) and their red derivatives (COR1, COR2, COR3, COR4, Figure 2. Effect of methionine and adenine in sulfite sensitivity. 71B strain

11DR1, 11DR2; darke_r patches) grown in YPD were replica-plated to was grown in SD+TA pH 3.3 with (A) or without (B) 10 mg/L K,S,0s
YPD+TA pH 3.5 containing 9 mM Na;SOs. containing different amounts of methionine (1 or 24 mg/L) or adenine

(4 or 15 mg/L). Growth was followed by measuring ODgg.
typical of mutants in the adenine synthetic pathway sucdad
andade2(24). The red strains obtained were unable to grow in of gyifur metabolism blocks a pathway for sulfite assimilation
synthetic medium unless adenine was added. We picked the(jts reduction into organic sulfur) and leads to an increased
mutants derived from C9 to further characterize their phenotype. gyifite sensitivity. In laboratory conditions the nonrepressive
Most of them (C9R1, COR3, and C9R4 but not CIR2) grew on concentration is under 0.05 mNg), i.e., 19.9 mg/L. According
minimal medium when transformed with the centromeric g our data wine strains are very sensitive to external methionine

plasmid pRS412 that contains tABE2gene (data not shown).  concentration because a very small amount of methionine (1
These results indicate that CO9R1, C9R3, and CO9R4ade? mg/L) is sensed.

mutants. C9R2 could be @ulelmutant because this is the other  pye to the results described in the previous section, we also

mutation in the adenine _biosynthetic pathway that leads to ainvestigated the effect of adenine addition in growth in the
red color. Laboratory strains that lack thBE2gene were also  hresence of sulfite. We used the amounts of adenine usually
more resistant to sulfite, but the difference was less dramatic tgnd in grape must, i.e., 4 and 15 mg/R6). Surprisingly,
than in the industrial strain (data not shown). All these results aqgition of any amount of adenine lead to an increased sulfite
suggest that mutations in the adenine biosynthesis pathway makgesistance. Therefore, blocking the adenine biosynthesis pathway
yeast more resistant to the toxic effects of;SO by mutation (Figure 1) or adding exogenous adeniRg(re
Adenine and Methionine Modulate Sulfite ResistanceTo 2) leads to a better tolerance to sulfite. Adenine addition relieves
study the influence of the medium composition in sulfite the negative effect of methionine. Even when the highest amount
resistance we chose 71B and T73 strains as sulfite-sensitive angf methionine tested is present (24 mg/L), adenine addition
-resistant strains, respectivelygble 1). These strains have been  causes the culture to grow better than the control condition,
described by their manufacturers as strains with low nitrogen and 15 mg/L is more effective than 4 mg/mL. All cultures
needs, while L2056 (which has the highest sulfite resistance) reached similar final densities (data not shown), indicating that
shows medium nitrogen requirements. As nitrogen depletion this effect is transient. Therefore, in this range of concentrations
may affect incorporation of sulfur to amino aci@bf producing  the less methionine and more adenine in the growth media the
high amounts of kS, an unfavorable metabolite from the petter it is for 71B to grow in the presence of sulfite. All these
organoleptic point of view, we chose T73 instead of L2056 as differences disappear when sulfite is abseRiggre 2B),
the sulfite-resistant strain to rule out the potential effect of indicating that addition of methionine and adenine per se does
nitrogen metabolism. Besides, T73 is our model strain in terms not affect yeast growth in a relevant way in this condition. When
of gene expression (123). T73 (a more sulfite-resistant strain) was tested in these condi-
We tested the growth of 71B on SD medium containing sulfite tions, similar but less dramatic changes in growth were observed
(Figure 2A). In this minimal medium we could analyze the (data not shown). This indicates that the effect of adenine and
importance of several metabolites in sulfite resistance. Sulfite methionine amount in the media is shared by all strains tested.
sensitivity was increased when methionine was added to the Methionine Levels Affect Growth, Sulfite Sensitivity, and
media. We tested two amounts of methione, 1 and 24 mg/L. Gene Expression during Fermentation.To test the effect of
These amounts cover the range of methionine found in naturaladenine and methionine on yeast performance during fermenta-
grape musts26). The higher the amount of methionine, the tion, microfermentations on synthetic must with different
more acute the toxicity of sulfite. A 24 mg/L amount of amounts of these compounds were set up. Synthetic must was
methionine caused a dramatic stop in growth compared to theprepared according to Riou et al9), but the concentration of
control strain grown on SD. Even the smaller amount of 1 mg/L sulfur amino acids was altered. No cysteine was added because
methionine caused a relevant defect in cell proliferation. this amino acid is undetectable in most grape musts analyzed
Methionine is the signal that mediates repression of the sulfur (26). Methionine concentration was adjusted according to the
assimilation pathway (15). Our results suggest that repressionamounts normally found in natural grape juices, from 1 to 24
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Control Sulfite this effect is not found. In fact, fermentation conducted by this
g strain under maximal methionine concentration shows higher
2 MET16 levels, indicating that this sulfite-sensitive strain has
g an altered sulfur metabolism. When sulfite is present, the results
5 change. The typicdMET16mRNA maximum at 24 h is shifted
S to 48 h in all conditions and strains, indicating that sulfite is
s . , . | , , ‘ able to promote at least a partial repressiorM®ET genes in
& 0 50 100 150 200 O 50 100 150 200 fermentation experiments, even when growth is not affected,
t(h) ) as is the case of T73 strain (segure 3).
—O— 71B1mgil ADE4 codes for the first step in adenine biosynthesis. In the
—&— 71824 mgll absence of sulfite the pattern of expression of this gene in T73
“ - T731mgl is similar despite methionine concentration, with a peak of
T T324mgl induction around 24 h. However, 71B shows an activation of
Figure 3. Fermentations with variable amounts of methionine. Fermenta- ADEA4 transcription when more methionine is added. The
tion of synthetic must containing 1 or 24 mg/L of methionine and 10 mg/L expression pattern changes in both strains when sulfite is added,
of adenine was carried out with strains 71B and T73 without (Control) or indicating at the molecular level thaADE4 transcription
with 100 mg/L K,S,0s (Sulfite). Fermentations were carried out in triplicate responds to sulfite in the media. When Si© presentADE4
and followed measuring sugar consumption; data shown correspond to transcription in T73 is repressed by methionine.
average and standard deviation. SSUicodes for the sulfite efflux pump. Levels of this mMRNA

are very low in the sulfite-sensitive strain 71B compared to T73.

mg/L. Adenine, which is ignored in most synthetic musts, was The presence of a specif&gSUlallele calledSSU1-Fhas been
supplemented at the amounts indicated. The incubation was afinked to sulfite resistancer(8). We looked for the presence
22°C without shaking. In our lab we noticed that fermentations ©Of this allele in 71B and found it absent. It has the same
on synthetic must without shaking tend to be slower than chromosomal arrangement as laboratory strains (data not
fermentations carried out with shaking or with grape juice. This Shown). Transcription dSU1in this strain is not significantly
is particularly true in the experiments made with this must; we affected by the amount of methionine. In T73 (which contains
do not know if it is due to the lack of cysteine or the presence the SSU1-R allele; 8) methionine seems to repress the sulfite
of adenine. However, initial growth is good, and cultures reach PUMp, particularly in the presence of sulfite, although the overall
up to 5x 107 cfu/mL and ORgo around 10 (data not shown). ~ Pattern of transcription is not significantly affected when this
Because our main interest is to see the effect of sulfite at the chemical is present. This indicates a transcriptional control by
beginning Of the fermentation’ When Ce"s face thiS exogenous the Suifur source. Suifite |tseif iS not a pOWGI’fu| Inducel‘ Of the
stress, we only analyzed the first hours of fermentation, when PUMP gene transcription.
most of the sugar consumption is achieved. As a marker of acetaldehyde metabolism, the main cytosolic
First, we tested the effect of methionine, using 1 or 24 mg/L aldehyde dehydrogenase geAkD6 was monitored. In the
of amino acid in the presence of an average amount of adenineabsence of sulfite there is no effect in methionine addition, but
(10 mg/L; 26) both with or without sulfite (50 mg/L)Figure important differences in the expression levels at the time point
3 shows the fermentation rate of 71B and T73 strains in these Of maximum mRNA levels are found among straifd.D6
conditions measuring sugar Consumption_ In the absence oftranscription is hlgher in T73 than in 71B. HOWeVer, sulfite again
sulfite, the maximal amount of methionine slows down sugar dramatically changes the expression pattern in both strains,
consumption of T73 while it helps 71B to start fermentation Particularly in the T73 strain that shifts its maximum from 24
and causes a lower rate of sugar Consump[ion later on. WhentO 8 h, indicating a function of aidehyde dEhydrogenase in sulfite
SO, is present there is a delay in the onset of the fermentation Mmetabolism.
in 71B for both amounts of methionine, but there is better  Adenine Levels Affect Gene Expression during Fermenta-
performance during the second half of the fermentation. Under tion. Our next experiments were aimed at studying the role of
this condition there is no difference between the two amounts different amounts of adenine during fermentation with a fixed
of methionine during fermentation. In T73 the advance of amount of methionineNigures 5and6). Figure 5 shows sugar
fermentation in the presence of sulfite is not affected by consumption in microfermentations with different amounts of
methionine either, and there is a better overall rate in sugar adenine (4 and 15 mg/L), typical levels of this purine found in
consumption compared to the fermentation when sulfite is must (26), in the presence of 10 mg/L methionine, an average
absent. Therefore, SQs only toxic for some strains at the level for this amino acid in different natural musts. There is
beginning of fermentation, but it helps yeast grow in most little difference in terms of growth between the two amounts
assays. This effect seems to be strain independent. It has beenf adenine with or without sulfite. T73 tends to grow better
shown that sulfite may help yeast to deal with ethanol stress than 71B in the presence of sulfite, as expected.
(27), and this may be the reason it helps yeast especially during  Gene expression was also studied in these fermentations
the second half of fermentation. (Figure 6). TheMET16expression pattern was similar between
Regarding gene expression (Figure 4), we studied several both strains in the absence of sulfite. However, in 71B,
genes related with sulfur, adenine, and acetaldehyde metabolismexpression of this gene during the first hours seems to be
MET16 codes for the 3'-phosphoadenyl sulfate reductase, anactivated by adenine while it is repressed in T73. Sulfite addition
enzyme involved in the sulfate assimilation pathway. This gene globally changes the expression pattern in a similar way to that
is under a typical sulfur metabolism transcriptional contt®) ( described in the case of variations in the amount of methionine
and it is activated by acetaldehyd@3j. According to the (Figure 4). RegardingADE4 expression, as expected according
transcriptional regulation described for laboratory strains, to its regulation by adenine, there is lower initial expression of
MET16transcription is repressed in T73 strain by methionine this mMRNA when the highest amount of adenine is added in
at the beginning of fermentation. However, in the case of 71B, both strains. However, in the 71B strain this pattern changes
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Figure 4. Gene expression in fermentations containing different amounts of methionine. Gene expression of the fermentations described in Figure 3 is
shown. mRNA levels normalized against rRNA are shown for four genes (MET16, ADE4, SSU1, and ALD6). Probes were obtained by PCR from primers
of Table 2. Fermentations were carried out in triplicate; data shown correspond to average and standard deviation
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Figure 5. Fermentations with variable amounts of adenine. Fermentation
of synthetic must containing 4 or 15 mg/L of adenine and 10 mg/L of
methionine was carried out with strains 71B and T73 without (Control) or
with 100 mg/L K,S,0s (Sulfite). Fermentations were carried out in triplicate;
data shown correspond to average and standard deviation

rapidly and ADE4 levels are higher and maintained in the
fermentation with 15 mg/L adenine in the following points. T73

shows a peak of expression at 24 h, and tA&E4 amount
falls for both amounts of adenine. Sulfite addition does not
significantly change T73 straiADE4 expression pattern but
makes null the difference between 4 and 15 mg/L adenine in
71B strain.SSUlexpression is not affected by adenine in 71B
strain. In T73 strain adenine seems to repress sligh8y1
expression in the presence of sulfite during most of the time
points studied, although the initial level is simil&LD6 levels

are not affected by adenine in 71B strain, although sulfite
slightly changes its relatively flat pattern. In T73 strain, adenine
seems to induce this gene in the absence of sulfite, but sulfite
addition changes this pattern into a repression by adenine. That
indicates a strong control by adenine of this gene in this
particular strain.

Effect of Methionine Concentration in Thermotolerance.
Jakubowski and Goldmaini4) proved that methionine addition
increased yeast sensitivity to heat shock in laboratory conditions.
To test if this is the case during must fermentation, fermentations
by 71B and T73 strains on synthetic must containing different
amounts of methionine (1 and 24 mg/L) were carried out at 30
°C, a high temperature in vinification terms (Figure 7). The
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Figure 6. Gene expression in fermentations containing different amounts of adenine. Gene expression of fermentations is described in Figure 5.
Conditions as in Figure 4.

—O— 71B1mgll DISCUSSION
100 —&— 71B24mgi
2 s -~ T 1731 mgl The aim of this work is to achieve a better understanding of
] T 17324 mgn the molecular mechanisms involved in resistance to sulfite in
g % wine yeast. First, we selected two strains as models of high
§ - (T73) and low (71B) sulfite resistance. The molecular study of
5, sulfite resistance until now has been focused mainly on the role
® 0 25 50 - of the sulfite pump Ssulp3( 4) as the main determinant in
t(h) sulfite resistance. We found th&SU1transcription in fermenta-
Figure 7. Effect of methionine in thermotolerance. Fermentation with 71B tion conditions is much higher in a sulfite-resistant strain (T73)
and T73 strains in synthetic must containing 1 and 24 mg/L of methionine than in a sulfite-sensitive strain, such as 71B (begures 4
was carried out at 30 °C. Fermentations were carried out in triplicate; and5). Sulfite-resistant strains usually have a specific allele,
data shown correspond to average and standard deviation. calledSSU1-R7, 8). We found that this is the case in T73 but

not in sensitive strain 71B, which contains the allele found in
advance of fermentation was followed measuring sugar con- laboratory strains (data not shown), and may explain the
sumption. Strain 71B does not show a significant sensitivity to difference in the levels 08SUIMRNA, much higher in T73
methionine in those conditions. This could be explained by the compared to 71B.
abnormal sulfur metabolism shown by this strain (see above). In this report we describe the role of other players in sulfite
However, T73 showed a decrease in sugar fermentation at theresistance. The biochemical pathways involved in sulfur and
end of the fermentation, when methionine in the media is high, adenine metabolism play a role in challenging the negative
pointing to a role of methionine in stress response and cell effects of SQ. Methionine is the key metabolite in sulfur
viability also in industrial yeasts during winemaking. metabolism. Its presence represses genes involved in sulfate
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assimilation, from sulfate to organic sulfur through sulfite and  In addition, transcription oADE4 gene, the first step in the
sulfide (15). According to our data, methionine increases the synthesis of adenine, is affected by the presence of sulfite and
toxicity of sulfite in laboratory conditions, even at the lowest methionine during wine fermentation, establishing a molecular
levels in which this amino acid is found in grape must (1 mg/ link between these molecules. For instance, in the presence of
L, Figure 2). This indicates that enzymes involved in assimilat- sulfite, ADE4 is repressed by methionine (Figure 4).

ing sulfite into sulfur amino acids are relevant to deal with the  In a previous work we showed that there is a relationship
excess of sulfite. Besides, sulfite alters the expression of a typicalbetween acetaldehyde stress and sulfur metaboliShn Acet-
gene in the sulfur amino acid biosynthetic pathwiRlET16. aldehyde formation is a way to neutralize an excess of sulfite
Expression of this gene is repressed in the presence of sulfite(11) because of its high affinity to form a complex called
in the resistant strain T73{gure 4). However, 71B strain, hydroxysulfonate. We found that sulfite alters the pattern of
which is very sensitive to sulfite, shows an irregular sulfur expression of the main aldehyde dehydrogenase gelineg
metabolism with itsSMET16 gene not being repressed but (Figure 4), reinforcing the link at the molecular level between
activated by methionine during the early stages of fermentation. both metabolites.

This indicates that normal sulfur metabolism may be important ~ This work shows a complex picture of the interplay between
for efficient sulfite resistance. In spite of this, the effect of different metabolic routes, in this case the adenine and sulfur
methionine amount on oenological conditions is not as being amino acid biosynthetic pathways, and their role in protection
determinant in sulfite resistanc€igure 3). In this conditon  against chemical compounds that are normal metabolites of the
many other factors may be affecting yeast performance. For cell, as sulfite or acetaldehyde, but can be harmful to cells when
instance, it has been proposed that sulfite may act as a protectioPresent in excess. All these experiments were done in synthetic
against osmotic stresg7), so its toxicity may be less relevant defined media in order to gain a better understanding of the
in a high osmolarity medium such as grape must than in €ffect of each compound. A broader study using natural grape

laboratory conditions. must with different amounts of sulfur and/or adenine should be

More surprising is the unexpected role of adenine in sulfur
metabolism and sulfite resistance. Spontaneses mutants
were isolated from haploid derivatives of L2056 wine strain.

done to confirm these results.
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