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during Wine Fermentation: a Model Based on Kinetic and Regulation
Characteristics of Nitrogen Permeases

Lucie Crépin,>®< Thibault Nidelet,*< Isabelle Sanchez, "< Sylvie Dequin,>* and Carole Camarasa®<

INRA, UMR1083 Sciences Pour L'Oenologie, Montpellier, France?; SupAgro, UMR1083 Sciences Pour L'Oenologie, Montpellier, France®; and Université Montpellier |,

UMRT1083 Sciences Pour I'Oenologie, Montpellier, France®

The efficiency of nitrogen use is a key determinant of the completion of alcoholic fermentation. We analyzed the kinetics of con-
sumption of 18 nitrogen compounds by 14 Saccharomyces cerevisiae strains of various origins in a synthetic medium that mim-
icked a grape must. The kinetic profiles of total nitrogen consumption were diverse, but the order of nitrogen source consump-
tion was similar for all strains. The nitrogen compounds could be classified into three groups, according to their order of use:
prematurely consumed (Lys), early consumed (Asp, Thr, Glu, Leu, His, Met, Ile, Ser, Gln, and Phe), and late consumed (ammo-
nium, Val, Arg, Ala, Trp, and Tyr). The initial concentrations of these compounds did not alter the order in which they were con-
sumed, except for arginine and ammonium. Early consumed amino acids are transported by specific permeases under Ssylp-
Ptr3p-Ssy5 (SPS)-mediated control that are expressed at the beginning of consumption. Most nitrogen compounds consumed
late are transported by permeases under nitrogen catabolite repression (NCR), and others (Val, Trp, and Tyr) are transported by
SPS-regulated low-affinity permeases. Therefore, the kinetic characteristics of transporters, as well as SPS and NCR, are likely
key factors controlling the temporal sequence of consumption of nitrogen compounds and constitute a system highly conserved
in S. cerevisiae species. This work sheds new light on the mechanistic basis of the sequential use of different nitrogen compounds

in complex environments.

N itrogen availability is important for winemaking: it regulates
the formation of yeast biomass and, in turn, the fermentation
rate and the time to completion of fermentation (6, 7). Stuck or
sluggish fermentation is often related to insufficient nitrogen in
grape juice (8, 9). The nitrogen status of the must may also affect
the production by Saccharomyces cerevisiae of many volatile com-
pounds that contribute to wine flavor, as some amino acids are
direct metabolic precursors for the synthesis of higher alcohols,
short- to medium-chain fatty acids, and their ethyl ester or acetate
ester derivatives (20, 48). The activities of metabolic routes in-
volved in the production of glycerol and organic acids have also
been shown to be dependent on the nitrogen source and concen-
tration (1, 13, 42).

A wide range of compounds in grape juice contain nitrogen.
Many factors have substantial effects on the quantitative and qual-
itative nitrogen content of musts, including grape variety and ma-
turity, environmental features (such as soil fertility and climatic
conditions), and viticultural practices (grape harvesting tech-
niques) (3, 12). Nevertheless, ammonium ions and amino acids
constitute on average 40% and 51 to 92%, respectively, of the yeast
assimilable nitrogen (YAN) in juice during wine fermentation (3).

A wide variety of nitrogen-containing compounds, including
ammonium, amino acids, and di- and tripeptides (11), can be
assimilated by S. cerevisiae and provide the pools of polyamines,
amino acids, nucleotide bases, and their derivatives that are re-
quired for the production of cell biomass. However, these nitro-
gen sources do not all support growth equally. Glutamine, gluta-
mate, asparagine, and ammonium when the sole nitrogen source
each allow a high specific growth rate and are considered to be
good or preferred nitrogen sources. Conversely, S. cerevisiae grows
slowly on proline, allantoin, or urea, typical poor or nonpreferred
nitrogen sources. Yeast preferentially uses substrates that allow
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the best growth through a regulation mechanism called nitrogen
catabolite repression (NCR); this mechanism operates at various
levels to prevent the uptake of the poorest nitrogen sources if
better sources are available (15, 33, 49). NCR involves the tran-
scriptional repression of some genes encoding permeases, medi-
ated by the four GATA-binding transcription factors encoded by
GLN3, GATI, DALS0, and GZF3 (16, 19, 33); it also involves se-
lective inactivation by dephosphorylation of the corresponding
products and their subsequent degradation (21, 47). The general
amino acid carriers with broad substrate ranges, Gaplp (24) and
Agplp (23, 45), as well as the specific proline transporter Put4p
(25) and the ammonium permeases (Mep1p, Mep2p, and Mep3p)
(35, 36), are under NCR control.

Additional regulatory mechanisms involving the plasma mem-
brane Ssyl-Ptr3-Ssy5 (SPS) sensor (18, 32) regulate the expression
of genes encoding other specific permeases, according to the avail-
ability of the corresponding amino acids. The permeases involved
include the branched-chain amino acid permeases encoded by
BAP2 and BAP3, the high-affinity glutamine transporter Gnplp,
the tyrosine and tryptophan carriers Tatlp and Tat2p, the dicar-
boxylic amino acid permease Dip5p, and the high-affinity methi-
onine permease Muplp, and all are specifically induced in re-
sponse to the presence of their substrate in the medium (22).
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These permeases are also able to catalyze with lower efficiency the
import of several other amino acids (44).

The mechanisms favoring the uptake of one nitrogen source
over another have been extensively investigated. However, few
studies have explored the assimilation of nitrogen compounds
when present as a complex mixture of ammonium and amino
acids, as found in grape juice. These substrates are generally clas-
sified into four groups based on the time and the percentage of
removal from the medium during industrial (brewing or wine)
fermentations (7, 26, 27, 39, 40, 43). Nitrogen compounds of the
first group are consumed almost totally during the first hours of
the fermentation; those of the second group are removed gradu-
ally throughout the process; those of the third group are only used
after depletion of the compounds of the first group. Proline, which
is not assimilated under anaerobic conditions (10), constitutes the
fourth group.

However, the sequence of assimilation of ammonium and
amino acids has not been clearly established, and the assignment
of some compounds, notably arginine, phenylalanine, trypto-
phan, tyrosine, and valine, differs between classifications. These
discrepancies may be due to the use of different classification cri-
teria (for example, time required to reach the half-concentration
or the initial removal rate), of industrial media with diverse nitro-
gen source composition (wort/must), and of different yeast strains
(brewing and wine yeast strains). Overall, very little information is
available about the mechanistic basis, and particularly the under-
lying regulatory mechanisms and influence of amino acid concen-
trations, of the sequential assimilation of nitrogen compounds
from complex media.

Nitrogen assimilation is important for yeast growth and com-
pletion of fermentation. A comprehensive exploration of assimi-
lation of complex nitrogen resources during winemaking and the
influence of the strain genetic background on nitrogen consump-
tion would therefore be valuable.

We investigated the diversity of nitrogen assimilation from
complex nitrogen compounds (ammonium and amino acids) by
S. cerevisine during fermentation and studied the mechanisms
controlling the sequence of assimilation. We compared the con-
sumption profiles of YAN and individual nitrogen substrates by a
collection of S. cerevisiae strains from industrial and natural
sources during wine fermentation. We analyzed these data ac-
cording to both the availability of nitrogen compounds and the
regulation of the permeases involved in their uptake.

MATERIALS AND METHODS

Yeast strains. The Saccharomyces cerevisiae strains used in this study,
listed in Table 1, were obtained from the Sanger Institute (eight strains)
and from other laboratories (one strain) and companies (five strains).
They were collected from ecologically diverse environments, including
industrial processes, laboratories, and natural environments. All the
strains were prototrophs and were selected (i) to cover a large genomic
diversity of the Saccharomyces cerevisiae species (31) and (ii) on the basis
of their different yields of biomass production from nitrogen consumed
under enological conditions (14). For each strain, an aliquot of a reference
stock, conserved at —80°C, was transferred to a yeast extract-peptone-
dextrose (YPD) agar plate (1% Bacto yeast extract, 2% Bacto peptone, 2%
glucose, 1.5% agar) 48 h before fermentation.

Fermentation conditions. Initial cultures in YPD medium were
grown in 10-ml flasks at 28°C, with shaking (150 rpm), for 12 h and were
then transferred to 10-ml flasks containing synthetic medium (SM) at an
optical density at 600 nm (ODy,) of 0.5, which mimics a grape must, and
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TABLE 1 Origins and sources of S. cerevisiae strains studied

Geographical
Environment Strain origin Collection
Industrial processes
Baker YS2 Australia Sanger
Beer NCYC361 Ireland Sanger
Palm wine NCYC110 Nigeria, West ~ Sanger
Africa
Wine (commercial) EC1118 France Lalvin
L2226 France Enoferm
WE372 South Africa Anchor
VL1 France Laffort
ECA5 France Lallemand
Laboratory Y55 France Sanger
Natural environment
Bertam Palm UWOPS05-227.2  Malaysia Sanger
Oak YPS128 Pennsylvania,  Sanger
USA
YPS1009 New Jersey, Washington
USA
Vineyard BC187 Napa Valley, ~ Sanger
CA, USA
L-1528 Chile Sanger

grown for 12 h at 28°C with shaking (150 rpm). These precultures were
used to inoculate fermentations (ODy,, 0.01) in SM containing 240 g
liter ! glucose, 6 g liter ' malic acid, 6 g liter ™' citric acid, and 200 mg
liter ! nitrogen at pH 3.5, as well as vitamins and oligoelements found in
grapejuice (6). Ergosterol (1.875 mgliter '), oleic acid (0.625 mgliter '),
and Tween 80 (0.05 g liter ~') were provided as anaerobic growth factors.
The fermentations were performed in 0.33-liter fermentors equipped
with fermentation locks to maintain anaerobiosis at 28°C, with continu-
ous magnetic stirring (150 rpm).

Nitrogen (200 mg N liter ~*) was supplied as one of various mixtures of
amino acids along with NH,CI (Table 2). The reference medium, SM200,
simulated the composition of a typical grape juice; in SM200; medium, all
the nitrogen compounds were included at equivalent amounts of nitrogen
(10.53 mg N liter ' for each compound). In SM200,,, the concentra-
tions of arginine and ammonium were the same as those in SM200 and all
the other amino acids were included at equivalent amounts of nitrogen
(5.95 mg N liter '). The relative distribution of nitrogen compounds in
SM200,, medium was the same as that of SM200, except that arginine and
ammonium were included at low concentrations (equivalent to those in
SMag0r)-

Analytic methods. The population size was monitored by counting
cells with an electronic particle counter (Multisizer 3 Coulter Counter;
Beckman Coulter) fitted with a probe with a 100-mm aperture.

Residual ammonium ions in the supernatant (sample centrifugation,
3,000 X g, 4°C, 10 min) were assayed spectrophotometrically by using an
Enzytec kit (catalog number 5380) according to the manufacturer’s in-
structions.

Amino acids were quantified with a specific amino acid analyzer (Bio-
chrom 30). Molecules with high molecular weights were precipitated by
adding one volume of 25% (wt/vol) sulfosalicylic acid solution to 4 vol-
umes of sample, and mixtures were incubated for 1 h at 4°C and centri-
fuged (4°C, 10 min, 3,000 X g). The sample was then filtered through a
0.22-pm-pore-size Millipore nitrocellulose membrane. Amino acids were
separated by liquid chromatography on an ion-exchange column (Ultra-
pac-8 lithium form; Amersham Pharmacia Biotech) and revealed by the
ninhydrin reaction, followed by absorbance measurements at 570 nm,
except for proline, which was detected by measuring the absorbance at 440
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TABLE 2 Initial concentrations of ammonium and amino acids in the media used in this study

Initial concn in medium (in various units)

. SM200 SM200E SM200M SM200EM

Nitrogen

compound mg/liter mgN/liter mmol/liter mg/liter mgN/liter mmol/liter mg/liter mgN/liter mmol/liter mg/liter mgN/liter mmol/liter
Lys 0.6 0.1 0.00 54.9 10.5 0.38 1.1 0.2 0.01 31.5 6.0 0.22
Tyr 8.5 0.7 0.05 136.1 10.5 0.75 15.2 1.2 0.08 78.1 6.0 0.43
Cys 6.1 0.7 0.05 91.0 10.5 0.75 10.9 1.3 0.09 52.2 6.0 0.43
Met 14.6 1.4 0.10 112.0 10.5 0.75 26.1 2.5 0.18 64.4 6.1 0.43
Phe 17.7 1.5 0.11 124.1 10.5 0.75 31.5 2.7 0.19 71.1 6.0 0.43
Gly 8.5 1.6 0.11 56.4 10.5 0.75 15.2 2.8 0.20 32.2 6.0 0.43
Ile 15.3 1.6 0.12 98.5 10.5 0.75 27.2 2.9 0.21 56.4 6.0 0.43
Asp 20.7 2.2 0.16 100.0 10.5 0.75 36.9 3.9 0.28 57.4 6.0 0.43
Leu 22.6 2.4 0.17 98.5 10.5 0.75 40.2 4.3 0.31 56.4 6.0 0.43
Val 20.7 2.5 0.18 88.0 10.5 0.75 36.9 4.4 0.32 50.4 6.0 0.43
His 15.3 4.1 0.10 38.8 10.5 0.25 27.2 7.4 0.18 22.4 6.1 0.14
Thr 35.4 4.2 0.30 89.5 10.5 0.75 63.0 7.4 0.53 51.5 6.1 0.43
Ser 36.6 4.9 0.35 78.9 10.5 0.75 65.2 8.7 0.62 45.2 6.0 0.43
Glu 56.1 5.3 0.38 110.5 10.5 0.75 100.0 9.5 0.68 63.4 6.0 0.43
Ala 67.7 10.7 0.76 66.9 10.5 0.75 120.6 19.0 1.36 38.5 6.1 0.43
Trp 83.6 11.5 0.41 76.7 10.5 0.38 148.9 20.4 0.73 44.1 6.1 0.22
Pro 285.5 34.8 2.48 285.5 34.8 2.48 508.5 61.9 4.42 163.8 19.9 1.42
Arg 174.5 42.1 1.00 43.6 10.5 0.25 43.6 10.5 0.25 174.5 42.1 1.00
Gln 235.5 45.2 1.61 54.9 10.5 0.38 419.4 80.4 2.87 31.5 6.0 0.22
NH,* 214.0 56.0 4.00 40.2 10.5 0.75 40.2 10.5 0.75 214.0 56.0 4.00

nm. Norleucine (0.5 mmol ml~ ') was added to the samples and used as an
internal standard (29).

Estimation of population dynamics parameters. The change over
time of the cell number was analyzed using a standard logistic model within
the R software (version 2.14.2), which describes exponential growth followed
by a stationary phase (41) based on the following equation:

X, = [Xo- Popy - ¢ "]/ [Popy, + Xo(e! " mex — 1)),

where X, is the population size (in cells ml™") at time ¢ (in min), Pop,, is
the maximum population size (in cells ml™"), X, is the initial population
size (in cells ml™"), and ry,,,, is the maximum rate of increase of the
population (in min~ ). This model was fit to experimental data points
(growth kinetics, independently determined twice, with 15 measurements
for each experiment), allowing the parameters ry,,,,, and Pop,, to be es-
timated. The function calculated the parameters ry,,.. and Pop,, that
minimized the sums of squares of the differences between experimental
and fitted data points. For each replicate and strain, an average of 15
experimental data points was used to estimate Pop,, and ry,,.. (46).

Estimation of the parameters of the dynamics of nitrogen consump-
tion. The dynamics of nitrogen consumption during fermentation were
fit by using a sigmoid or altered Gompertz decay function, as previously
described by Tronchoni et al. in 2009 (50), using R, version 2.14.2 (41),
with the following equation:

Nf = Npin — AN- eEYN(riTSON))

where N, is the residual nitrogen concentration (in mg N liter ') at time ¢ (in
min), N, is the lowest residual nitrogen concentration when ¢ tends to
infinity (t — o), AN is the difference between the upper and lower residual
nitrogen concentrations, ry is the rate of nitrogen consumption (in min "),
and T’y is the half-time nitrogen consumption. For each replicate and strain,
about 10 experimental data points were used to estimate the four parameters,
minimizing the sums of squares differences between experimental and calcu-
lated data points. The equations obtained were then used to calculate the time
necessary to consume 5% of the initial nitrogen source, at the concentration
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present in must, corresponding to the lag phase before YAN consumption:
(T ag)» the time necessary to consume 50 and 95% of the initial nitrogen
source at the concentration present in must (75, and Tosy) and the maxi-
mum rate of nitrogen cosumption (7yax)-

Statisical analyses. Statistical analyses were performed using R soft-
ware, version 2.14.2 (41).

To obtain a general overview of the growth and nitrogen consumption
trait data, a principal component analysis (PCA) was performed using the
FactoMineR package (30) with the following parameters: Pop,;, "xmax
T A "nmaw Lson> and Tosy. Each variable was then tested using a one-
way analysis of variance (ANOVA) with the strain as a factor to describe
the diversity between the 14 strains at a P value threshold of 0.05 without
any multiplicity adjustment. For each parameter, normality of residual
distributions and homogeneity of variance were studied using standard
diagnostic graphics; no violation of the assumptions was detected.

To determine the order of consumption of the nitrogen compounds,
we calculated the ratio between the time to consumption of 50% of each
available nitrogen source and the time required for the consumption of
50% of the total available nitrogen (T5oR). TR was then tested using a
one-way ANOVA with nitrogen source as a factor to detect a global effect.
As the effect was significant at a P value threshold of 0.05, all pairwise
comparisons for factor nitrogen compounds were tested using Tukey’s
honestly significant difference (HSD) test.

Pairwise correlations between initial concentrations and 7.0 Tiac
T5on and Ty of nitrogen substrates were studied using Spearman’s rank
correlations, as distributions were not Gaussian.

The initial concentration of nitrogen compounds had a large effect on
the 'y maxw S0 We normalized this parameter using the ratio between ;.
and the initial concentration of nitrogen compounds (7,,,.R)- For nitro-
gen-variable ry,,.. R, a cox box transformation was necessary to obtain a
normal distribution. To describe the diversity of the 14 strains and 18
nitrogen compounds, this variable was then tested using a two-way
ANOVA with strain, nitrogen source, and their interactions as factors,
using a P value threshold of 0.05. Normality of residual distributions and
homogeneity of variance were studied using standard diagnostic graphics;
no violation of the assumptions was detected.

Applied and Environmental Microbiology


http://aem.asm.org

108 1.2 10°

Cell mL"

2.107 4.107 6.107 8.107

0
I

1 1 T
0 10 20 30 40 50
Time (h)

Sequential Use of Nitrogen Compounds by S. cerevisiae

+ WE372
O NCYC361
o EC1118
4 UWOPS05-227.2
+ YPS1009
x L2226

< v

v YPS128
* ECAS

= BC187

® Y55

A L1528

* Y82

8 NCYC110

150
|

100
L

YAN mg L

Time (h)

FIG 1 Growth (A) and YAN consumption (B) during fermentation of 14 S. cerevisiae strains. Fermentations were carried out in duplicate on SM200 medium
containing 240 g liter "' glucose and 200 mg liter ' YAN, consisting of a mixture of 18 amino acids and ammonium. For each strain, fitted data (dark lines) and
experimental data are shown, as indicated in the symbol key in panel B. Mean values were calculated from 2 replicates.

RESULTS

Growth and nitrogen consumption of 14 S. cerevisiae strains
from diverse origins. We first compared the growth and nitrogen
assimilation profiles of 14 S. cerevisiae strains from a broad range
of origins, including industrial processes (baking, beer, palm
wine, and wine), natural environments, and laboratories (Table
1). All fermentations were carried out in duplicate, in a chemically
defined medium (SM200) with a high glucose concentration (240
g liter ') and 200 mg liter "' of YAN (YAN is a mixture of 18
amino acids and ammonium ions at various concentrations [Ta-
ble 2]). All the strains exhausted YAN during the growth phase
(Fig. 1), consistent with nitrogen availability being the limiting
factor for growth under these conditions. However, both the
growth characteristics and the patterns of nitrogen consumption
differed considerably between strains, with the maximum yeast
population varying between 45 X 10° and 121 X 10° cells ml ™"
and the time required for 95% nitrogen consumption varying
from 17.5 to 27.9 h.

We compared six phenotypic traits related to growth dynamics
(maximum population size, Pop,;, and maximal growth rate,
Txmax) O distinction of nitrogen assimilation curves (duration of
the lag phase before YAN consumption, T|,q; maximal rate of
YAN consumption, rym. the time at which 50% of YAN was
consumed, T5gy; and the time at which 95% of YAN was con-
sumed, Tysy). All these measures differed substantially between
yeast strains (Table 3); for example, the maximum rate of nitrogen
consumption was between 16.8 and 27.8 mg N liter ' h™", de-
pending on the strain. The contribution of each quantitative phe-
notypic trait to the differences between strains was investigated
through PCA (Fig. 2). The first two axes accounted for 89.8% of
the total variation and separated the strains mainly on the basis of
T'nmaxo Lsonos and Tosy, which reflect the kinetic characteristics of
the nitrogen consumption by yeast. The variables Pop,, and 7.«
were notably correlated with variables describing nitrogen con-
sumption (positively with ry,,.. and negatively with T5q and
Tysn)- The strains exhibiting fast and early nitrogen assimilation,
mostly those originating from industrial fermentative processes
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and including all the commercial wine strains, were also high bio-
mass producers (Fig. 1 and 2). This suggests that the ability of a
yeast to produce biomass depends on its nitrogen assimilation
profile. Analysis of variance for each parameter confirmed that the
strain effect was significant for growth variables (Popy, xmax) a$
well as for variables relating to nitrogen consumption: T| g,
T'nmaw Lsono @ad Tosy (Table 3). For all phenotypic traits, more
than 74% of the variance was explained by the strain variability
(Table 3).

Nitrogen source consumption. (i) Order for nitrogen source
consumption. We then assessed the contribution of the 17 indi-
vidual amino acids and of ammonium to the growth requirements
during fermentation on synthetic medium containing 200 mg li-
ter ' YAN. Consumption profiles and variable characteristics of
assimilation (fymae Trac Tson» and Tosy) were determined for
each nitrogen source and for each of the 14 strains (Fig. 3; see also
Fig. S1 in the supplemental material). Nitrogen compounds were
used sequentially throughout the growth phase. Substantial dif-
ferences in their profiles of assimilation—rate, time, and duration
of consumption—were observed. The times of consumption of
the various sources of YAN were strain dependent. Nevertheless,
all 14 strains displayed approximately the same order of assimila-
tion of the nitrogen substrates.

The mean for each of the 14 strains for the T5,R ratio between
the time required to use 50% of each available nitrogen source and
the time required for 50% consumption of total available nitrogen
was calculated for each amino acid and for ammonium; one-way
ANOVA revealed a global effect of amino acid (P < 0.001).
Tukey’s HSD test was used for post hoc comparisons of Tsq R
values at a P value threshold of 0.05, and this allowed ammonium
and amino acids to be discriminated into three classes (Fig. 4).
Lysine, which was provided at a very low concentration, was rap-
idly exhausted from the medium. Some nitrogen compounds,
Asp, Thr, Glu, Leu, His, Met, Ile, Ser, Gln, and Phe, were used
early, and others, NH, ™, Val, Arg, Ala, Trp, Tyr, and Gly, were
consumed at the end of the growth phase. One of the most abun-
dant amino acids in the medium, Gln, and conversely, one of the
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TABLE 3 Growth and nitrogen consumption traits for the 14 S. cerevisiae strains during fermentation

Mean * SD value for trait®

Popy, "Xmax

Strain (no. of cells/10° ml) (no. of divisions/h) T'umax (Mg N/h) Tiag (h™h) Tson (h71) Tosn (h71)
12226 89 * 3.1 0.44 = 0.01 27.8 = 0.438 8.7 = 0.412 14.3 = 0.377 17.5 = 0.354
YPS128 93 £ 5.7 0.39 = 0.02 21.1 = 1.124 10.5 * 0.448 17.9 = 0.165 22.0 = 0.495
VL1 93 = 8.8 0.42 = 0.02 25.8 = 0.135 9.3 £0.012 15.4 = 0.047 18.8 = 0.059
YS2 46 £ 2.3 0.27 = 0.00 19.5 = 0.426 11.7 = 2.121 18.5 = 0.354 22.4 = 0.672
NCYC110 45+ 09 0.30 = 0.03 16.8 = 0.794 13.2 = 1.037 22.6 *0.519 27.9 = 0.200
EC1118 105 £ 7.9 0.43 = 0.02 24.3 = 0.075 10.4 = 0.024 16.7 = 0.118 20.3 = 0.200
WE372 121 = 9.5 0.44 = 0.01 24.4 = 0.079 9.2 = 0.330 15.5 = 0.082 19.1 = 0.071
YPS1009 95 *+ 0.0 0.40 *= 0.00 21.1 = 0.194 10.0 = 0.000 17.4 = 0.000 21.6 = 0.000
Y55 88 = 6.2 0.42 = 0.00 22.4 +0.887 8.2 £0.153 15.0 = 0.354 18.9 = 0.672
L1528 74 0.46 23.1 9.6 16.5 20.4

BC187 90 0.40 23.8 9.0 15.9 19.8
NCYC361 102 0.40 22.4 11.2 18.1 22.0

U227 96 0.40 25.6 13.3 19.7 23.3

ECA5 91 0.40 21.4 9.3 16.5 20.5

R? (%) 93.0 91.6 96.1 74.3 98.4 98.0

P ook sk sk ok sk sk

“ Mean values and standard deviations were calculated from two replicates, except for strains L1528, BC187, NCYC 361, U227, and ECA5, for which only one experiment was

conducted (and therefore data for these strains do not include standard deviations).
b Adjusted R? value.
¢, significant at P << 0.01; 3, significant at P < 0.001.

least abundant, Lys, were both early consumed. Therefore, this
sequential assimilation seemed to be independent of the relative
concentrations of the individual amino acids and ammonium
(0.12 mg N liter ' to 56 mg N liter ') (Fig. 4). Consistent with
these findings, no correlation was found among the complete data
set (14 strains and 18 nitrogen compounds) between the initial
concentration and the variables describing the time of assimila-
tion (Tyac> Tson> and Tosy) of amino acids and ammonium.
There were large differences between the rates of assimilation
of the different amino acids, from 0.028 mg N liter *h 'to11.8
mg N liter ' h™". The nitrogen compounds present in the me-
dium at the highest concentrations, in particular, ammonium,
arginine, glutamine, alanine, and tryptophan, were removed at
higher rates. Spearman’s rank correlation indicated that the initial

A Individual factor map (PCA)
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concentration accounted for a large part of the differences in con-
sumption rate between amino acids (p, 0.87). Analysis of variance
for rymax did not detect an interaction between the nature of the
nitrogen source and strain (P = 0.1426) and confirmed a signifi-
cant effect for both of these two factors (P < 0.001 and P < 0.01,
respectively).

(ii) Role of initial nitrogen source concentration for the or-
der of amino acid consumption. Although the profiles observed
cannot be globally explained by a concentration effect, we cannot
exclude the possibility that the consumption characteristics of
some nitrogen compounds may specifically depend on their initial
concentration in the medium. We therefore determined the pro-
files of assimilation of amino acids and ammonium by a represen-
tative wine yeast strain, EC1118, during fermentation on synthetic

B variable factor map (PCA)

Dim 2 (14.6%)
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0.0 0.5
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FIG 2 PCA of 14 strains for 6 phenotypic traits, based on mean values calculated from 2 replicates. (A) Individual factor map; (B) variable factor map. On the
x axis is the percentage of variation explained by principal component 1 (Dim 1; 75.3%); on the y axis is the percentage of variation explained by principal

component 2 (Dim 2; 14.5%).

8106 aem.asm.org

Applied and Environmental Microbiology


http://aem.asm.org

e==z e -y~ - AL S

S

=) 80“

(=]

s =

c 60

® —

= —

k=] —

» 40—

2 - 3

2 N ‘

° 20{--ova \
2w ‘
-- + Aa b
== 0l TR

0 =0 Ng=s—g

0 5 10 15 20

Time (h)

FIG 3 Consumption of ammonium and amino acids by strain EC1118 during
fermentation in SM200. Residual concentrations of Lys, Asp, Thr, Glu, Leu,
His, Met, Ile, Ser, Gln, and Phe are shown by solid lines and the symbols
indicated in the key. The residual concentrations of NH, ", Val, Arg, Ala, Trp,
Tyr, and Gly are shown by dashed lines (and the symbols indicated in the key).
Residual concentrations are expressed as percentages of the initial concentra-
tions. Results of one representative experiment of two are shown.

medium SM200;, containing 200 mg liter ' YAN composed of
equivalent amounts of each amino acid and ammonium (10.53
mg N liter ™' for each nitrogen compound). We showed that
changes in the relative availabilities of nitrogen substrates did not
alter the distribution into three classes, excepted in the case of
arginine and ammonium, which were assimilated earlier in
SM200y, than in SM200 (Fig. 5).

To study the relationships between the initial concentrations of
arginine and ammonium and their times of consumption, we
compared their assimilation profiles (Fig. 6) during growth on
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FIG 4 Initial concentrations and the order of assimilation of the nitrogen
compounds in SM200 cultures. Initial concentrations of nitrogen compounds
(in mg N liter ') and the T5o\R, which is the mean ratio for the 14 strains
between the time for consumption of 50% of each available nitrogen source
and the time required for the consumption of 50% of total available nitrogen.
The standard errors of the means for the 14 strains are indicated by the vertical
error bars. Horizontal bars depict the results (nonsignificant) of Tukey’s HSD
comparisons for nitrogen compounds at a P level of 0.05.
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FIG 5 Consumption of ammonium and amino acids by strain EC1118 during
fermentation in SM200g. Residual concentrations of Lys, Asp, Thr, Glu, Leu,
His, Met, Ile, Ser, Gln, and Phe are shown by the solid lines and symbols
indicated in the key, and concentrations of NH, ", Val, Arg, Ala, Trp, Tyr, and
Gly are shown with dashed lines and the indicated symbols. Residual concen-
trations are expressed as percentages of the initial concentrations. Results of
one representative experiment of five are shown.

SM200, SM200g, SM200,, (medium SM200 with arginine and
ammonium provided at concentrations similar to those in
SM200;), and SM200g,, (medium SM200;, with arginine and am-
monium provided at concentrations similar to those of SM200).
Arginine was consumed early when present in the medium at a
low concentration (SM200; and SM200,,) and later when pro-
vided at a higher concentration (SM200 and SM200g,,). In con-
trast, no obvious relationship was observed between the initial
amount of ammonium and the time of assimilation.

Therefore, the order of consumption of nitrogen compounds
by yeast during fermentation does not depend on their relative
amounts in the medium, except for arginine.

(iii) Regulatory mechanisms of nitrogen source transporters
controlling the order of consumption. We then investigated a
possible link between the sequence of assimilation of amino acids
and ammonium during SM200 fermentation and the regulatory
mechanisms controlling the activities of nitrogen transporters. In
yeast, nitrogen permeases are controlled by two major regulatory
mechanisms (summarized in Fig. 7): SPS-mediated control of
specific permeases, and an NCR-mediated downregulation of
general carriers, for example, the general permease Gaplp, in re-
sponse to high intracellular concentrations of good nitrogen
sources. Comparing the mode of regulation of nitrogen com-
pound transporters (Fig. 7) with their order of assimilation (Fig.
3), we observed that the amino acids consumed early were those
transported through SPS-regulated permeases. This was consis-
tent with an induction of the expression of these permeases from
the beginning of fermentation in response to the presence of ex-
tracellular amino acids. In contrast, amino acids imported by per-
meases under NCR control, including arginine, alanine, and gly-
cine, were assimilated during the last part of the growth phase,
after exhaustion of the other nitrogen compounds.

Therefore, the mode of regulation of nitrogen transporters can
explain a large part of the pattern of sequential use of nitrogen com-
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pounds during fermentation, although there are some exceptions.
Val, Trp, and Tyr were consumed late (Fig. 3 and 7), although the
transporters mainly responsible for their uptake have been reported
to be SPS regulated (32). Val, like Ile and Leu, is transported by the
Bap2p and Bap3p permeases. The specific rates of Val, Leu, and Ile
consumption during the fermentation (Fig. 8) revealed that Val was
efficiently consumed only after Leu and Ile depletion. This suggested
that Bap2p and Bap3p preferentially take up Leu and Ile to the detri-

Amino acids

Sys1p
Prt3p Ssy5p

ment of Val. Similarly, Trp, Tyr, and Phe uptake is mediated by
shared permeases, Tat1p and Tat2p. The specific rates of Trp and Phe
consumption were high at the beginning of the fermentation and
then decreased throughout the growth phase, whereas the rate of Tyr
assimilation increased after 15 h of culture, by which time only low
concentrations of Trp and Phe remained in the medium (Fig. 8).
Therefore, the profiles of consumption of Trp, Tyr, and Phe are con-
sistent with preferential uptake of Trp and Phe by Tatlp and Tat2p.

Glutamine
Glutamate =
Mup1p! : Ammonlum
Dip5p
H Alanine
e @20 Arginine
Tat2p Glycine
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I
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FIG 7 List of the major nitrogen source transporters with their regulatory mechanisms. The transporters represented include carriers of one or a few specific
amino acids (Lyplp, Hiplp, Mupl, Dip5p, Tatlp, Tat2p, Gnpl, Agplp, Bap2p, Bap3p, and Canlp) and the general amino acid carriers Gaplp, the arginine
transporter Canlp, and the ammonium permeases (Mep1p, Mep2p, and Mep3) (35, 36). The sizes of the fonts for nitrogen compounds represent the relative
abundance in the medium SM200. The regulatory mechanisms controlling the expression of nitrogen permease genes are indicated in orange (SPS) (32) or in
green (NCR) (49). The order of nitrogen source consumption during wine fermentation is indicated at the bottom.
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FIG 8 Evolution of specific rates of amino acid consumption (in mg N liter "' cell '), normalized to the maximum specific rate (in mg N liter "' cell ") for Leu,
Ile, and Val (A) and for Phe, Trp, and Tyr (B) as a function of time (h) for strain EC1118. Mean values were calculated from 2 replicates.

Note that the concentration of Trp in the medium (11.5 mg N liter ")
was higher than that of Phe (1.5 mg N liter '), and Trp was depleted
later than Phe.

Overall, these results showed that the sequence of assimilation
of the nitrogen compounds during fermentation is largely deter-
mined by both the kinetic characteristics and the regulation of the
transporters of amino acids and ammonium.

DISCUSSION

S. cerevisiae strains display a large diversity in phenotypic traits
related to growth, metabolite production, and fermentation ca-
pacity under industrial fermentation conditions (2, 14, 37, 38).
Here, we report an analysis of the patterns of YAN assimilation
during wine fermentation by yeast strains originating from vari-
ous industrial and natural environments. These S. cerevisiae
strains showed diverse dynamics of nitrogen consumption. This
was consistent with the substantial variability in other character-
istics of nitrogen assimilation, as previously described for com-
mercial wine yeast. Indeed, important differences have been ob-
served in the nitrogen requirements of strains with respect to their
fermentative performances, either to complete fermentation in
the presence of 20% sugar (3, 6) or to increase the fermentation
rate during the stationary phase (28, 34). Likewise, industrial wine
strains exhibit substantial differences in the amount of nitrogen
consumed when nitrogen compounds are present in excess (26).
We found that the profiles of N compound consumption, charac-
terized by the rates and the times of assimilation, significantly
affected the ability of strains to grow and produce biomass. It has
been reported that the biomass formation governs the rate of fer-
mentation under wine fermentation conditions, particularly in
nitrogen-poor musts (51). Furthermore, the ability of strains to
complete fermentation depends on the level of biomass produc-
tion during the growth phase of fermentation (14). Therefore, the
capacity of yeasts to assimilate the available nitrogen resource
quickly may be a key factor contributing to the control of the
course of fermentation. Despite the substantial diversity between
the kinetics of nitrogen uptake by different strains, ammonium
and amino acids were sequentially consumed by all the strains,
with no marked differences in the order of assimilation of the
nitrogen compounds between strains. Thus, the differences be-
tween yeast strains in the kinetics of nitrogen consumption were
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not due to differences in the ability of the strains to assimilate a
particular nitrogen-containing compound.

The value of the normalized T5,yR value, which depends both
on the time and the rate of substrate consumption, reflects the
whole profile of assimilation of a nitrogen compound. The nitro-
gen substrates could be clustered into three groups on the basis of
this measure: compounds assimilated prematurely (Lys), early, or
late during fermentation. We found that the association of an
amino acid with early or late classes mainly depended on the reg-
ulation and the inherent kinetic properties of the transporters
involved in its uptake; the affiliation did not appear to be related to
its availability in the medium, excepted for lysine, which was pres-
ent in trace amounts (0.61 mg liter ') in the medium and was
exhausted during the first hours of fermentation. The permeases
involved in the uptake of amino acids consumed early (Asp, Thr,
Glu, Leu, His, Met, Ile, Ser, Gln, and Phe) are encoded by genes
that are under positive Ssylp-mediated regulation (BAP2, BAP3,
TATI, TAT2, DIP5, MUPI, GNPI1, and AGP1) (32). The assimi-
lation of these nitrogen compounds is expected to result in the
intracellular accumulation of glutamine and glutamate and, con-
sequently, in the downregulation of NCR-sensitive genes. Consis-
tent with this, the Gaplp NCR-controlled membrane transport
protein has been reported to be repressed during the first stages of
wine fermentation (4, 5). As a result, Ala, Arg, and Gly, which are
mainly imported by Gaplp under these conditions, were only as-
similated after exhaustion of the other nitrogen compounds, dur-
ing the last part of the growth phase. On the basis of these data, we
propose that the kinetic characteristics of these transporters con-
tribute to the characteristics of sequential assimilation of nitrogen
compounds. Indeed, the late consumption of Val appeared to be a
consequence of differences in the affinity of the permeases Bap2p
and Bap3p for branched amino acids (Val, Leu, and Ile). Similarly,
a preferential uptake of Phe by Tatlp and Tat2p carriers probably
led to the delayed assimilation of other aromatic amino acids (Tyr
and Trp).

Only one amino acid, arginine, was assimilated at different
times according to its availability in the medium. This may be a
consequence of there being two distinct transporters for this
amino acid. The general amino acid permease Gap1p, reported to
be the major transporter of arginine (4, 5) and to be NCR con-
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trolled, may be responsible for the uptake of arginine under argi-
nine-rich conditions, during the last stages of the growth phase. In
the presence of low concentrations, arginine uptake may be me-
diated by the high-affinity arginine permease Canlp. As this car-
rier is regulated by NCR (17), this suggests that the level of cata-
bolic repression on Canlp is not strong enough to totally abolish
arginine transport. Consistent with this notion, CANI is only
slightly repressed compared to GAPI after an NH4" pulse (T.
Clement and C. Camarasa, unpublished data).

Finally, in S. cerevisiae, ammonium assimilation is mediated by
the specific permeases Mep1p, Mep2p, and Mep3p, which exhibit
different kinetic properties (K, values for NH, of 10 wM, 1 pM,
and 2 mM, respectively) and are controlled differently by nitrogen
(35). This may explain why ammonium was assimilated during
the first hours of fermentation only when the concentration of
glutamine, a key component of NCR regulation, was low.

This classification of amino acids according to their pattern of
assimilation under wine-making conditions is in agreement with
those reported in previous studies, which were carried out with
various yeasts and culture medium and wine/wort fermentations
(7, 26, 27, 40). These various observations indicate that the order
of assimilation by S. cerevisiae of nitrogen substrates present as a
complex mixture depends only slightly on the availability of these
compounds in the medium and on the strain used. Most of the
dissimilarities between studies in the assignment of amino acids
concerned the allocation of tyrosine, tryptophan, and phenylala-
nine to the different groups. These discrepancies may be due to the
empirical designation of the groups in previous studies, according
to the time required to reach the half-concentration, the initial
removal rate, and were generally determined using a very small
number of strains (one or two). We compared the profiles of as-
similation of amino acids and ammonium through a statistically
based method for 14 S. cerevisiae strains and obtained consistent
and reliable discrimination of nitrogen compounds into three
classes. Discrepancies between studies concerning arginine and
ammonium may be the result of the more complex patterns of
assimilation of these nitrogen sources, which depend on condi-
tions that differ between studies.

Our study revealed substantial differences between the rates of
consumption of YAN, r\..» by different strains that cannot be
explained by preferential consumption of one or a few nitrogen
compounds. Further investigations are now in progress to identify
the causes of this variability.
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