AEM

Journals.ASM.org

Metabolic Responses of Saccharomyces cerevisiae to Valine and
Ammonium Pulses during Four-Stage Continuous Wine
Fermentations

T. Clement, M. Perez, J. R. Mouret, I. Sanchez, J. M. Sablayrolles, C. Camarasa
INRA, UMR1083 Sciences pour I'cenologie, Montpellier, France

Nitrogen supplementation, which is widely used in winemaking to improve fermentation kinetics, also affects the products of
fermentation, including volatile compounds. However, the mechanisms underlying the metabolic response of yeast to nitrogen
additions remain unclear. We studied the consequences for Saccharomyces cerevisiae metabolism of valine and ammonium
pulses during the stationary phase of four-stage continuous fermentation (FSCF). This culture technique provides cells at steady
state similar to that of the stationary phase of batch wine fermentation. Thus, the FSCF device is an appropriate and reliable tool
for individual analysis of the metabolic rerouting associated with nutrient additions, in isolation from the continuous evolution
of the environment in batch processes. Nitrogen additions, irrespective of the nitrogen-containing compound added, substan-
tially modified the formation of fermentation metabolites, including glycerol, succinate, isoamyl alcohol, propanol, and ethyl
esters. This flux redistribution, fulfilling the requirements for precursors of amino acids, was consistent with increased protein
synthesis resulting from increased nitrogen availability. Valine pulses, less efficient than ammonium addition in increasing the
fermentation rate, were followed by a massive conversion of this amino acid in isobutanol and isobutyl acetate through the
Ehrlich pathway. However, additional routes were involved in valine assimilation when added in stationary phase. Overall, we
found that particular metabolic changes may be triggered according to the nature of the amino acid supplied, in addition to the
common response. Both these shared and specific modifications should be considered when designing strategies to modulate the

production of volatile compounds, a current challenge for winemakers.

itrogen is the main limiting nutrient for yeasts during wine

fermentation. It is generally believed that a minimum of
about 140 mg/liter of nitrogen is necessary to complete fermenta-
tion of 200 g/liter sugar. However, the optimal nitrogen content of
grape juice in terms of kinetics is predicted to be around 300
mg/liter of yeast assimilable nitrogen (YAN) (1-4). Low nitrogen
levels in must are generally associated with low yeast biomass and
low fermentation rates (5-7). To avoid fermentation problems in
nitrogen-deficient musts, winemakers often add nitrogen at vari-
ous stages of the winemaking process.

Nitrogen supplementation results in many changes in the
course of fermentation (for reviews, see references 8 and 9), which
may differ depending on the yeast strain used, the composition of
the grape juice, the timing of the addition, and the type of nitrogen
source. Adding nitrogen to the must before fermentation gener-
ally increases both the cell population and the fermentation rate,
whereas its addition at the beginning of the stationary phase leads
to a higher fermentation rate without influencing the cell popula-
tion (6, 10, 11). However, for some strains, nitrogen addition at
the beginning of fermentation, particularly in nitrogen-rich me-
dia, does not necessarily enhance growth (12). Addition of nitro-
gen also influences the organoleptic characteristics of wine, be-
cause it affects the formation of glycerol, organic acids, and
volatile compounds (9, 10, 13-17). Unfortunately, much of the
information available about the effects of nitrogen addition on
metabolism is contradictory, probably due to the different condi-
tions used in the relevant studies. For instance, ammonium sup-
plementation of nitrogen-deficient musts always results in a de-
crease in volatile acidity (18, 19), whereas the production of
acetate increases when ammonium is supplied to a nitrogen-rich
medium (20) or as a consequence of adding a mixture of amino
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acids (10). Similarly, fusel alcohol formation is decreased more by
the addition of large amounts of nitrogen at the beginning of
fermentation than by later or smaller additions (19). The substan-
tial discrepancies in literature data make it very difficult to draw
any general conclusion about the effects of nitrogen supplemen-
tation on the synthesis of aromatic compounds (19). Further elu-
cidation of the mechanisms underlying the metabolic response of
yeast to nitrogen addition should provide a better understanding
of the effects of nitrogen addition on the course of fermentation
and yeast metabolism. This may eventually allow the design of
strategies for the management of nitrogen that ensure an optimal
supply throughout fermentation, a goal that remains currently a
major challenge for winemakers (9).

Pulse experiments in chemostats have been widely used to
study the dynamics of the metabolic response of microorganisms
to modifications in their environment, as they result in a sudden
relief from nutrient limitation (21-25). Over recent years, this
type of approach combined with fast sampling methods has pro-
vided information about the adaptive mechanisms of microor-
ganisms for their changing environments at metabolomic and
transcriptomic levels (22, 26, 27). A particular advantage of che-
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mostat over batch cultures is the stability of the physiological state
of the cells, all environmental variables remaining constant at a
steady state (28). Steady-state chemostat cultures are particularly
useful for obtaining reproducible data (29, 30). However, this cul-
ture mode has limitations for studying yeast physiology under
winemaking conditions. Winemaking is an industrial process,
during which the growth phase covers only the first hours until
nitrogen exhaustion. Thereafter, most of the sugar is consumed by
resting cells, during the stationary phase. The metabolism of yeasts
during this stage is of great importance for wine fermentation but
cannot be investigated using chemostat cultures, which necessar-
ily involve growing cells. Therefore, we developed a four-stage
continuous Dbioreactor (four-stage continuous fermentation
[ESCEF]), an original device consisting of a sequential series of four
steady states with the first stages continuously feeding the later
ones with resting cells (31). The progressive exhaustion of YAN,
which was entirely depleted in the third tank, allowed both the
growth phase (first two stages, with residual YAN) and the station-
ary phase (resting cells in the last two stages) to be reproduced at
steady state.

Here, we report the use of the FSCF system to study over time
the metabolic response of Saccharomyces cerevisiae to additions of
two nitrogen sources (ammonium and valine pulses) during the
stationary phase of wine fermentation. This system, providing
cells at steady state, appeared to be particularly suitable for inves-
tigating the direct effects of changes in the yeast environment, by
avoiding the dynamic evolution of batch cultures. We compared
batch and continuous cultures to assess the usefulness of the FSCF
system to analyze the formation of metabolites, and in particular
the synthesis of volatile compounds, during the stationary phase
according to yeast nitrogen metabolism. We then focused on the
third stage of FSCF, corresponding to the beginning of the station-
ary phase of batch fermentation, since in winemaking, nitrogen
supplementation at this time of the process is widely used to pre-
vent stuck fermentation. We compared the dynamics of the met-
abolic response of yeasts to additions of ammonium, which is
commonly used in industry, and valine, as representative of the
amino acids that are precursors for the synthesis of fusel alcohols.
These analyses provide new insights into the metabolic reroutings
in yeast to adapt to modifications in nutrient availability, and in
particular to the type of added nitrogen source.

MATERIALS AND METHODS

Yeast strain and culture medium. Fermentations were carried out with
the commercial Saccharomyces cerevisiae strain EC1118 (Lallemand SA).
The inoculum was grown aerobically in shaken flasks at 28°C, first in YPD
medium (1% yeast extract, 2% peptone, 2% glucose) for 24 h and then in
synthetic medium for 24 h; these precultures were used to inoculate the
bioreactor at a density of 10° cells/ml. We used the synthetic medium
SM100 described by Bely et al. (6), mimicking grape must, containing 200
g/liter glucose and 100 mg/liter of yeast assimilable nitrogen (YAN) as a
mixture of amino acids (74 mg N/liter) and NH,CI (26 mg N/liter), at
pH 3.5.

Fermentation conditions. (i) Batch fermentation. Batch fermenta-
tions were performed at 28°C, in 1-liter fermentors, stirred continuously
(100 rpm) and linked to a mass flow meter that measured the CO, release
rate online.

(ii) FSCF. The four-stage fermentation device was configured as de-
scribed previously (31). The parameters of the FSCF were set to ensure
progressive exhaustion of the nitrogen in the first two stages and thus the
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complete absence of any residual YAN in the third fermentor, modeling
the beginning of the stationary phase.

After inoculation, fermentations were started in batch mode until the
fermentative activity reached its maximum (about 17 h after inoculation);
then, continuous fermentation was initiated. For a given dilution rate
(D = Q/V [h™'], where Q is the input flow rate and V is the volume of
medium in the tank), the system was considered to be stable after three
residence times (R, = 1/D) at steady state.

(iii) Nitrogen additions. Once the steady state was established, the
four tanks were sampled for determinations of dry weight, carbon metab-
olites, and volatile compounds. Nitrogen was added to 100 mg/liter (as
26.7 g/liter ammonium chloride or 58.6 g/liter L-valine) in the third stage
(R3), corresponding to the beginning of the stationary phase (exhaustion
of the assimilable nitrogen, maximum cell population).

The volume of stock solution added did not exceed 2% total volume,
minimizing the perturbation of the dilution rate. Following this pulse of
nitrogen, the medium was sampled hourly until complete exhaustion of
assimilable nitrogen. Yields were calculated at the time of complete ex-
haustion of the added nitrogen.

(iv) Evolution of the medium composition in FSCF. In FSCF, the
evolution of the concentration of a component C can be expressed as the
sum of three different elements (equation 1): the incoming flow rate of C,
which depends on the concentration of C in the previous stage; the out-
flow rate, which is a function of the concentration of C in the stage con-
sidered; and the production (or consumption) rate, which depends on the
synthesis (or uptake) activity of the microorganism. Equation 1 resumes
the balance of C in stage R;:

dc; Qe; Qs;

@ TGy TG = DG G ()

1

where C; is the concentration of compound C in stage i (g/liter), C; _ , is
the concentration of compound C in stage i — 1 (g/liter), Qe; is inlet
medium flow rate in stage i (liters/h), Qs; is outlet medium flow rate in
stage i (liters/h), V; is volume of medium in stage i (liters), and r, is
production (or consumption) rate of compound C in stage i (g/liter/h).
At steady state, the composition of the medium is constant and

dC;/dt = 0. Thus, r,, can be easily deduced from the measurement of C;
and C; , ;. In the case of a pulse of nutrient, equation 1 can be integrated
assuming a constant r,, in the time interval considered, as presented in
equation 2:
)

C,‘ =D
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where Cm; is the concentration in stage i, calculated as a logarithmic
mean.

Thus, the production rate of compound C was calculated according to
equation 3:

C,—C, C,—C,
= i2 11+D1 I*DCI*,I (3)

Ci

Analytical methods. (i) Measurement of cell population and dry
weight— calculation of the specific growth rate. The dry weight of yeasts
(X) was determined gravimetrically using nitrocellulose filters (pore size,
0.45 pm; Millipore) from samples of 15 ml. Samples were dried for 48 h at
100°C.

The cell population and the cell size distribution were determined with
a Coulter counter (model Z2; Beckman-Coulter, Margency, France) fitted
with a 100-pwm-aperture probe.

The specific growth rate was calculated after the measurement of the
cell population in each stage. For stage i, . is calculated as follows:

Xi— Xy

X @

Wi

where X is the cell population in cells/ml.

Applied and Environmental Microbiology


http://aem.asm.org

Yeast Metabolic Response to Nitrogen Addition

TABLE 1 Characteristics of the steady state in the four stages of the FSCF*

Value in stage:

Characteristic R1 R2 R3 R4

V (ml) 500 500 700 700

DY 0.27 0.24 0.11 0.10

dCO,/dt (mg/liter/h) 0.37 += 0.04 0.94 = 0.09 0.54 = 0.04 0.42 = 0.02
Residual YAN (mg/liter) 1.63 = 0.02 0.02 = 0.02 ND ND

Residual glucose (g/liter) 186 + 7 178 £ 5 164 =5 151 =5
Population (10° cells/ml) 30+ 3 58 *+ 4 79 *+ 4 82+3

Dry wt (g/liter) 1.2 £03 1.3 £0.3 1.9 £0.3 23*03

' (h™h 0.27 £ 0.01 0.12 £ 0.02 0.03 = 0.01 0.003 = 0.003
pH 3.30 = 0.02 3.29 = 0.04 3.31 £0.03 3.28 £ 0.02

“ Mean values and standard deviations were calculated from 3 independent FSCF experiments. For each culture, one sample was collected in the four stages, after three residence
times at steady state. Abbreviations: V, volume; D, dilution rate; YAN, yeast assimilable nitrogen; ND, not detectable; p, specific growth rate.

(ii) Measurement of extracellular metabolites. Glucose, ethanol,
glycerol, and succinic acids in culture supernatants were determined by
high-pressure liquid chromatography (HPLC) using an HPX-87H
Aminex ion-exchange column (300 by 7.8 mm; Bio-Rad) at 45°C. The
column was eluted with 8 mM H,SO, at a flow rate of 0.6 ml/min. Acetic
and pyruvic acids were determined with a Hewlett-Packard G1314A UV
meter at 210 nm, and the other compounds were determined with an
Agilent G1362A refractive index detector.

Volatile compounds were determined by gas chromatography-flame
ionization detection (GC-FID) analysis, with a headspace autosampler
and a BP20 column (SGE). To facilitate the extraction of volatile com-
pounds to the gas phase, NaCl (1 g) was added to 3 ml of the fermentation
sample in a 20-ml vial. To standardize the equilibrium conditions be-
tween the liquid and the headspace, the ethanol concentration in the vial
was adjusted to 11% by adding 2 ml of a mixture of 12 g/liter tartaric acid
solution diluted in either water or an ethanol-water mix (30%, vol/vol).
Then, 50 pl of 4-methylpentan-2-ol at a concentration of 3 g/liter was
added as an internal standard. The sample vial was heated at 50°C and
agitated for 5 min in an HT200 headspace autosampler equipped with a
gastight syringe, preheated to 60°C. One milliliter of headspace gas was

Table S1 in the supplemental material). Under these conditions,
after 3 residence times at steady state, yeast assimilable nitrogen
(YAN) was exhausted in the second stage (Table 1). The cell pop-
ulation reached a maximum in the third stage, and there was no
significant growth in the last stage. Therefore, cells in the third
stage were in a physiological state similar to the beginning of the
stationary phase of batch wine fermentations. Consequently, this
stage was selected for nitrogen additions.

We further compared cell growth and metabolite production
between the third stage of FSCF and batch fermentation (Table 2)
after the same progression of fermentation (residual glucose of
164 = 5 g/liter). In this stage, both ammonium and valine were
entirely exhausted (see Table S2 in the supplemental material).

TABLE 2 Comparison of biomass and metabolite production at the
beginning of the stationary phase of batch culture and FSCF?

. L. Characteristic or metabolite WA B
analyzed with an HP6890 GC coupled to an FID. The injector temperature —
was 240°C. The GC oven was equipped with a BP20 column (30 m by 0.53 Charaaenmf
mm by 1.0 m; SGE). H, was used as the carrier gas at a constant flow rate Dry wt (g/llt?r) 1.91 £0.04 1.91 £ 0.05
of 4.8 ml/min. The oven temperature program was 40°C for 3 min, 3°C/ Cell population (10° cells/ml) 79%4 86%5
min to 80°C, and 15°C/min to 160°C, at which it was held for 1 min, and . .
then 30°C/min to 220°C, at which it was held for 2 min. The detector was Metapohtes measured in:
setat 250°C. Peak areas were acquired with Agilent Chemstation software. glliter .

The ammonium concentration was determined enzymatically (En- Succinate 0.220 = 0.005 0.230 = 0.005
zytec Fluid 5390; Thermo). Free residual amino acids were quantified by Glycerol 1.78 = 0.05 1.93 = 0.09
cation-exchange chromatography followed by postcolumn derivatization Acetate 0.230 = 0.004 0-210 = 0.006
with ninhydrin (Biochrom 30; Biochrom, Cambridge, United Kingdom). Ethanol 13.5 = 0.4 15.1 = 0.6

Pyruvate 0.078 £ 0.005 0.090 £ 0.005
RESULTS mg/liter
Metabolite production during the stationary phase of FSCF and i:g;rli};lna(}lc ohol ?? Oif 0.7 ?;} ;_rf 0.7
batch fermentations. The value of FSCF is that it allows analysis of Propanol 76+ 0.3 8.4 = 0.4
the effects of environmental modifications on yeast physiology at Ethyl acetate 310 + 0.07 33+ 01
steady state, without the continuous evolution of the environment pg/liter
in batch processes. To determine the most appropriate stage of Ethyl hexanoate 21+2 22 +1
this culture system to investigate nitrogen addition during the Ethyl octanoate 40£5 ND
stationary phase, three independent FSCFs were first carried out Ethyl decanoate 523 %05 11.1+08
with the dilution rates reported in Table 1. Online monitoring of Ethyl dodecanoate 6.5+05 ND
the rate of CO, release, which reflected the fermentative activity of Isoamyl acetate 4=l 442
Isobutyl acetate 5%1 ND

the cells (2), revealed that steady state was reached in the four
stages after 30 h of culture and sustained over a minimum of 80 h
(8 residence times [see Fig. S1 in the supplemental material]).
Population and metabolite measurements over time confirmed
the absence of alteration of the steady state during this period (see
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“ Concentrations of metabolites and growth parameters were compared at an
equivalent progression of fermentation (residual glucose, 164 * 5 g/liter), between the
third stage of FSCF without addition at steady state (WA), sampled after 3 residence
times at steady state, and batch culture (B). Mean values and standard deviations were
calculated from 3 independent FSCF or batch experiments. ND, not determined.
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FIG 1 Consequences of nitrogen pulses on fermentation performances and residual nitrogen concentration. CO, production rate (solid lines) and residual
nitrogen concentration (dashed lines) after a pulse of nitrogen (100 mg/liter) as ammonium (black lines) or valine (gray lines) were measured during batch
fermentation (left) and in the third stage of FSCF (right). Evolutions during control fermentations, without nitrogen pulses, are reported as dotted lines. One

representative experiment of three biological replicates is shown.

The differences in biomass formation (cell population and dry
weight) between the two fermentation processes were less than
5%. Also, the formation of intermediates of the central carbon
metabolism (CCM) and higher alcohols by yeast during FSCF was
similar to that during batch fermentation, with a difference of 4 to
8% (pyruvate being an exception). Ester synthesis by yeast grown
in batch culture and that by yeast grown in FSCF cultures were
comparable. For each FSCF, the carbon balance at steady state was
between 94 and 98%.

Opverall, this confirmed that FSCF satisfactorily mimics batch
fermentations for the synthesis of both CCM intermediates and
volatile compounds. Consequently, this system is appropriate for
characterizing the physiological response of yeast at steady state to
nitrogen addition, as is common in winemaking.

Metabolic response of S. cerevisiae to nitrogen pulses in the
third stage of FSCF. The metabolic response of the yeast EC1118
to nitrogen additions was analyzed using the FSCF device. Pulse
experiments, carried out in triplicate, involved adding ammo-
nium or valine to the third stage of FSCF fermentation at steady
state (3 residence times) to give a nitrogen concentration of 100
mg/liter. In parallel, we added nitrogen to batch fermentations, at
equivalent fermentation progress, as a control.

(i) Growth and fermentation rate. Following the pulse in
FSCF, ammonium was consumed in 6 h and valine was consumed
in 9 h (Fig. 1). This presumably reflects the differences in the rates
of assimilation of ammonium and valine. Indeed, the specific up-
take rate of ammonium, based on the consumption balance
(equation 1), was twice as high as that of valine (0.61 mol N/g [dry
weight]/h for ammonium and 0.29 mol N/g [dry weight]/h for
valine). In batch fermentation also, the ammonium-specific con-
sumption rate was twice as high as that of valine (0.40 mol N/g [dry
weight]/h for ammonium and 0.21 mol N/g [dry weight]/h for va-
line). However, the specific consumption rates in batch fermentation
were lower than those in FSCF. In batch fermentation, the accumu-
lation of metabolites, in particular ethanol, was higher than that in
FSCEF, due to the dynamic process, and this may have been responsi-
ble for transporter deterioration and subsequent decrease of nitrogen
uptake rates. The higher rates of consumption, in addition to the
smaller amounts of assimilated nitrogen sources due to the washout
in FSCEF, resulted in a shorter phase of nitrogen assimilation under
these conditions than that in batch fermentations (Fig. 1).
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Consistent with previous data on batch fermentation (2), ad-
dition of nitrogen triggered a large increase of the CO, production
rate (2.8-fold for ammonium and 2.5-fold for valine). In both
cases, the fermentation rate was maximum at the point of nitrogen
exhaustion and decreased thereafter to its initial level.

No significant change in the population in FSCF was detected
after the nitrogen pulse, for either nitrogen source. Conversely, in
batch fermentation, the population increased by 10 to 20%. A
small increase in cell population might have gone undetected in
FSCF due to the dilution rate.

(ii) Production of central carbon metabolism intermediates.
The main metabolic response took place during the nitrogen con-
sumption phase (Fig. 2 shows CCM metabolites). At steady state
(i.e., before addition of nitrogen), metabolites did not accumulate
in FSCE. The changes in metabolite concentrations in the medium
during FSCF therefore reflected modifications in their production
rate associated with the nitrogen pulse.

Consistent with the increase of the rate of CO, production,
nitrogen addition resulted in a transient increase in the glucose
consumption and ethanol production rates (Fig. 2); these effects
were more rapid with ammonium than with valine. The glycerol
production rate followed the same pattern, with a larger increase
for ammonium than for valine. The formation of pyruvate in-
creased after the addition of valine and to a lesser extent after that
of ammonium. The production of acetate increased slightly and
similarly after the addition of the two nitrogen sources.

Unlike other metabolites, succinate synthesis decreased imme-
diately after valine or ammonium pulse and throughout the nitro-
gen consumption phase (Fig. 2; see also Fig. S2 in the supplemen-
tal material). Its concentration in the medium was in line with the
washout, indicating that the synthesis was almost stopped on
nitrogen addition. Succinate synthesis restarted once the nitrogen
was exhausted. This suggested that the changes in succinate syn-
thesis were directly related to nitrogen metabolism.

(iii) Metabolism of higher alcohols and esters. The formation
of fusel alcohols and esters in the third stage of FSCF was substan-
tially modified by addition of valine or nitrogen (Fig. 3). The most
obvious modifications concerned the synthesis of isobutanol and
its derived ester, isobutyl acetate, which were increased 10-fold
and 3.5-fold, respectively, after the addition of valine. The isobutyl
acetate increase lagged 4 h behind that of isobutanol, suggesting a
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FIG 2 Effect of nitrogen addition during the stationary phase of FSCF on metabolite concentrations. A, ammonium pulse in the third stage of FSCF; ¢, valine
pulse in the third stage of FSCF; dashed line, concentration in the tank without nitrogen addition; the solid line (succinate) reports the evolution of metabolite
concentration due only to washout of the tank (production rate = 0). Glucose, ethanol, glycerol, succinate, pyruvate, and acetate concentrations are expressed

in g/liter. One representative experiment of three biological replicates is shown.

direct relationship between the formation of this acetate ester and
the availability of its precursor (isobutanol). Ammonium addition
was followed by slight decreases of the synthesis of isobutanol and
isoamyl alcohol. Isoamyl alcohol production decreased after va-
line addition, probably due to the utilization of a-ketoisocaproate
for the synthesis of leucine. Nevertheless, the synthetic activity
continued to be expressed, as the concentration of isoamyl alcohol
remained higher than what is predicted from washout.

Changes in the formation of propanol were independent of the
added nitrogen source: in both cases, the propanol content in-
creased 2-fold until the exhaustion of the nitrogen source and then
slowly decreased.

Valine and ammonium pulses had similar effects on ethyl es-
ters. The production rates of short-chain ethyl esters (ethyl acetate
and ethyl hexanoate) increased with both nitrogen sources; ethyl
acetate concentration increased directly after nitrogen addition to
reach a plateau after 2 h, whereas ethyl hexanoate production in-
creased 2 h after the pulse. The production rate of ethyl acetate was
50% higher with valine than with ammonium. Finally, the produc-
tion of ethyl decanoate was reduced but not totally stopped.

The production of hexyl acetate stopped after addition of ni-
trogen, and its concentration followed the pattern expected from
washing out.

April 2013 Volume 79 Number 8

(iv) Global metabolic rerouting associated with nitrogen
pulses. The yield of metabolite production as a function of glucose
consumed was calculated for each nitrogen pulse experiment (Ta-
ble 3). The repartition of the carbon was assessed to provide an
overview of the effects of nitrogen on the carbon flux within the
cells. The carbon flux through glycolysis and tricarboxylic acid
(TCA) was modified by both ammonium and valine addition. In
both cases, the flux through succinate synthesis was almost sup-
pressed and the synthesis of acetate was reduced by 25 to 30%. The
main difference between the two nitrogen sources was release of
pyruvate, which increased by 25% after valine was added but was
not affected by the addition of ammonium.

The main difference between the effects of the two nitrogen
sources on the production of volatile compounds (Table 3) in-
volved isobutanol (which is synthesized from 2-ketoisovalerate
originating from valine or CCM). Isobutanol production in-
creased very substantially (10-fold) following valine but not am-
monium addition. Therefore, the carbon skeleton required for the
synthesis of this fusel alcohol was presumably provided by valine
degradation rather than from glycolysis after the pulse. Neverthe-
less, the carbon balance between isobutanol and valine indicates
that isobutanol produced following valine addition corresponded
to 70% of the carbon consumed from valine.
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FIG 3 Volatile compound concentrations following nitrogen addition during the stationary phase of FSCF. A, ammonium pulse in the third stage of FSCF; ¢,
valine pulse in the third stage of FSCF; dashed line, concentration in the tank without nitrogen addition; the solid line reports the evolution of metabolite
concentration due only to washout of the tank (production rate = 0). Isobutanol, isoamyl alcohol, propanol, ethyl decanoate, ethyl hexanoate, ethyl acetate, hexyl
acetate, and isobutyl acetate concentrations are expressed in mg/liter. One representative experiment of three biological replicates is shown.

Ammonium and valine additions to batch fermentations were
similarly investigated, and metabolite concentrations in control
fermentations were compared to those following nitrogen supple-
mentation (Fig. 4). Except for a 4-fold increase in propanol pro-
duction triggered by nitrogen pulses (valine and ammonium) and
a large increase in isobutanol formation as a result of valine addi-
tion, metabolite production during fermentations with nitrogen
pulses was little different from that in control fermentations. In
particular, nitrogen pulses had no detectable effect on the produc-
tion of succinate, pyruvate, and ethyl esters, unlike observations in
FSCF experiments. This illustrates how batch fermentation is not
a reliable system for studying the response of yeast to singular
perturbations of the environment, because the yeast physiology is
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never in stable equilibrium with the composition of the medium
(17).

DISCUSSION

We used an original device (the four-stage continuous fermentor
[ESCF]) for a comprehensive analysis of the metabolic response of
S. cerevisiae to nitrogen addition at the beginning of stationary
phase of alcoholic fermentation. This system has previously been
demonstrated to be relevant for simulating yeast growth and the
formation of the main fermentation products, including ethanol,
CO,, glycerol, and organic acids, at different stages of industrial
wine fermentation (31). Here, we focused on the third stage of
FSCF, where cells were in a physiological state equivalent to that of
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TABLE 3 Yields of production of metabolites and volatile compounds
according to glucose consumed in the third stage of FSCF*

Yield

Without
Metabolite addition Ammonium Valine
CO, 291 =6 300 =5 300 =6
Ethanol 605 = 11 613 = 12 602 = 12
Glycerol 55+ 2 58 =1 61 +3
Acetate 3.8 £0.6 29 %05 2.7 £ 0.6
Pyruvate 2.0 £ 0.5 2.0*04 2.5+ 0.5
Succinate 75*1 1.5£05 0.2 £0.1
Isobutanol 1.0 £ 0.2 0.4 £0.2 17.6 = 0.9
Isoamyl alcohol 43*02 1.2*+0.1 1.2+0.1
Propanol 0.21 £ 0.05 0.62 = 0.05 0.8 = 0.05
Ethyl acetate 0.09 = 0.01 0.23 = 0.03 0.45 = 0.05
Ethyl decanoate 0.004 = 0.001 0.002 = 0.001 0.002 * 0,001
Ethyl hexanoate 0.001 = 0.001 0.003 = 0.001 0.004 = 0.001

“Yields in the third stage of FSCF, expressed as mCmol product/Cmol glucose (where
Cmol is the number of mol of carbon coming from each metabolite), were compared
between cultures without nitrogen addition and fermentations with ammonium and
valine pulses. Mean values and standard deviations were calculated from 3 independent
pulse experiments. Samples for the control without nitrogen addition were collected
after three residence times at steady state, and those for ammonium or valine pulses
were taken at the time of complete exhaustion of the added nitrogen source. Carbon
balances were 97, 98, and 99% for the culture without nitrogen addition and the
fermentations with ammonium and valine pulses, respectively.
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the first hours of the stationary phase in batch processes. The
production levels of metabolites, in particular, fusel alcohols and
esters—volatile compounds derived, at least in part, from nitro-
gen metabolism—were similar in this third stage of FSCF and
batch cultures at the corresponding stage. These findings confirm
that the FSCF device combines the advantages of continuous cul-
tures, regarding steady state and reproducibility (30), and the abil-
ity to reproduce the physiological state of the stationary phase of
wine fermentation. Consequently, FSCF is a suitable system for
analyzing the time-dependent metabolic response of yeast to en-
vironmental changes, independently of changes resulting from
the transformation of the medium by the fermentation process. It
is therefore useful for elucidating how cells specifically adapt their
metabolism to environmental modifications. This system was
used to characterize the dynamics of the metabolic response to
nitrogen additions during the stationary phase of wine fermenta-
tion. This issue has not been extensively studied. The few previous
works focused exclusively on CCM metabolite formation (32) or
on the production of esters (33) and are not informative about the
kinetics of metabolite synthesis following nitrogen addition inde-
pendently of the changes associated with the standard progression
of batch fermentation. Nitrogen pulse experiments with the FSCF
avoided the interfering effects on metabolic activity associated
with the increase in inhibitory compounds, particularly ethanol,
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FIG 4 Effects of nitrogen addition during the stationary phase of batch fermentation on metabolite concentrations. A, ammonium pulse; &, valine pulse; X,
control batch fermentation, without nitrogen addition. Propanol, isoamyl alcohol, isobutanol, and ethyl acetate concentrations are expressed in mg/liter, and
pyruvate and succinate concentrations are expressed in g/liter after nitrogen addition to batch fermentations. One representative experiment of three biological

replicates is shown.
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inevitable during batch processes. This culture mode also allowed
the accurate observation of concentration variations of limited
magnitude associated with nitrogen pulses, which are difficult to
evidence in the context of the usual large changes in concentration
during batch fermentation.

Nitrogen additions in the third stage of FSCF resulted in a
substantial increase in the fermentation rate while biomass pro-
duction was almost unaffected; this is consistent with previous
observations during batch cultures (2, 11, 20). This recovery of an
efficient fermentative activity has been explained by the increase
of glucose uptake capacity, related to the de novo synthesis of glu-
cose transporters (2, 34, 35, 59). More generally, previous works
reported that one of the main consequences of nitrogen supple-
mentation during wine fermentation was an enhanced de novo
synthesis of proteins, which involves an increase in the anabolism
of amino acids (36, 37). Torrea et al. (15) reported that changes in
the rate of production of CO, following nitrogen addition to char-
donnay in batch fermentation must depend on the nitrogen avail-
ability but not on the nature (ammonium versus mixture of
amino acids and ammonium) of the added source. Conversely,
using precise online monitoring of the CO, production rate, we
observed that the effect of ammonium on fermentation perfor-
mance, during both batch and FSCF cultures, was twice as high as
that of valine, added at the same nitrogen equivalent concentra-
tion. Comparison of the kinetics of valine and ammonium assim-
ilation with the profiles of CO, production indicates that the
greater effect of ammonium on the fermentation rate was related
to an earlier and faster consumption of ammonium than of valine.
In yeasts, ammonium and valine are assimilated via the transport-
ers Meplp, Mep2p, and Mep3p (40) and through the branched
amino acid permeases (Bap2p and Bap3p) (41), respectively. Mep
permeases are under nitrogen catabolic repression (NCR) control,
which mediates the transcriptional repression of target genes by
the four GATA-binding transcription factors in the presence of
preferred nitrogen sources, as glutamine (38, 39, 41). Under ni-
trogen limitation conditions, as in the third stage of FSCF, the
expression of these genes is derepressed. In contrast, BAP2 and
BAP3 genes are under positive Ssylp-mediated regulation, their
expression being specifically induced by exogenous valine and
leucine (41). Consequently, these genes were not expressed in the
third stage of FSCF before nitrogen addition. In view of that, the
lower efficiency of cells in degrading valine than in degrading am-
monium after the pulse may be explained by a delay required for
the induction of Bap permeases, in line with the regulation modes
of the Mep and Bap transporters.

The FSCF cultures revealed a major rerouting of fluxes through
the CCM and the biosynthesis of volatile compounds in response
to valine and ammonium pulses. The most important modifica-
tion was the specific increase in isobutanol and isobutyl acetate
production as a consequence of valine pulses. The Ehrlich path-
way has been described as being the main metabolic route for the
catabolism of this amino acid (42, 43). The first step of this path-
way consists of transamination resulting in the formation of glu-
tamate, which is then used as a nitrogen donor for amino acid
biosynthesis, and of 2-keto-isovalerate, which is the precursor
keto acid of isobutanol. The yield of isobutanol from valine con-
sumed, which was 0.7 Cmol isobutanol/Cmol valine, reflected the
massive conversion of valine through this pathway (46). In line
with a larger de novo synthesis of proteins as a consequence of
nitrogen addition, the remaining valine (30% of assimilated va-
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line) might be directly incorporated into proteins or used as pre-
cursor—via 2-keto-isovalerate—for synthesis of leucine (44),
which is one of the most abundant proteinogenic amino acids
(45). Similarly, the formation of pyruvate was specifically in-
creased as a consequence of valine pulses. This compound is a
central compound, being an intermediate in both glucose catab-
olism and TCA pathways. It also contributes to nitrogen metabo-
lism, as a precursor for the synthesis of alanine and other
branched-chain amino acids (leucine and isoleucine) (15, 47).
The increased excretion of pyruvate after the addition of valine
can be explained by a reduced requirement for pyruvate for the
synthesis of branched-chain amino acids, since keto acid precur-
sor may be provided through valine catabolism.

In addition to this specific response, there was also a common
response to nitrogen pulses (valine or ammonium), which ap-
peared to be driven mainly by the activation of the synthesis of
amino acids as a consequence of the increase in nitrogen availabil-
ity. The NAD consumption during the anabolism of amino acids
largely contributed to the imbalance between the NAD and
NADH pools related to biomass formation (48, 49). The excess of
released NADH was for the most part regenerated by the forma-
tion of glycerol (49). Consistent with this, we found that adding
nitrogen in FSCF resulted in an increase of the production of
glycerol, likely due to the induction of de novo formation of amino
acids. Moreover, the formation of propanol, reported to be di-
rectly associated with assimilation of nitrogen-containing com-
pounds (14, 51; J. R. Mouret, personal communication), was con-
siderably increased in the third stage of FSCF as a consequence of
valine or ammonium pulses. Propanol is a product of the degra-
dation of threonine by transamination followed by the spontane-
ous decarboxylation of the resulting 2-oxobutanoate and further
reduction of propanol (50, 52). An excess of threonine synthesis
under nitrogen supplementation may be responsible for the in-
crease in propanol production.

Another important metabolic change associated with valine
pulses was a massive decrease in the production of succinate,
which was almost abolished during the nitrogen consumption
phase, and in the formation of fusel alcohols, except isobutanol.
Interestingly, the excretion of these metabolites resumed imme-
diately after nitrogen exhaustion. This may be the consequence of
a preferential use of a-keto acids derived from CCM for the for-
mation of amino acids to fulfill requirements for protein synthesis
(32) at the expense of the production of succinate and higher
alcohols, including isoamyl alcohol and isobutanol. Consistent
with this notion, the expression of LEU1, LEU2, BAT1, and BAT2,
all genes involved in amino acid biosynthesis, was activated when
ammonium was added to nitrogen-depleted medium (60). A de-
crease in succinate formation consecutive to nitrogen addition has
been observed during wine batch fermentations (10, 15) but to a
much lesser extent than in FSCF. Conversely, recent work re-
ported a higher synthesis of isoamyl alcohol and 2-phenyl-ethanol
when a mixture of amino acids was added during batch fermen-
tation (15). This may be due to the increase of the intracellular
availability of keto acids derived from the leucine and phenylala-
nine (present in the added amino acid mixture) assimilated and
precursors of isoamyl alcohol and 2-phenyl-ethanol. During the
growth phase of wine fermentation, succinate is mostly produced
through the TCA cycle reductive branch (53). That succinate pro-
duction decreases during the stationary phase, resulting in a redi-
rection of the carbon flux toward glutamate formation, is in agree-
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ment with the synthesis of succinate via the TCA oxidative branch.
This suggests that succinate may be produced by different meta-
bolic routes, depending on the stage of fermentation.

It has been reported that acetate ester is mostly synthesized by
one of two alcohol acetyltransferases, ATFI and ATF2 (54, 55),
depending on the environmental conditions. ATFI expression is
controlled by ethanol and heat stress and addition of glucose and
nitrogen compounds (55). Changes in the formation of acetate
esters following ammonium or valine pulses differed according to
the ester and were more likely to be consequences of differing
availabilities of precursors than of modulation in the activity of
enzymes. Likewise, the ethyl acetate production rate increased
rapidly after nitrogen addition, probably due to the increase in
acetate and ethanol synthesis; the intracellular precursor concen-
tration has been found to be the main limiting factor of ethyl ester
production (56). Surprisingly, we found that the production of
ethyl decanoate decreased, in contrast to that of other ethyl esters
(acetate and hexanoate). This may be due to intracellular accumu-
lation of short-chain ethyl esters, possibly as unsaturated fatty acid
(UFA) analogues for membrane synthesis, as suggested by Saerens
et al. (57) and Mason and Dufour (58).

This study, using an original experimental setup, provides new
insights into the metabolic response of yeast cells to nitrogen
pulses during the stationary phase of wine fermentation. In par-
ticular, we evidence the key role of the resynthesis of amino acids
in the metabolic rerouting, independently of the added nitrogen
source. In addition to this common response, specific modifica-
tions were induced depending on the nature of the nitrogen
source added. These findings underline the complexity of modu-
lating the production of volatile compounds, which is currently a
major issue for winemakers. Our work clearly indicates that strat-
egies to favor the formation of volatile compounds by nitrogen
addition can be rationally developed only by integrating, at least,
the definition of a target aroma compound, an understanding of
the composition of grape juice, the nature of the nitrogen source
added, and the time of supplementation.
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