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ABSTRACT During fermentative growth in natural and industrial environments, Sac-
charomyces cerevisiae must redistribute the available nitrogen from multiple exoge-
nous sources to amino acids in order to suitably fulfill anabolic requirements. To
exhaustively explore the management of this complex resource, we developed
an advanced strategy based on the reconciliation of data from a set of stable
isotope tracer experiments with labeled nitrogen sources. Thus, quantifying the
partitioning of the N compounds through the metabolism network during fermenta-
tion, we demonstrated that, contrary to the generally accepted view, only a limited
fraction of most of the consumed amino acids is directly incorporated into proteins.
Moreover, substantial catabolism of these molecules allows for efficient redistribu-
tion of nitrogen, supporting the operative de novo synthesis of proteinogenic amino
acids. In contrast, catabolism of consumed amino acids plays a minor role in the for-
mation of volatile compounds. Another important feature is that the �-keto acid
precursors required for the de novo syntheses originate mainly from the catabolism
of sugars, with a limited contribution from the anabolism of consumed amino acids.
This work provides a comprehensive view of the intracellular fate of consumed
nitrogen sources and the metabolic origin of proteinogenic amino acids, highlight-
ing a strategy of distribution of metabolic fluxes implemented by yeast as a means
of adapting to environments with changing and scarce nitrogen resources.

IMPORTANCE A current challenge for the wine industry, in view of the extensive
competition in the worldwide market, is to meet consumer expectations regarding
the sensory profile of the product while ensuring an efficient fermentation process.
Understanding the intracellular fate of the nitrogen sources available in grape juice
is essential to the achievement of these objectives, since nitrogen utilization affects
both the fermentative activity of yeasts and the formation of flavor compounds.
However, little is known about how the metabolism operates when nitrogen is pro-
vided as a composite mixture, as in grape must. Here we quantitatively describe the
distribution through the yeast metabolic network of the N moieties and C back-
bones of these nitrogen sources. Knowledge about the management of a complex
resource, which is devoted to improvement of the use of the scarce N nutrient for
growth, will be useful for better control of the fermentation process and the sensory
quality of wines.

KEYWORDS complex nitrogen resource, metabolic network, metabolism, nitrogen,
quantitative analysis, regulation, yeasts

The management of nutrients provided by the external environment, mainly carbon
and nitrogen, and their redistribution inside the cells for the formation of biosyn-

thetic precursors through the metabolic network are essential for all living organisms.
The topology of the metabolic network of the yeast Saccharomyces cerevisiae is one of
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the best known, and it has been described at the genomic scale (1–3). This knowledge
has led to the development of yeast metabolic models, which aim at a comprehensive
overview of cellular functioning (4). Accordingly, metabolic flux analysis (MFA) ap-
proaches have been implemented to quantify the activities of the different pathways in
a defined metabolic network. This methodology relies on model-based interpretation
of measurable data, including metabolite uptake and production rates and quantitative
intracellular information obtained from isotope tracer experiments (5–8). An MFA
approach based on a 13C isotopic tracer from carbon substrates was extensively and
successfully applied to gain insight into the in vivo management of the pathways of
central carbon metabolism (CCM) in S. cerevisiae (5, 9–13). In contrast, many experi-
mental constraints prevented the implementation of MFA approaches focused on
nitrogen metabolism, and the flux distribution through this network remains virtually
unexplored. First, the multiplicity of compounds that often compose the nitrogen
resource in the environment may have hindered investigations. For example, during
industrial fermentations, such as fermentations of wine or beer, nitrogen is provided as
a composite mixture of 18 amino acids and ammonium, while in general, the carbon
source consists only of glucose/fructose or maltose, respectively (14). Then, in accor-
dance with this diversity, the network structure of nitrogen metabolism is very complex,
involving a large number of highly interconnected intermediates and reactions that
contribute both to the catabolism of exogenous sources and to anabolism, for the de
novo synthesis of amino acids. As a consequence, a large amount of quantitative data,
unavailable until now, is required for a complete understanding of the operation of the
nitrogen metabolism network.

Schematically, the central core of nitrogen metabolism comprises �-ketoglutarate
derived from the CCM as well as glutamate and glutamine, together with the enzymatic
system composed of glutamate dehydrogenase, glutamine synthetase, and glutamate
synthase, which catalyzes their interconversion (15, 16). Combined with transaminases and
deaminases, this system permits the gathering of amine groups from ammonium or other
amino acids, releasing �-keto acid intermediates (17, 18). Amine groups are redistributed to
carbon precursors for de novo amino acid synthesis, providing the building blocks for
protein synthesis. The �-keto acids cluster in two groups. First, pyruvate, oxaloacetate, and
�-ketoglutarate are redirected toward the CCM, underlying the strong interaction of
nitrogen metabolism with carbon, energetic, and redox metabolisms (19–23). Other com-
pounds, including �-ketoisocaproate (KIC), �-ketoisovalerate (KIV), �-ketobutyrate (KIB),
�-ketomethylvalerate, 3-indolepyruvate, and phenylpyruvate, are subsequently assim-
ilated through the Ehrlich pathway. This group is responsible for the formation of
higher alcohols, often referred to as fusel alcohols, which can combine with acetyl
coenzyme A (acetyl-CoA) to form acetate esters (24). These molecules are of great
interest to the fermented beverage and food industries as essential contributors to the
sensory profiles of products. Both the biomass production and the profiles of fermen-
tation compounds are affected by the operation of nitrogen metabolism (active
metabolic routes, extent, efficiency, etc.). Despite extensive knowledge of the reactions,
enzymes, and genes involved in nitrogen and aroma metabolism in S. cerevisiae, no
quantitative information is available on the management of a complex mixture of
nitrogen sources by this yeast.

The aim of this study was to comprehensively explore the redistribution—particu-
larly for biomass production and the formation of volatile compounds— of the available
nitrogen present as a mixture of compounds during fermentation. We developed a
dedicated approach that utilizes the labeling information obtained during fermenta-
tions carried out in the presence of selected labeled nitrogen sources. Analysis of the
complete data set allowed us first to quantify, throughout the fermentation dynamics,
the redistribution of nitrogen from the more abundant sources toward the other amino
acids and, more generally, to elucidate the fate of nitrogen sources after entry into the
cells. These compounds, according to their nature and availability, can be directly used
for protein synthesis, stored within the cells, or further catabolized to provide nitrogen
for the de novo synthesis of amino acids (Fig. 1A). The second question addressed
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FIG 1 Quantitative analysis of the metabolism of a complex nitrogen resource. (A) Comprehensive
outline of the management of a complex nitrogen resource by S. cerevisiae. After entering the cells, the
19 nitrogen sources can be either (i) directly used for the biosynthesis of macromolecules as building
blocks, (ii) stored in vacuoles, or (iii) catabolized to provide nitrogen for the de novo synthesis of other
amino acids, releasing carbon backbones as �-keto acids to be further converted into volatile com-
pounds or redirected toward the CCM. Diverse origins can be assigned to proteinogenic amino acids,
including direct incorporation of consumed amino acids and de novo synthesis. (B) Schematic overview
of the design of the isotopic tracer experiment and the data analysis workflow. A set of fermentations
was carried out in a synthetic medium containing a complex mixture of nitrogen sources with only one
(a different one for each fermentation) in 13C- or 15N-labeled form. The production of biomass and its
composition in labeled and unlabeled proteinogenic amino acids, the residual concentration of amino
acids in the supernatant, and the production and isotopic enrichment of volatile compounds were
measured at 4 sampling times. Mass and isotopic balances for each consumed labeled amino acid were
calculated from these data and were further analyzed in an integrated way so as to assess the
quantitative contributions of the different metabolic pathways involved in both the catabolism of
nitrogen sources and the formation of volatile molecules. LC, liquid chromatography.
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through this study is the identification of the metabolic origins of the proteinogenic
amino acids and of the main higher alcohols produced during fermentation. Proteino-
genic amino acids can originate from the direct incorporation of consumed com-
pounds; however, they can also be synthesized using nitrogen from ammonium or
other amino acids and carbon backbones, derived from the CCM or interconversion
between �-keto acids (Fig. 1A).

RESULTS
Experimental design for 13C and 15N isotopic labeling. To assess the multiple

origins of proteinogenic amino acids and volatile compounds, we implemented an
approach based on the combination of stable isotope tracer experiments with a
selected panel of 13C- and 15N-labeled amino acids (Fig. 1B). This method relied on the
achievement of parallel fermentations on the same medium, which includes the
nitrogen source as a chemically defined mixture of ammonium and amino acids that
mimics the nitrogen composition of grape juice without oligopeptides (25).

For each fermentation, a single nitrogen compound was supplied as a 13C- or
15N-labeled molecule, while the other nitrogen compounds remained unlabeled. We
focused specifically on ammonium, glutamine, and arginine, the three major nitrogen
sources in the medium, as well as on amino acids derived from major intermediates of
the Ehrlich pathway (leucine, isoleucine, threonine, valine). The whole set of proteino-
genic amino acids was quantified (see Data Sets S2 and S3 in the supplemental
material), and their isotopic enrichment was measured by quantitative mass spectrom-
etry (26) (see Data Sets S5 and S6 in the supplemental material). Furthermore, for the
13C experiments, the formation of the most abundant volatile compounds and the
incorporation of the label into these molecules were also determined (see Data Sets S4
and S6). Together with balances from the consumption of nitrogen sources (see Data
Set S1), the data on the transfer of the 15N isotopic tracer from ammonium, glutamine,
and arginine to the amino acids in biomass provided information on the extent of
nitrogen redistribution from consumed nitrogen sources to proteinogenic amino acids
and on the contribution of de novo synthesis to the fulfillment of anabolic require-
ments. In the same way, analysis of 13C enrichment patterns permitted the assessment
of the fraction of exogenous amino acids that was directly incorporated into proteins
and provided quantitative information on the further catabolism of these molecules
toward the formation of volatile compounds via their �-keto acid intermediates (Fig.
1A).

High reproducibility between fermentations was found for the growth characteris-
tics, nitrogen consumption patterns, and profiles of proteinogenic amino acids in-
cluded in biomass (see Fig. S1 in the supplemental material). This demonstrated the
relevance of this approach, which combined all the data generated during the set of
independent fermentations to provide a quantitative and comprehensive analysis of
the use of multiple nitrogen sources for the biosynthesis of proteinogenic amino acids.

When provided as a mixture of amino acids and ammonium, nitrogen sources are
sequentially assimilated by S. cerevisiae (27, 28). As a consequence, the nature of the
nitrogen resource available for cellular anabolism evolves continuously throughout
the growth phase of alcoholic fermentation. This led us to investigate the fates of the
different assimilated nitrogen sources at various stages of culture: partial (one-half or
three-fourths) or complete consumption of the resource nitrogen (N½, N¾, or NT,
respectively) and the end of fermentation (EF), corresponding to 16, 20, 40, and 110 h
of fermentation, respectively.

Contributions of glutamine, ammonium, and arginine to de novo synthesis of
amino acids. During fermentations in synthetic medium (SM), most of the yeast
assimilable nitrogen (YAN) was provided as ammonium, arginine, and glutamine; both
amino acids were supplied in surplus in the medium relative to the anabolic require-
ments (Fig. 2A). However, these three major nitrogen sources were consumed at
different rates by S. cerevisiae strain EC1118 and were sequentially exhausted in the
medium (27), resulting in changes in the nature of the nitrogen compounds that could
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be used for biosynthesis over the growth phase (Fig. 2B; also Data Set S1). Until half of
the YAN is consumed, the nitrogen sources that might be available for anabolism
consist mainly of ammonium (40%), with a low contribution of arginine (11%). In
contrast, during the last stages of growth (from N¾ to NT), arginine accounted for 37%
of the nitrogen resource imported into the cells, while the portion provided by
ammonium decreased considerably (4%).

We first aimed to determine the origin of nitrogen for de novo amino acid synthesis
and its dynamics throughout the fermentation. The redistribution of nitrogen from the
major nitrogen sources to all of the proteinogenic amino acids (except for tryptophan,
methionine, cysteine, and tyrosine, which were not detected by the gas chromatogra-

FIG 2 Redistribution of nitrogen from the three major nitrogen sources to proteinogenic amino acids during fermentation. Fermentations
in which the total of arginine, glutamine, or ammonium was provided in 15N-labeled form were carried out, and the isotopic enrichment
of each proteinogenic amino acid was measured. (A) Molar ratios of consumed to proteinogenic amino acids at different stages of
fermentation. A value higher than 100% indicates that the amino acid is provided in the medium in excess of the requirements for protein
synthesis. (B) Nitrogen amounts relating to the consumption of arginine, glutamine, ammonium, and other amino acids (gray). The bar
on the left (T0) shows the initial amounts of the three major nitrogen sources supplied in the medium. N½, partial (one-half) nitrogen
consumption; N¾, partial (three-fourths) nitrogen consumption; NT, complete nitrogen consumption; EF, end of fermentation. (C) Portion
of nitrogen provided by arginine, glutamine, and ammonium recovered in proteinogenic amino acids (Ala, Gly, Val, Asp, Phe, Leu, Ile, Thr,
Ser, Pro, Lys, His, Glu, and Arg). Nitrogen consumption (B) or incorporation (C) between the previous stage and the current stage is
represented by dark colors, while the amount already consumed (B) or incorporated (C) at the previous stage is represented by light colors.
(D) Contributions of nitrogen provided by consumed arginine, glutamine, and ammonium to the de novo synthesis of proteinogenic
amino acids. The size of spheres is proportional to the isotopic enrichment of proteinogenic amino acids. The data were calculated using
the averages of measured values from 2 or 8 independent biological experiments.
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phy [GC]-mass spectrometry [MS] method used) was investigated during cultivations in
the presence of 15N-labeled NH4

�, glutamine, or arginine. Analysis of the 15N enrich-
ment of proteinogenic amino acids revealed that a substantial portion of the amino
acids recovered in biomass were synthesized de novo using nitrogen provided mainly
by ammonium, arginine, and glutamine, in accordance with their sequential assimila-
tion (Fig. 2C; see also Table S2 in the supplemental material). In particular, the
incorporation of nitrogen from arginine was strongly limited during the first stages of
culture (N½, N¾) but accounted for as much as 13% of the total nitrogen contained in
other amino acids at the end of growth (NT, EF). The fraction of nitrogen provided by
ammonium varied in the opposite way (Fig. 2C; also Table S2).

Interestingly, most of the proteinogenic amino acids displayed similar patterns of
incorporation of nitrogen from labeled sources (Fig. 2D). This is in agreement with the
formation of an intracellular pool of nitrogen from multiple origins, likely through
glutamate, with this common intermediate being further redistributed toward proteins.
Combining data from 15N and 13C labeling experiments, we determined that the
contribution of the three most abundant nitrogen sources (ammonium, arginine, and
glutamine) to this pool was on the order of 80% (see Table S4 in the supplemental
material).

Amino acid-specific patterns of incorporation of nitrogen from glutamine,
ammonium, and arginine. However, different profiles were identified in the case of
amino acids exhibiting specific metabolic features (Fig. 2D). First, early in growth, the
isotopic enrichment of glutamate and, to a lesser extent, aspartate from both 15N-
labeled ammonium and 15N-labeled glutamine was higher than that of other proteino-
genic amino acids. This is in accordance with efficient and intensive nitrogen transfer
from these N sources to precursors derived from the tricarboxylic acid (TCA) pathway,
�-ketoglutarate and oxaloacetate, through glutamate synthase, glutamate dehydroge-
nase, and aspartate aminotransferase activities.

In contrast, the labeling of lysine and histidine, amino acids that are unable to
support the growth of S. cerevisiae (29), was lower than that of other amino acids during
culture in the presence of [15N]ammonium, [15N]glutamine, or [15N]arginine (Fig. 2C;
see also Fig. S2 in the supplemental material). In particular, at the end of the growth
stage (NT), only 39% of proteinogenic histidine incorporated nitrogen from ammonium,
glutamine, or arginine, a finding consistent with total de novo synthesis of this com-
pound of �49%. This value, compared with the amount of histidine consumed (Fig. S2),
suggested that most of the histidine consumed was recovered in proteins. Such an
important contribution of direct incorporation of consumed lysine and histidine into
biomass may be related, first, to the inability of S. cerevisiae to catabolize these amino
acids, in contrast to other yeast species (29, 30). In addition, the synthesis of these
compounds involves multiple-step pathways requiring energy, reducing power, and
biological precursors, promoting the direct use of consumed histidine and lysine for
protein synthesis.

Finally, proteinogenic proline exhibited its own distinctive pattern of nitrogen
incorporation. During the earlier stages (N½) of fermentation, a larger fraction of
nitrogen in proteinogenic proline than in other amino acids is derived from arginine
(Table S2; Fig. 2D). This reflects the specificities of the metabolic network of proline,
which cannot be further catabolized by yeast under anaerobiosis (31) (Fig. 3A): proline
is synthesized directly from intracellular glutamate (32), and equimolar production of
proline results from the catabolism of arginine (17). We also found a pronounced
decrease in the labeling of proline throughout fermentations in the presence of
[15N]ammonium or [15N]glutamine (Fig. 2D), which was not found for the other
proteinogenic amino acids. Overall, these labeling patterns suggested that the increase
in arginine catabolism during the last stage of growth limited specifically the formation
of proline from glutamate. At the end of fermentation, �35% of the proline in proteins
was synthesized using nitrogen from the three major sources, indicating an important
contribution of proline taken from the culture medium to protein biosynthesis, even if
no significant changes were observed in residual proline concentrations throughout
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the fermentation. This may be explained by the production of this amino acid through
arginine catabolism, occurring together with its consumption.

Fate of arginine throughout fermentation. Taking into account these observa-
tions and the key role of arginine in the management of a complex N resource during
fermentation (33), we further focused on the fate of the nitrogen provided by arginine
(Fig. 3; Table S2). We first found that the 15N isotopic enrichment of arginine in biomass
was �97% for all stages of fermentation carried out in the presence of [15N]arginine.
This observation showed that most of the proteinogenic arginine originated from direct
incorporation of the exogenous compound, with a very limited contribution of de novo
synthesis. This is consistent with the feedback inhibition by arginine of the first steps
in its biosynthesis (34). Furthermore, the amount of arginine consumed greatly ex-
ceeded the amount directly incorporated into proteins at all of the fermentation stages
(Fig. 2A). Accordingly, substantial redistribution of nitrogen from arginine to other
amino acids was expected all along the growth phase. This was actually the case at
the end of the growth phase (NT), as shown by the repartition of consumed arginine
between direct incorporation into proteins (38%) and catabolism (62%) (Fig. 3B). In
contrast, at the beginning of culture (N½), incorporation of the label into other amino
acids was very limited, with 15N from arginine accounting for �4% of the total nitrogen
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FIG 3 Focus on the fate of arginine during fermentation. (A) Schematic representation of the connections
between the metabolic pathways involved in proline biosynthesis and those involved in arginine and
glutamate degradation. (B) Isotopic labeling from 15N-labeled arginine during fermentation. Consumed
arginine (orange) was mainly incorporated directly into proteins (medium orange) and was used to
provide nitrogen for the de novo synthesis of other amino acids (brown) (calculated from the biomass
content in proteinogenic amino acids and their isotopic enrichments). The labeled fraction of proteino-
genic arginine (light blue) represents the consumed arginine directly incorporated into proteins, while
the unlabeled fraction (dark blue) corresponds to de novo-synthesized arginine. The raw data and details
of the calculations are provided in the supplemental material. N½, partial (one-half) nitrogen consump-
tion; N¾, partial (three-fourths) nitrogen consumption; NT, complete nitrogen consumption; EF, end of
fermentation.
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in these compounds (Fig. 2C and D and 3B). As a consequence, at this stage of
fermentation, recovery into proteinogenic arginine and other amino acids accounted
for only 56% and 12% of nitrogen from exogenous arginine, respectively. The remain-
ing 32% likely corresponded to the arginine stored intracellularly in the vacuole. In
agreement with that notion, we recently reported that a substantial fraction of arginine,
once transported into the cell, had accumulated inside the vacuole before being
metabolized during the last stages of the growth phase (33). When arginine started to
be substantially consumed (N¾), the isotopic enrichment of glutamate, an intermediate
of the arginine assimilation pathway (17, 35), increased over that at the first stage of
growth, while the level of labeling in other amino acids remained very low (Fig. 2D); at
the end of the growth phase (NT), nitrogen from arginine was equally redistributed
between proteinogenic amino acids. Thus, this specific transient increase in glutamate
labeling is consistent with a more efficient use of arginine as an N donor during the last
stages of growth (from N¾) that involves glutamate as a mediator for the transfer.

Origin of the carbon backbone of proteinogenic aliphatic amino acids. We next

investigated the provenance of the carbon skeleton of amino acids in proteins by
analyzing 13C isotopic labeling data. We focused on four aliphatic amino acids, selected
on the basis of differences in their order of assimilation from a complex nitrogen
resource (27), as well as in the intermediates synthesized from the CCM and used as
carbon precursors for their synthesis: threonine and isoleucine originate from oxaloac-
etate, and leucine and valine originate from pyruvate. Except for threonine, the level of
consumption of the exogenous amino acids was as much as 5 times higher than their
content in biomass (Fig. 2A). This substantial imbalance, observed early in the growth
phase, suggested that an important fraction of proteinogenic amino acids is synthe-
sized de novo. In accordance with this observation, the labeled fraction of aliphatic
amino acids in proteins, which corresponds to the part that originates directly from the
exogenous compound, did not exceed 50% throughout the fermentation (Fig. 4; see
also Table S3 in the supplemental material). As a result, at the end of the growth, the
direct incorporation of any consumed amino acid into proteins accounted for �20% of
the total proteinogenic compound.

Over the growth phase, the fractions of labeled threonine and leucine—amino acids
assimilated early by yeasts (27, 28)—in proteins decreased from 46 and 50% to 20 and
19%, respectively (Fig. 5D and 6A; also Table S3). Interestingly, the label incorporated
into proteinogenic valine from the late consumption of valine was less important, and
the proportion decreased from 23 to 15% throughout growth (Fig. 5A). Isoleucine
exhibited both an intermediate profile of consumption and an intermediate range of
variation of its labeling in proteins (from 34 to 19%) (Fig. 6D). These observations
highlight the important involvement of de novo synthesis using the carbon skeleton
from the CCM in fulfilling the amino acid requirements for growth; the level of de novo
synthesis increases with the depletion of those amino acids in the medium. Moreover,
delayed consumption of a nitrogen source likely results in a decrease in the contribu-
tion of its direct incorporation into the proteinogenic pool.

Fates of aliphatic amino acids consumed during the growth phase. We also

attempted to accurately assess the fates of the consumed aliphatic amino acids during
the growth phase. We measured the 13C isotopic enrichment of both proteinogenic
amino acids and higher alcohols (volatile compounds) that may be synthesized from
labeled branched amino acids through the Ehrlich pathway, namely, isobutanol, iso-
amyl alcohol, and propanol (24) (Fig. 5B and E and 6B and E; also Table S3). Amyl
alcohol, derived from isoleucine degradation, was reasonably removed from the anal-
ysis due to insufficient formation (�1 �M [not shown]). This information allowed us to
assess the quantitative distribution of the consumed aliphatic amino acids across the
metabolic network involved in valine and leucine biosynthesis and degradation, on the
one hand, and in threonine catabolism pathways, on the other (Fig. 5C and F and 6C
and F).
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The considerable imbalance between the availability of these compounds in the
medium and their content in biomass (Fig. 2A) was expected to result in massive
incorporation of consumed amino acids into proteins during fermentation. However,
analysis of the 13C labeling pattern of proteinogenic aliphatic amino acids (Fig. 4)
revealed substantial differences in the fraction of exogenous N compound directly
incorporated into the proteins depending on the nature of the amino acid, and,
accordingly, contrasting mechanisms of management of amino acids once they are
imported into the cells were highlighted.

In the presence of [13C]leucine, the amount of labeled leucine in biomass was close
to that taken from the medium by yeasts, while no isotopic enrichment was found in
the other proteinogenic amino acids. Therefore, between 77% and 86% of assimilated
leucine was directed toward protein synthesis. Accordingly, the contribution of further
catabolism to the fate of consumed leucine was low and was limited to the formation
of isoamyl alcohol (Fig. 5F).

In contrast, the portions of exogenous isoleucine, valine, and threonine directly
recovered in proteins accounted for only 51, 41, and 38% of their consumption at the
end of the growth phase, respectively, (Fig. 5C and F and 6F). Although the anabolic
requirements for these amino acids were at least twice as high as the amount available
in the medium, their direct incorporation into biomass once they entered the cells was
restricted. This suggests that a portion of these consumed aliphatic amino acids was
catabolized.

In agreement with this assumption, during cultures in the presence of labeled valine,
we further measured 13C isotopic enrichment on leucine as well as on two higher
alcohols: isobutanol and isoamyl alcohol (Fig. 5E). This was consistent with the forma-
tion of proteinogenic leucine from the carbon backbone of consumed valine, which
likely involved the unidirectional conversion of �-ketoisovalerate (KIV) from valine
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transamination into �-ketoisocaproate (KIC) (36). In addition, the substantial fractions of
KIV and KIC derived from labeled valine, accounting for 15% and 23% of the consumed
valine at the end of the growth phase (NT), respectively, were reduced in higher
alcohols. Overall, this quantitative analysis of the fate of consumed valine showed that
its intracellular flux is allocated between direct incorporation into proteins (45%) and
catabolism (55%).

In the same way, a substantial portion of the labeling provided by [13C]threonine
(35% at the end of the growth phase) was detected in propanol and in proteinogenic
isoleucine, demonstrating the important contribution of catabolism to the fate of con-
sumed threonine via its �-keto acid derived through the Ehrlich pathway, �-ketobutyrate
(KIB). Moreover, a lesser portion of consumed threonine (7%) was further converted into
proteinogenic glycine, likely due to a threonine aldolase, Gly1p (37). It has been
reported that during S. cerevisiae growth on glucose, the metabolic pathway involving
phosphoglycerate dehydrogenases, encoded by SER3 and SER33, is responsible for the
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formation of most of the proteinogenic glycine (38). Our data clearly support the notion
that the threonine pathway contributes substantially to fulfilling the anabolic require-
ments for glycine. Overall, 20% of the consumed threonine was not recovered in related
proteinogenic amino acids or propanol. This may be explained by the conversion of this
amino acid into other metabolites, each of them produced in amounts insufficient for
detection by the analytical methods we used. These include propanoic acid, synthe-
sized by the oxidation of KIB (24), as well as propyl acetate and ethyl propionate,
formed by condensing acetyl-CoA with propanol and propionic acid with ethanol,
respectively. Another option is the reduction of threonine into �-amino-�-
ketobutyrate, since a low threonine dehydrogenase activity has been reported in S.
cerevisiae (39). Finally, a portion of the glycine and isoleucine from labeled threo-
nine was likely further converted, primarily into glutathione and amyl alcohol and
its derivatives, respectively.

The catabolism of a portion of intracellular isoleucine to amyl alcohol and related
compounds through the Ehrlich pathway (40) may also explain the imbalance between
the amounts of consumed labeled isoleucine and the portion of labeled proteinogenic
isoleucine in our experiments (Fig. 6F).

Metabolic origin of fusel alcohols. During S. cerevisiae fermentative metabolism,
volatile compounds of three related chemical classes are derived from the catabolism
of �-keto acids: fusel organic acids, fusel alcohols, and their acetate-ester derivatives
(24). All of these are involved in the sensory quality of fermented products. We asked,
finally, what was the metabolic origin of the volatile compounds derived from three
�-keto acids (KIB, KIC, and KIV), because these intermediates either are newly synthe-
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sized through the CCM or come from the transamination of consumed amino acids.
This issue was addressed by quantitatively analyzing the incorporation of label into
higher alcohols, the most abundant volatile compounds derived from �-keto acids.

During experiments with labeled threonine, the isotopic enrichment detected in
propanol, which was the same as that measured in proteinogenic threonine (Fig. 6),
decreased throughout the growth phase but remained constant during the stationary
phase. This observation implies that propanol originates entirely from the catabolism of
intracellular threonine, consisting of 19% consumed threonine (labeled fraction) and
81% newly synthesized threonine at the end of the growth phase. Moreover, the
synthesis of propanol depended on the availability of threonine inside the cells, which
explains why propanol is produced exclusively during growth, before nitrogen deple-
tion in the medium (41).

Volatile compounds synthesized from KIV and KIC exhibited metabolic origins
different from those of KIB derivatives. Thus, during fermentations carried out using
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[13C]valine or [13C]leucine within the complex nitrogen source (Fig. 5), we measured
low levels of incorporation of label into isobutanol and isoamyl alcohol, corresponding
to the fraction coming from exogenous amino acids once they entered the cells. This
demonstrates the very limited contribution of the catabolism of valine and leucine
consumed by yeasts to the formation of these higher alcohols. In contrast to that of
propanol, the isotopic enrichment of both isobutanol and isoamyl alcohol substantially
decreased after growth stopped, between the end of the growth and the end of
fermentation, supporting the key role of the CCM in the formation of these compounds,
which was the only way to achieve their synthesis during the stationary phase. This
metabolic pattern was consistent with the dynamics of production of isoamyl alcohol
and isobutanol, which occurs throughout the fermentation process (41).

DISCUSSION

In natural and industrial environments, the available nitrogen resource supporting
microbial growth often consists of a mixture of amino acids and ammonium at variable
concentrations (42). These conditions differ greatly from those commonly used for
physiological studies, which are carried out using a unique source of nitrogen. The
nitrogen metabolism of S. cerevisiae, extensively described in the literature (for a review,
see reference 16), involves a large number of branched reactions and intermediates
taking part in both the catabolism of exogenous nitrogen sources and the anabolism
of amino acids through de novo synthesis. The activity through these different inter-
connected routes also results in the excretion of metabolites synthesized from inter-
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mediates of the network. In this study, we explored quantitatively how yeast manages
a complex nitrogen resource to ensure its growth and redistributes exogenous nitrogen
sources to fulfill its anabolic requirements throughout fermentation. Taking into ac-
count the great complexity of the nitrogen metabolic network, we developed a
system-level approach based on the reconciliation of data from a series of isotopic
tracer experiments. Quantification of the cometabolism of various nitrogen sources
using multiply labeled elemental isotopes is currently impossible. Indeed, the analytical
techniques available enable the accurate detection of the labeling pattern of proteino-
genic amino acids by using a single-element isotope and possibly colabeling with two
isotopic elements (43). Consequently, to address these limitations, we chose to repeat
a set of fermentations under the same environmental conditions, but labeling a different
selected nitrogen source each time. To broaden the analytic framework of the fate of
these consumed N molecules, label incorporation was monitored not only on proteino-
genic amino acids, as is usually done, but also on higher alcohols, because these two
chemical classes of compounds share common metabolic precursors: �-keto acids.
Further combination of the specific data provided by each 13C or 15N tracer experiment,
which was made possible by the reproducible behavior of the strains between fermen-
tations, offered a quantitative extended vision of nitrogen metabolism in the presence
of multiple nitrogen sources.

Unexpected catabolism of consumed amino acids within yeast cells. Since the
amounts of amino acids supplied in the medium were substantially lower than the
anabolic demand, except for glutamine and arginine (44), we expected massive direct
incorporation of exogenous amino acids into biomass through the activity of
aminoacyl-tRNA synthases, which catalyze the initial step of protein biogenesis (45).
This mode of operation is generally assumed, particularly in model-based quantitative
analyses of yeast metabolic networks (46–48). In contrast to this assumption, our data
revealed, as a general rule, partial use of most of the exogenous amino acids assimi-
lated by yeast for direct protein synthesis, at a level independent of their availability.
Therefore, substantial catabolism of consumed N sources, which first involves transami-
nations (16, 17, 49), occurred inside the cells and was accompanied by substantial de
novo synthesis of proteinogenic amino acids. Such a dual allocation of the consumed
amino acids was made possible by the similar orders of magnitude of the catalytic
efficiencies of aminoacyl-tRNA synthetases and transaminases (50–53). The question
arises why S. cerevisiae breaks down a large portion of the consumed amino acids and,
thereafter, resynthesizes amino acids to fulfill anabolic requirements. This degradation/
rebuilding cycle is, at first glance, time- and energy-consuming. It is key to point out
that the direct incorporation of consumed amino acids into proteins would require
nutrient-sensing and signaling mechanisms, in particular, to regulate the de novo
synthesis of amino acids according to both the cellular need for each amino acid and
its intracellular concentration. Many protein components are involved in the operation
of regulatory networks; for example, more than 20 proteins, including a large number
of kinases, contribute to the sensing of intracellular glutamate/glutamine and further
regulation through the retrograde response (RTG) and nitrogen catabolite repression
(NCR) signaling pathways (54). Consequently, the implementation of such systems for
the sensing and control of the formation of the 20 proteinogenic amino acids would be
exceedingly costly in terms of protein synthesis and functioning. Another point to be
considered is that S. cerevisiae is frequently found in harsh environments deprived of
nitrogen sources. The ability to quickly take up and catabolize amino acids allows these
yeasts to manage nitrogen scarcity in natural environments as effectively as possible,
efficiently harvesting N sources and storing them in a common pool of nitrogen as
glutamate, which is further redistributed for de novo biosynthesis of amino acids. This
is particularly relevant for high-sugar environments, in which the accumulation of
ethanol leads to inhibition of amino acid uptake (55, 56).

Different fates of exogenous amino acids inside the cells. Intracellularly, different
outcomes occurred for each amino acid. We could connect these outcomes with the
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order of assimilation of the amino acids, their abilities to be further catabolized, and the
cell requirements for protein synthesis. A first illustration of this point is the specific
behavior of exogenous arginine imported into the cells. Our results showed that
arginine in proteins originated exclusively from the uptake of exogenous arginine. The
absence of de novo synthesis of this compound likely resulted from the negative control
exerted by cytoplasmic arginine on the ARG1, ARG3, ARG4, ARG5, ARG6, and ARG8
genes, which are responsible for arginine catabolism via the ArgR/Mcm1 complex (16,
57, 58). Then we showed the transient accumulation in vacuoles, during the first stages
of growth, of a substantial fraction of the remaining consumed exogenous arginine,
which was not immediately catabolized further. This storage, confirming previous
observations (33, 59), is in accordance with the preferential use by S. cerevisiae of
nitrogen compounds that suitably support biomass production, such as glutamine or
ammonium (15, 16, 60), at the expense of poor sources, such as arginine (17, 61). Later
in the fermentation, when the preferred sources became limiting, yeast remobilized the
nonpreferred, stored sources to supply nitrogen for the last steps of growth.

Among the other nitrogen sources characterized, leucine was the only exogenous
compound that was directed entirely toward protein synthesis. Several factors may
contribute to this distinct allocation. First, although leucine can be used as a sole
nitrogen source by yeast, it supports growth less efficiently than other amino acids (58),
most likely because its catabolism results in the formation of �-ketoisocaproate. This
intermediate cannot be metabolized further through the CCM or converted into
another �-keto acid (36) and is assimilated solely through the Ehrlich pathway, resulting
in the formation of isoamyl derivatives (24, 62). In accordance with this, no labeling was
detected in other amino acids when [13C]leucine was provided as the labeled nitrogen
source, but a small fraction of the label was recovered in isoamyl alcohol. Second, since
leucine is one of the most abundant amino acids in biomass, the anabolic demand for
leucine is important (44). Finally, the genes encoding the two specific transporters
of leucine, BAP2 and BAP3, are under SPS control. The SPS amino-acid-sensing pathway
allows the Ssy1p-mediated regulation of specific permeases, activating their transcrip-
tion as soon as an extracellular substrate (leucine in case of Bap2p and Bap3p) is
detected (16, 63, 64). Consequently, leucine was imported into the cells early during the
fermentation process (27), while we observed the redistribution of nitrogen from
exogenous compounds to the de novo synthesis of amino acids mainly during the last
stages of growth.

In contrast to what we observed for leucine, only a fraction of exogenous threonine,
isoleucine, valine, or glutamine consumed by yeast was directly incorporated into
proteins, corresponding to �50% of the amount required for anabolism. Interestingly,
only 20% of the glutamine was directly integrated into biomass after being imported
into the cells, which is consistent with the extensive conversion (80%) of this key
intermediate of the central nitrogen metabolism (CNM) into glutamate and then to
�-ketoglutarate to provide nitrogen that can be redistributed to other amino acids (16).
The released �-ketoglutarate can be easily used in different ways, entering the tricar-
boxylic acid route or being used as a skeleton for the de novo synthesis of some amino
acids. A portion of threonine, isoleucine, and valine was likewise further catabolized
inside the cells, but to a lesser extent, ranging from 50 to 60%. This could be explained
by the fact that the catabolism of these amino acids provided precursors that were used
through a limited number of biosynthetic pathways. Investigators using 14C tracer
experiments have reported previously that the carbon backbone derived from gluta-
mate catabolism was retrieved exclusively in amino acids of the same family: glutamine,
arginine, proline, and lysine (65). This study revealed that the same pattern occurs in
the use of threonine, isoleucine, and valine. The carbon skeletons derived from the
transamination of these compounds were not redistributed toward all of the proteino-
genic amino acids throughout the central metabolism but were found specifically in the
amino acids synthesized through related metabolic pathways: isoleucine and gly-
cine in the case of threonine and leucine in the case of valine. However, the fraction
recovered in derived amino acids does not account for all of the �-keto acids
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originating from the transaminations of aliphatic amino acids. In yeast, �-keto acids
have been reported to be the major precursors for the synthesis through the Ehrlich
pathway of fusel alcohols and their acetate ester derivatives (24). These aromatic
molecules are produced at approximately 10 to 70 mg/liter during alcoholic fer-
mentation (66). We demonstrated here that the residual portion of �-keto acids
from threonine, isoleucine, and valine transamination was further catabolized
through the Ehrlich metabolic route.

Key role of the catabolism of amino acids in the de novo synthesis of proteino-
genic compounds but not in the formation of volatile compounds. On the basis of
15N incorporation patterns of proteinogenic amino acids, we showed that the nitrogen
provided by the three main sources, ammonium, glutamine and arginine, was equally
redistributed to all of the newly synthesized amino acids. Furthermore, the involvement
of these sources in supplying nitrogen for de novo synthesis differed depending on the
fermentation stage. For example, the contribution of arginine to supplying NH3 groups
increased considerably at the end of the growth phase. This was in accordance with the
order of assimilation of the nitrogen sources by yeast during growth in the presence of
multiple nitrogen sources. Indeed, S. cerevisiae sequentially imports amino acids and
ammonium when provided as a mixture (27, 28, 66), as a consequence of both NCR (15)
and SPS (16) control. In particular, NCR inhibits the transcription of genes coding for
permeases and enzymes involved in the catabolism of specific nitrogen sources, such
as arginine (15, 16).

These observations can be explained by the involvement of a unique intermediate
for the management of NH3 groups with a time-dependent origin. The glutamate/
glutamine pair has been reported to play a major role in the CNM, collecting NH3

groups from the available nitrogen sources and then serving as amine donors for the
transamination of �-keto acids (67, 68). Interestingly, during 15N-labeled arginine assimila-
tion, isotopic enrichment occurred earlier in glutamate than in the other proteinogenic
amino acids, supporting the key contribution of this compound as a mediator for nitrogen
redistribution.

Such an efficient device for nitrogen reallocation emphasizes that the main role of
the catabolism of most of the consumed amino acids is to supply nitrogen for the de
novo synthesis of proteinogenic amino acids in accordance with anabolic requirements.
This de novo synthesis, which provided approximately 60 to 80% of the demand for
nearly all amino acids, was achieved with the carbon backbones of precursors (mainly
�-keto acids) in addition to NH3 donors. 13C tracer experiments provided evidence that
the carbon intermediates originated primarily from the catabolism of sugars through
the CCM, while the catabolism of and interconversions between amino acids accounted
for a limited portion of the formation of �-keto acids. In accordance with this distri-
bution, in this study, we demonstrated the low contribution of the carbon skeletons of
consumed amino acids to the production of volatile compounds derived from �-keto
acids. On the basis of these data, modulation of the production of targeted fermenta-
tive aromas, a key issue in the food and beverage industries, cannot be achieved by
modifying the availability of exogenous amino acids. Moreover, quantitative knowledge
of the metabolic origins of �-keto acids may provide new insights regarding the
regulation of the formation of fermentation products. Indeed, the formation of amino
acid precursors from glucose affects not only the carbon balance but also yeast
energetic and redox states through the demand for ATP, NAD, and NADPH cofactors
(19–23). In turn, the redox and energetic status of the cells controls the distribution of
fluxes through the CCM. As a consequence, the formation of fermentation products
may be modulated depending on the extent of the synthesis of amino acid precursors
from glucose.

Overall, the experimental design implemented in this study, based on a combination
of 13C and 15N isotopic tracer experiments, provided a consistent and reliable quanti-
tative data set on the distribution of fluxes through the nitrogen metabolic network.
This approach offers new perspectives for study of the regulatory mechanisms con-
trolling nitrogen metabolism, in accordance with the adaptation of yeasts to their
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environments, and for a better understanding of the mechanisms underlying metabolic
diversity within the species S. cerevisiae. Furthermore, these results provide new
insights regarding the management of multiple nitrogen resources to fulfill anabolic
requirements during the fermentative growth of S. cerevisiae according to both the
carbon and nitrogen central metabolisms. This knowledge will also provide clues for
the design of rational strategies to improve either the kinetics of the fermentation
process or the formation of targeted metabolites that contribute to the sensory quality
of wines.

MATERIALS AND METHODS
Yeast strain, fermentation conditions, and sampling. All of the experiments in this study were

performed with the commercial wine yeast strain Saccharomyces cerevisiae EC1118 (Lalvin EC1118;
Lallemand). Fermentations were carried out in 330-ml reactors equipped with fermentation locks to
maintain anaerobiosis at 28°C with continuous magnetic stirring (150 rpm). The synthetic medium (SM)
used for fermentations, which mimics grape juice (25), is characterized by a low pH (3.5) and a high glucose
content (240 g glucose · liter�1), in contrast to a low availability of nitrogen (180 mg nitrogen · liter�1) as a
complex mixture of inorganic and organic sources without oligopeptide addition (Data Set S1), and the
presence of ergosterol (1.875 mg · liter�1), oleic acid (0.625 mg · liter�1), and Tween 80 (0.05 g · liter�1)
as anaerobic growth factors. A set of fermentations was carried out in SM, each of them containing one
labeled N compound among the mixture of ammonium and amino acids composing the nitrogen
resource. The labeled nitrogen sources include ammonium chloride (15N [99%]), L-glutamine (15N2 [98%]),
L-arginine (U-15N4 [98%]), L-valine (13C5 [97 to 98%]), L-threonine (13C4 [97 to 99%]), L-leucine (13C6 [97 to
99%]), and L-isoleucine (13C6 [97 to 99%]) from Euriso-top (Cambridge Isotope Laboratories). For each
condition, duplicate cultures were carried out under the same conditions using only unlabeled mole-
cules. The progress of fermentation was monitored by the determining the CO2 release while measuring
the weight loss throughout the process (69).

Samples (2 aliquots of 6 ml each) were taken throughout the fermentation process at different stages
(16 h, 20 h, 28 h, and 150 h) corresponding to a partial (one-half or three-fourths) or complete
consumption of nitrogen sources and at the end of fermentation (referred as N½, N¾, NT, and EF,
respectively). Cells were pelleted by centrifugation (at 2,000 � g for 5 min at 4°C) and were washed twice
with distilled water. Supernatants and cell pellets were stored at �80°C for further analysis. In parallel,
10-ml samples of cultures carried out without labeled molecules were taken for dry cell weight
determination.

Quantification of consumed and proteinogenic amino acids. Dry cell weight was determined by
weight difference by filtering 10 ml of the culture through preweighed nitrocellulose filters (pore size,
0.45 �m). The filter was washed twice with 50 ml distilled water and was dried at 105°C for 48 h before
weighing (until no further change in weight was observed).

Residual ammonium ions in the supernatant were assayed spectrophotometrically using an Enzytec
kit (catalog no. 5380; Enzytec) according to the manufacturer’s instructions. Before the quantification of
residual amino acids, molecules with high molecular weights were removed from supernatants by the
addition of 1 volume of a 25% (wt/vol) sulfosalicylic acid solution to 4 volumes of the sample, followed
by 1 h of incubation at 4°C. After centrifugation (4°C, 10 min, 3,000 � g), the sample was filtered through
a 0.22-�m-pore-size nitrocellulose membrane (Millipore). Amino acid concentrations were determined
using a specific amino acid analyzer (Biochrom 30; Biochrom) combining ion-exchange chromatography
and spectrophotometric detection after ninhydrin revelation, as described previously (Data Set EV1 in
reference 27).

The protein fraction of the biomass was quantified using a bicinchoninic acid (BCA) assay kit (BCA1;
Sigma-Aldrich), according to the manufacturer’s instructions, after the extraction of proteins from cellular
pellets (1 to 2 mg) by incubation for 1 h in the presence of dimethyl sulfoxide (DMSO) (50%, vol/vol) at
105°C. In parallel, proteins contained in the cell pellets were precipitated by overnight incubation in the
presence of trichloroacetic acid (10% [vol/vol] in acetone) at �20°C and were hydrolyzed in 6N HCl for
24 h at 105°C to determine the relative concentrations of amino acids within proteins using the Biochrom
system described above. The percentage of each amino acid in proteins was further calculated from
these data, dividing the measured amount of each amino acid (in milligrams per liter) by the total
amount of amino acids measured in the protein extract (sum in milligrams per liter) (Data Set S2). To
assess the concentration of each proteinogenic amino acid in the culture (in milligrams per liter), these
percentages were then multiplied by the concentration of proteins in the culture (in milligrams per liter),
that is, the product of the protein content of biomass and the dry weight (Data Set S3).

Measurement of isotopic enrichment of intracellular amino acids. (i) Biomass hydrolysis. The
isotopic enrichment of proteinogenic amino acids was determined from 1 to 2 mg dried biomass,
prehydrolyzed in 1,200 �l of 6 M HCl for 16 h at 105°C. The sample, after the addition of 800 �l of distilled
water, was centrifuged at 3,000 � g for 5 min to remove cellular debris. The supernatant was distributed
into four 400-�l fractions that were further dried at 105°C until they reached the consistency of syrup (4
to 5 h). These fractions were further used for the derivatization of amino acids using three different
agents.

Ethylchloroformate (ECF) derivatization was modified from a previously published procedure (26).
The dried hydrolysate was dissolved in 200 �l of 20 mM HCl and 133 �l of pyridine-ethanol (1:4). This
mixture was derivatized by adding 50 �l of ECF. The derivatives were extracted into 500 �l of

Distribution of N Sources throughout Metabolic Network Applied and Environmental Microbiology

March 2017 Volume 83 Issue 5 e02617-16 aem.asm.org 17

http://aem.asm.org


dichloromethane. For analysis, the upper organic phase was collected after 4 min of centrifugation at
10,000 rpm and was injected directly into the GC-MS.

(N,N)-Dimethylformamide dimethyl acetal (DMFDMA) derivatization was modified from a previously
published procedure (26). The dried hydrolysate was dissolved in 50 �l of methanol and 200 �l of
acetonitrile. The mixture was derivatized by adding 300 �l of DMFDMA. The extract could be injected
directly into the GC-MS.

N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) derivatization includes the dissolution of the dried
hydrolysate in 200 �l of acetonitrile and the derivatization of the compounds by adding 200 �l of BSTFA.
The mixture was then incubated for 4 h at 135°C. The extract was directly analyzed in the GC-MS.

(ii) GC-MS analysis. Samples were then analyzed with a Hewlett-Packard (Agilent Technologies,
Santa Clara, CA, USA) 6890 gas chromatograph equipped with a CTC Combi PAL autosampler (AOC-5000;
Shimadzu, Columbia, MD, USA) and coupled to an HP 5973 mass spectrometry detector. The instrument
was controlled, and the data were analyzed, using HP G1701DA ChemStation software. The gas
chromatograph was fitted with a DB-17MS column, (length, 30 m; inside diameter, 0.25 mm; film
thickness, 0.15 �m) (Agilent Technologies, Santa Clara, CA, USA).

For ECF derivatives, the oven temperature was initially held at 130°C for 3 min. Thereafter, the
temperature was gradually raised at a gradient of 15°C min�1 up to 260°C. This temperature, 260°C, was
held for 20 min. The carrier gas was He at a flow rate of 1.2 ml · min�1. A total of 2 �l was injected with
a split ratio of 3:1. The temperature of the inlet was 230°C.

For DMFDMA derivatives, the oven temperature was maintained at 60°C for 1 min, and then the
temperature was increased up to 130°C (20°C min�1), followed by a second gradient of 4°C min�1 up to
260°C. This temperature, 260°C, was held for 10 min. The carrier gas was He, and the flow rate through
the column was 1.2 ml · min�1. A total of 2 �l was injected with a split ratio of 3:1. The temperature of
the inlet was 230°C.

For BSTFA derivatives, the oven temperature was initially held at 110°C for 1 min, and then the
temperature was increased at a gradient of 2°C min�1 up to 154°C, followed by a second gradient of 5°C
min�1 up to 300°C. This temperature, 300°C, was maintained for 10 min. The flow through the column
was held constant at 1.2 ml He · min�1. A total of 2 �l was injected with a split ratio of 3:1. The
temperature of the inlet was 275°C.

The mass spectrometer quadrupole temperature was set at 150°C. The source was set at 250°C for
ECF and DMFDMA derivatives and at 300°C for BSTFA derivatives. The transfer line was held at 250°C. The
MS was operated in selected ion monitoring (SIM) mode with positive-ion electron impact at 70 eV. The
different ions, characteristic of an amino acid fragment, monitored in SIM runs are listed in Table S1 in
the supplemental material. For each amino acid fragment, the outcome of the analysis was a cluster of
intensities corresponding to its different mass isotopomers. These data were subsequently processed
using IsoCor software, recently developed by P. Millard (70); they were corrected for natural labeling and
were assessed for the isotopic enrichment of each amino acid, defined as the labeled fraction of a given
compound (expressed as a percentage) (Data Set S4 and S5).

Quantification and isotopic enrichment of volatile compounds. The labeled volatile compounds
were extracted according to the method described by Rollero et al. (69). Samples were prepared by the
addition of deuterated internal standards at 100 �g · liter�1 to 5 ml supernatant, followed by two
successive extractions with 1 ml of dichloromethane. The organic extracts were further dried over
anhydrous sodium sulfate and were concentrated under a nitrogen flux. The extracted volatile molecules
were separated with a Hewlett-Packard (Agilent Technologies, Santa Clara, CA, USA) 6890 gas chromato-
graph equipped with a Phenomenex fused silica capillary column (length, 30 m; inside diameter, 0.25
mm; film thickness, 0.25 �m) (ZB-WAX; Agilent Technologies, Santa Clara, CA, USA) and with helium as
the carrier gas (constant flow rate, 1.0 ml/min). The oven temperature, initially maintained at 40°C for 3
min, was increased by 4°C/min up to 220°C and was held at this temperature for 20 min. The injector and
the transfer line were held at 250°C. We used an injection volume of 2 �l, and the splitter, at 10:1, was
opened after 30 s. The mass spectrometer quadrupole temperature was set at 150°C, the source at 230°C,
and the transfer line at 250°C. Compounds were detected using an HP 5973 mass spectrometer recording
the mass spectra in SIM mode with positive-ion electron impact at 70 eV. The ion clusters used for the
quantification and determination of the labeling patterns of volatile compounds, reported in Table S1 in
the supplemental material, were selected on the basis of a high signal-to-noise ratio and low interference
from other compounds. The concentration of each volatile molecule was quantified from the sum of
intensities of the corresponding ion cluster (Data Set S6). In parallel, for each ion cluster, the intensities
were subsequently corrected for natural labeling using IsoCor software (70) and were processed to assess
the isotopic enrichment of volatile compounds, defined as the labeled fraction of molecules (expressed
as a percentage) (Data Set S5).

Outline of calculations for flux quantification. The experimental design of this work was based on
a set of 14 fermentations carried out under the same experimental conditions (medium, operating
conditions, and yeast strain). The only difference was the labeled nitrogen source used. No substantial
differences were found between the fermentation kinetics obtained and the production of biomass at
the different stages of the process (Fig. S1 in the supplemental material). Moreover, determination of
within-subject variation coefficients revealed that the consumption profiles of the 20 nitrogen sources
were similar for the 14 experiments (Fig. S1). This approach was also implemented to assess the
reproducibility of the content of proteinogenic amino acids in biomass from measurements obtained
during eight independent fermentations (use of four labeled sources in duplicate [Fig. S1]). According to
these analyses, mean values from 14 or 8 independent measurements of the above-mentioned physi-
ological parameters were used for further calculations, including the amounts of unlabeled/labeled
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amino acids and volatile compounds, and the determination of the distribution of fluxes. The labeled
fraction of a proteinogenic amino acid or a volatile compound was calculated by multiplying its
concentration (expressed as a millimolar concentration) by its isotopic enrichment. The difference from
the total amount of the compound corresponded to the unlabeled portion. Fluxes through metabolic
reactions involved in the synthesis of a target compound (a proteinogenic amino acid or a volatile
molecule) from a labeled nitrogen source were quantified by dividing the labeled fraction of the
compound by the total amount of consumed labeled amino acid, expressed as a millimolar concentra-
tion. Further details on the calculations are provided in Tables S2 to S4 and Data Sets S1 to S6 in the
supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
AEM.02617-16.

TEXT S1, PDF file, 0.9 MB.
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