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IMPACTO DO AZOTO NA ACTIVIDADE FERMENTATIVA DAS LEVEDURAS E NA QUALIDADE 
DO VINHO

Ana Mendes-Ferreira, Catarina Barbosa, Patrícia Lage and Arlete Mendes-Faia

Institute for Biotechnology and Bioengineering, Centre of Genomics and Biotechnology, (IBB ⁄ CGB-UTAD), Universidade de Trás-os-Montes 
e Alto Douro, Vila Real, Portugal.

ABSTRACT

Wine aroma is composed of primary, or varietal, aromas that arise directly from the grapes; secondary, or fermentation aromas, aromas pro-
duced by yeasts during the alcoholic fermentation; and the tertiary, or maturation bouquet that results from chemical reactions during wine 
ageing. Organic acids, higher alcohols, low-volatile organic sulphur compounds and esters, with their fruity notes, are signifi cant sensorial 
components of wine and other fermented beverages and are the primary compounds that form a fermentation bouquet. At low levels, most 
of these compounds contribute to the perceived wine aroma, but at high levels, they can dominate the aroma, decreasing its complexity. The 
compounds are released during alcoholic fermentation in variable concentrations depending on the yeast strain, fermentation conditions, and 
nutrient concentration. The infl uence of nitrogen on alcoholic fermentation and aroma compound formation by yeast, and therefore its effect 
on wine quality, is discussed herein.

SUMÁRIO

O aroma do vinho é composto pelo aroma primário ou varietal que surge directamente a partir das uvas, pelo aroma secundário ou bouquet 
de fermentação que inclui os compostos aromáticos produzidos pelas leveduras durante a fermentação alcoólica e pelo aroma terciário ou 
bouquet de maturação que resulta de reacções químicas que ocorrem durante o envelhecimento do vinho. Os ácidos orgânicos, álcoois supe-
riores, compostos voláteis de enxofre e ésteres, com suas notas frutadas, são importantes componentes sensoriais do vinho e de outras bebidas 
fermentadas e constituem o principal grupo de compostos que formam o bouquet de fermentação. Em baixas concentrações, a maioria destes 
compostos contribui para o aumento da complexidade sensorial do vinho, enquanto que em elevadas concentrações o podem depreciar. São 
produzidos durante a fermentação alcoólica, em concentrações variáveis, dependendo da estirpe de levedura, das condições de fermentação e 
da concentração de nutrientes. O papel do azoto na fermentação alcoólica e na formação de compostos aromáticos pelas leveduras e, logo, na 
qualidade do vinho, é aqui apresentado.
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INTRODUCTION

There is a widely recognised consumer demand for 
more quality wines with distinct and diverse sensorial 
characteristics. In wine, some aroma compounds arise 
from the must with minor or no modifi cations, while 
others are products of yeast metabolism, in particular 
from the sugar and nitrogen compounds initially pres-
ent in the grapes. Indeed, wine yeasts, particularly 
Saccharomyces cerevisiae, play a major part in this 
transformation process; they are responsible for the 
conversion of sugars to ethanol and carbon dioxide, 
which make a relatively small contribution to fl avour, 
and hundreds of by-products, some of them not yet 
identifi ed, that greatly contribute to the fermentation 
bouquet.

The recognition of the importance of nitrogen in 
grape-juice fermentation has largely materialised 
from empirical observations. Problems such as 
fermentation arrests and hydrogen sulphide (H2S) 
production are usually linked to a low nitrogen con-
centration in the grape-juice. Currently, strategies 
for the production of wines with specifi c characters 
and styles include combining the effects of different 
yeast strains and nutrient modulations, particularly 
nitrogen.

1.AN OVERVIEW OF SUGAR METABOLISM 
BY SACCHAROMYCES CEREVISIAE

Grape berry components are, in roughly decreasing 
order of concentration: water and other inorganic 
substances, carbohydrates, acids, phenols, nitrogen 
compounds, terpenoids, fats and lipoids and fl avour 
compounds (Boulton et al., 1996). Glucose and fruc-
tose are the major sugars in berry and grape-must, 
with concentrations ranging from 150 to 300 g l-1. 
Sucrose and other sugars, such as xylose, rhamnose 
and arabinose, are present in very low concentrations, 
and it is widely accepted that S. cerevisiae strains 
do not use these sugars as carbon or energy sources 
during alcoholic fermentation (Bisson, 1993). In S. 
cerevisiae, glucose and fructose are the preferred 
carbon source and are transported into the cell by 
facilitated diffusion. Twenty different genes encoding 
glucose transport-related proteins have been identi-
fi ed (Özcan and Johnston, 1999); the members of 
this family include HXT1-HXT17, and GAL2 (which 
encodes a galactose transporter) as well as SNF3 and 
RGT2 (which encode putative sensors of high and low 
glucose concentrations) (Bisson et al., 1987; Krucke-
berg, 1996). The ultimate target of the Snf3/Rgt2 
pathway is Rgt1, a transcription factor that regulates 
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expression of the HXT genes, which encode glucose 
transporters (Özcan and Johnston, 1999; Johnston 
and Kim, 2005; Kim and Johnston, 2006). There are 
two major glucose sensing and signalling pathways 
in yeast: the glucose induction mechanism, which is 
mediated by the cell surface sensors from the glucose 
transporter family, Rgt2 and Snf3, (Özcan and John-
ston, 1999) and the glucose repression mechanism, 
which is mediated by the cytoplasm glucose sensor 
Snf1 (Gancedo, 1998; Hardie et al. 1998; Carlson, 
1999; Hedbacker and Carlson, 2008). High intracel-
lular glucose concentrations inhibit sensing through 
the glucose sensor Snf3 (Karhumaa et al., 2010).

Transcription of the HXT1 to HXT7 genes, which 
encode the metabolically relevant hexose transport-
ers, is regulated in response to extracellular glucose. 
The low affi nity transporters have been shown to be 
preferentially expressed at high glucose concentra-
tions, whereas the high affi nity ones predominate 
when this sugar is scarce (Özcan and Johnston, 
1999; Perez et al., 2005). The remaining 10 Hxtp 
proteins (Hxt8p to Hxt17p) do not appear to play 
an important role in glucose uptake because the 
genes encoding these proteins are expressed only 
at very low levels (Diderich et al., 1999; Özcan and 
Johnston, 1999). Once inside the cells, glucose and 
fructose are converted into two moles of pyruvate 
by glycolytic pathway. Glycolysis occurs in two 
phases. In the fi rst phase, glucose and fructose are 
phosphorylated by one of three enzymes: an HXK1- 
or HXK2-encoded hexokinases or GLK1-encoded 
glucokinase, which only phosphorylates glucose 
(Bisson, 1993). Differences in these two steps in the 
fermentation pathway, transport and phosphorylation, 
could explain the preferential S. cerevisiae utilisation 
of glucose over fructose. Besides, higher affi nity of 
hexose transporters (HXT genes) for glucose (Bis-
son and Fraenkel, 1983), glucose can repress the 
expression of the specifi c fructose transporter Fsy1p 
(Gonçalves et al., 2000;  Rodrigues de Sousa et al., 
2004). Nevertheless, it has been recently reported that 
this discrepancy in sugar utilization during wine al-
coholic fermentation is dependent on yeast strain and 
on environmental conditions (Berthels et al., 2004). 
Accordingly, ethanol had a stronger inhibitory effect 
on fructose than on glucose utilisation, and nitrogen 
supplementation stimulated fructose utilisation more 
than glucose utilisation.

After phosphorylation glucose-6-phosphate is 
converted by phosphoglucoisomerase to fructose-
6-phosphate, and from this point, the metabolism of 
glucose and fructose are the same. Briefl y, the cell 
hydrolyses two ATP molecules for sugar activation, 
and glucose is broken down to produce one mole of 
dihydroxyacetone phosphate and one of glyceral-
dehyde-3-phosphate. The enzyme triosephosphate 
isomerase converts dihydroxyacetone phosphate 
into glyceraldehyde-3-phosphate. In the second 
phase, glyceraldehyde-3-phosphate is oxidised and 
converted into two molecules of pyruvate in a series 

of fi ve reactions. In this phase, four molecules of ATP 
together with two NADH molecules are generated, 
resulting in a net gain of ATP for use in biosynthetic 
pathways by the end of glycolysis (Walker, 1998). 
The branch between fermentative and oxidative me-
tabolism occurs at the level of pyruvate. This metabo-
lite can either be transported into the mitochondrion 
and oxidatively decarboxylated to acetyl-CoA by the 
pyruvate dehydrogenase complex, or decarboxyl-
ated to acetaldehyde by pyruvate decarboxylase in 
the cytosol (Pronk et al., 1996). Acetaldehyde can 
then be reduced to ethanol in a reaction catalysed by 
alcohol dehydrogenase (ADH) during which NADH 
is oxidised back to NAD+. Regeneration of NAD+ is 
necessary to maintain the redox balance and prevent 
the recess of glycolysis (Walker, 1998). S. cerevisiae 
cultivated on high sugar concentrations, such as those 
present in grape-juice, even under fully aerobic condi-
tions, preferentially ferments sugars to ethanol and 
carbon dioxide, a phenomenon known as the Crabtree 
effect. In addition to the reduction of acetaldehyde 
to ethanol, other different strategies to regenerate 
NAD+ are used by yeast, leading to a diversity of end 
products from sugar catabolism; these products, such 
as glycerol, succinic acid, higher alcohols, diacetyl, 
acetoin, 2,3-butanediol, acetic and lactic acid, acet-
aldehyde, α-keto acids and several other metabolites, 
impact the complexity of the wine.

2.YEAST NITROGEN METABOLISM

Yeasts have the ability to use a wide range of nitrogen-
containing compounds as sole nitrogen sources. S. 
cerevisiae can assimilate nitrogen from different 
sources, such as ammonium, urea, allantoin, or amino 
acids (reviewed by Cooper, 1982). In regards to the 
composition of grape-juice, the total nitrogen content 
is highly variable, ranging from 60 to 2400 mg l-1 and 
is mainly composed of amino acids, ammonium, pep-
tides and proteins (Henschke and Jiranek, 1993). The 
major nitrogen constituents of the average grape-juice 
are proline, arginine, glutamate, glutamine, serine 
and threonine (Boulton et al., 1996), with proline and 
arginine accounting for 30-65% of the total amino 
acid content (Pretorius, 2000).

Similar to the response to glucose, nitrogen sensing 
and signalling mechanisms in yeast involve two 
distinct sensors. The cell surface amino acid sensor 
Ssy1p, which is related to amino acids permeases 
and acts analogously to the glucose sensors Rgt2p 
and Snf3p (Didion et al., 1998; Iraqui et al., 1999; 
Klasson et al., 1999) and the cytoplasmic nitrogen 
sensors Tor1p and Tor2p (Bertram et al., 2000, 2002). 
Some sensors, such as Mep2p (Lorenz and Heitman, 
1998; van Nuland et al., 2006) and Gap1p (Donaton 
et al., 2003), are also effective transporters.

The concentration of ammonium in grape-juice 
ranges from 24 to 310 mg l-1 (average 123 mg l-1), 
and its ratio to the total nitrogen content is reasonably 
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constant between vine varieties and regions (Ough, 
1969). In S. cerevisiae, three permeases, Mep1p, 
Mep2p and Mep3p, are involved in the cellular trans-
port of ammonium, which are regulated by nitrogen 
catabolite repression (Marini et al., 1997), and are 
expressed under low ammonium concentrations (ter 
Schure et al., 2000). Mep2p displays the highest 
affi nity for NH4

+ (Km 1-2 μM), followed by Mep1p 
(Km 5-10 μM) and fi nally by Mep3p, whose affi nity 
is much lower (Km 1.4-2.1 mM) (Marini et al., 1997). 
Ammonium is assimilated mainly into glutamate and 
glutamine through the pathways of central nitrogen 
metabolism (ter Schure et al., 2000). Though this 
pathway, the yeast can produce glutamate by the 
reactive amination of α-ketoglutarate, catalysed 
by glutamate dehydrogenase, and/or incorporate 
ammonium into the amino group of glutamate, cata-
lysed by glutamine synthetase, to produce glutamine 
(Magasanik, 2003).

The amino acids concentration in grape-musts is 
also highly variable, ranging from 300 to 1600 mg 
l-1 (Henschke and Jiranek, 1993) depending upon 
grape variety, time of harvest and fertilisation prac-
tices (Ough, 1969; Sponholz, 1991). In S. cerevisiae, 
amino acid transport across the plasma membrane 
occurs through a number of more-or-less specifi c 
amino acid permeases via a proton symport mecha-
nism (Horak, 1997). In addition to specifi c amino acid 
permeases, S. cerevisiae has a general amino acid 
permease, encoded by GAP1, which is responsible 
for the uptake of all naturally occurring L-amino 
acids and related compounds, such as ornithine and 
citrulline, some D-amino acids, toxic amino acid 
analogues, and azetidine-2-carboxylate, as well as for 
the polyamines putrescine and spermidine (Jauniaux 
and Grenson, 1990; Andreasson et al., 2004; Uemura 
et al., 2005). It has been suggested that the Gap1 
permease is important during wine fermentation, not 
only because of its role as transporter but also due to 
its amino acid sensor function (Chiva et al., 2009).

Other amino acid permeases with low specifi city are 
the low-affi nity amino acid permease Agp1p, which 
accepts asparagine, glutamine and other amino acids, 
and the high-affi nity glutamine permease Gnp1p, 
which accepts leucine, serine, threonine, cysteine, 
methionine, glutamine and asparagine (Regenberg et 
al. 1999). The genome of S. cerevisiae also encodes 
amino acid transporters with high specifi city, i.e., 
MUP genes involved in methionine uptake (Isnard 
et al., 1996), Tat2p which can transport tryptophan 
and tyrosine and Put4p which is required for transport 
of proline. Can1p, Lyplp, and Alp1p are all specifi c 
for the cationic amino acids, lysine and arginine 
(Regenberg et al., 1999). After uptake into the cell, 
amino acids are assimilated and metabolised for 
biosynthesis and are either converted to other amino 
acids or degraded, releasing ammonium. Yeast is able 
to store amino acids in vacuoles for biosynthetic uses 
(Kitamoto et al., 1988). The biosynthesis of amino 
acids by cells grown in media with glucose and 

ammonium requires the utilisation of pyruvate, not 
only for energy production but also for α-keto acid 
biosynthesis, which can then be converted into the 
corresponding amino acid (Magasanik, 2003).

During the fermentation of grape-juice, nitrogen com-
pounds are transported into the cells of S. cerevisiae 
in the fi rst part of growth phase, although many fac-
tors, such as pH, ethanol concentration, temperature, 
carbon dioxide pressure, and the degree of aeration of 
medium, are known to affect the assimilation of these 
compounds (Henschke and Jiranek, 1993). The order 
of amino acid utilisation is infl uenced by the abun-
dance of the various nitrogen sources, particularly 
ammonia, which is a “preferred” nitrogen source in 
this environment and readily utilised (Bisson, 1991). 
Yeast cells selectively uptake nitrogenous compounds 
from their environment through a mechanism called 
Nitrogen Catabolite Repression (NCR) (Cooper and 
Sumrada, 1983), which limits the yeast´s ability to 
use poor nitrogen sources in presence of good ones. 
The transcription of genes encoding proteins needed 
for the uptake and degradation of ineffi cient nitrogen 
sources (proline) is maintained at low levels when 
more readily usable or better nitrogen sources (am-
monium, asparagine and glutamine) are available 
(Magasanik and Kaiser, 2002). Studies on NCR in S. 
cerevisiae during wine fermentation confi rmed that 
yeast cells evolve from a nitrogen repressed-situation 
at the beginning of fermentation to a nitrogen de-
repressed condition as nitrogen is consumed (Beltran 
et al., 2004). However, arginine and γ-aminobutyric 
acid are usually taken up during the latter stages 
of fermentation under enological conditions and 
are always detectable in the fi nal wine (Boulton et 
al., 1996). Furthermore, proline, one of the major 
nitrogen sources found in grape-juice, requires mo-
lecular oxygen for its metabolism (Tomenchock and 
Brandiss, 1987) and is not taken up from grape juice 
under anaerobic fermentative conditions (Ingledew 
et al., 1987). Because of these factors, yeast assimi-
lable nitrogen (YAN) is defi ned as the sum of total 
amino acids minus proline plus ammonia, and it is 
expressed as mg N l-1.

3.THE INFLUENCE OF NITROGEN ON AL-
COHOLIC FERMENTATION AND FORMA-

TION OF BY-PRODUCTS 

Several factors have been recognised as a potential 
cause of problematic fermentations. Among these 
factors, the limited nitrogen content of some natural 
grape-juices has been associated with the occurrence 
of stuck and sluggish fermentations. In addition to 
these problems, nitrogen concentration also regulates 
the formation of by-products, such as H2S, fatty acids, 
higher alcohols, and esters, among others, which af-
fect the chemical and sensorial proprieties of wine.

3.1. Stuck and sluggish fermentations

During winemaking, the external environment 
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strongly infl uences the physiological behaviour of 
yeast cells. In the case of stuck or sluggish fermenta-
tion, the environmental changes during grape-juice 
fermentation may lead to an inability of the yeast 
cells to use all the existing sugars. In wineries, slug-
gish fermentation is defi ned as one in which the rate 
of sugar consumption is very low, and the end of 
fermentation is not accomplished in a reasonable 
amount of time. In these cases, even if dryness is 
accomplished, much attention must be paid to po-
tential economics losses (Kunkee, 1991; Boulton 
et al., 1996). Incomplete or stuck fermentations are 
defi ned as those leaving a higher than desired residual 
sugar content in the wine at the end of the alcoholic 
fermentation (greater than 2 g l-1 for dry wines). 
Wines with high post-fermentation sugar content are 
very susceptible to microbial spoilage and cannot be 
bottled until it is known that they are microbiological 
stable. Furthermore, slow and incomplete fermenta-
tions are vulnerable to oxidation problems due to the 
lack of protective carbon dioxide release of during 
active fermentation (Bisson, 1999). Although a sig-
nifi cant amount of research has been conducted in 
wine-producing countries to establish the causes of 
these problematic fermentations (reviewed in Bisson, 
1999; Alexandre and Charpentier, 1998; Henschke, 
1997), they are still common problems in modern 
winemaking.

Generally, grape-juices possess all the nutrients nec-
essary to support yeast growth, of which the amounts 
of carbon and nitrogen the most important. While the 
carbon sources present in grape-juices greatly exceed 
the nutritional requirements of the yeast, the nitrogen 
compounds are highly variable in composition and 
concentration, as mentioned above. Initial low levels 
of assimilable nitrogen can limit growth and biomass 
accumulation, resulting in a slow fermentation rate 
(Salmon, 1989; Manginot et al., 1998; Bely et al., 
1990; Mendes-Ferreira et al., 2004). Yeast growth, 
like the fermentation rate, is an exponential function 
of the initial nitrogen content of must (Agenbach, 
1977), is highly sensitive to low nitrogen concentra-
tions (less than 300 mg l-1) and is less responsive to 
higher concentrations (Jiranek et al., 1990, 1991).

Although, the fermentation rate may initially be re-
lated to yeast biomass, usually it becomes uncoupled 
from growth during the latter stages of fermentation. 
However, there is a direct relationship between the 
initial sugar content, fermentation rate and duration, 
and the amount of nitrogen utilised by yeast. The 
threshold concentration of nitrogen needed to achieve 
total sugar degradation is not only dependent on the 
initial sugar concentration and fermentation condi-
tions but also most signifi cantly on the yeast strain 
used (Jiranek et al., 1990, 1995a). This dependence 
highlights the choice of yeast strain as a useful 
tool for managing the fermentation of low nitrogen 
grape-musts.

 A mean value of 140 mg l-1 (Agenbach, 1977) of as-

similable nitrogen has been mentioned as being suffi -
cient for complete fermentation of reasonably ripened 
grapes (25.8º Brix), and a value six times higher is 
needed to achieve the optimum level (Kunkee, 1991). 
More recently, using chemically defi ned grape-juice 
media, Mendes Ferreira et al. (2004) established that 
S. cerevisiae requires a minimum of 267 mg N l-1 for 
complete fermentation of 200 g l-1 of glucose in an 
industrially reasonable time and that lower nitrogen 
levels were suffi cient to support growth but led to 
sluggish or stuck fermentations. Although nitrogen 
has been the most studied cause of sluggish and/or 
stuck fermentations, the basic mechanism responsible 
for sugar breakdown arrest is unknown. Upon deple-
tion of nitrogen from the external media, a major 
decrease in sugar transport activity has been observed. 
The reduced fermentative activity has been explained 
by a strong decrease in the transport of sugar activ-
ity triggered by nitrogen starvation (Salmon, 1989; 
Salmon et al., 1993), although it has not been well 
established how nitrogen levels physiologically 
modulate carrier activity. Published results suggest 
that during alcoholic batch fermentation with high 
sugar concentration and nitrogen limitation, protein 
synthesis stops and the glucose transport begin to 
be irreversibly inactivated, when yeast cells sense 
intracellular nitrogen limitation, either due to a lack 
of nitrogen in the medium or by inactivation of am-
monium transport systems (Lagunas et al., 1982; 
Busturia and Lagunas, 1986; Cardoso and Leão, 
1992). This disabling of glucose transport ultimately 
leads to an alleviation of the Crabtree effect, with 
the activation of respiratory genes and decrease in 
fermentation rate (Mendes-Ferreira et al., 2007a). Ac-
cordingly, it has been suggested that the transcription 
activation of genes involved in the tricarboxylic acid 
cycle and respiration may be associated with a low 
sugar uptake capacity and/or redox imbalance (Jin et 
al., 2004). The obvious advantage of this association 
is that less sugar is needed by yeast cells to obtain 
the same amount of ATP (Thomsson et al., 2005) 
needed for cellular maintenance. However, in studies 
conducted under conditions mimicking the enologi-
cal environment, it was observed that S. cerevisiae 
continues to ferment glucose for nearly a month in a 
nitrogen depleted media, indicating that yeast cells 
are able to sustain basal glucose up-take capacity 
during long periods of nitrogen deprivation (Mendes-
Ferreira et al., 2007a, 2009). Both low- (HXT1 and 
HXT3) and high-affi nity (HXT2, HXT6, and HXT7) 
glucose carriers were expressed at higher levels in 
the N-limiting than in the control fermentations; this 
expression profi le indicates that the regulation of the 
glucose transporters is associated with translational 
or post-translational levels rather than occurring 
at the transcriptional level (Mendes-Ferreira et al., 
2007a). Using a transposon mutagenesis approach, 
Gardner et al. (2005) have identifi ed two genes, 
NGR1 and GID7, the disruption of which improved 
sugar catabolism throughout nitrogen-limited fer-
mentations. The authors suggested that the absence of 
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these genes could prevent deactivation of Hxt7p and, 
thus, enhance its ability to maintain catabolic activity 
under conditions of nitrogen starvation. Additionally, 
the results of high cell-density experiments showed 
that in spite of a lower sugar uptake, adding biomass 
obtained from sluggish cultures reduced the time to 
fi nish a problematic fermentation (Varela et al., 2004). 
However, even if a large population of active yeast 
cells can be introduced into the inoculated wines, 
resulting in a complete fermentation, this does not 
necessarily correlate to an improvement in the sen-
sory characteristics of the wines (Carrau et al., 2010)

To overcome sluggish or premature fermentation 
arrest due to nitrogen limitation, winemakers supple-
ment grape-juices prior to fermentation with diam-
monium phosphate. This strategy does not always 
succeed because extracellular nitrogen is not the 
only factor affecting intracellular pools of nitrogen in 
yeast. The effi ciency of the nitrogen transport system 
may be reduced by the increasing ethanol formation 
(Cardoso and Leão, 1992), either by increasing mem-
brane permeability to protons (Leão and van Uden, 
1984) inhibiting the proton pumping membrane 
ATPases (van Uden, 1989) or by changes in the lipid 
composition of the yeast plasma membrane (Alexan-
dre et al., 1994). In addition, attention must be given 
to the legislation pending on limiting nitrogen addi-
tion due to the possible formation of ethyl carbamate, 
a suspected carcinogen, and because excess nitrogen 
can cause microbial instability in wines.

The use of powerful techniques, such as DNA micro-
arrays, has contributed to a better understanding of 
the molecular basis for the adaptation of wine yeast 
to the plethora of stress conditions that successively 
occur throughout alcoholic fermentation, leading to 
improvements in the winemaking process (Backhus et 
al., 2001; Rossignol, et al., 2003; Mendes-Ferreira et 
al., 2007a). Comparative gene expression profi ling of 
a reference condition with N-suffi cient concentration 
to a series of N-limitation/starvation concentration 
conditions in the yeast strain S. cerevisiae (Mendes-
Ferreira et al., 2007a) led to the identifi cation of a 
restricted group of genes that specifi cally respond to 
nitrogen availability (Mendes-Ferreira et al., 2007b). 
A designed DNA chip incorporating some of these 
signature N-responsive genes identifi ed is being 
developed to assist the winemaker in assessing the 
nitrogen status of the fermenting grape-juice. Our 
ultimate goal is that such a chip could be used to 
predict premature fermentation arrest due to nitrogen 
shortage and to allow for the customisation of treat-
ment strategies.

Meanwhile, an estimation of the initial nitrogen 
concentration in grape-juice continues to be of major 
interest for detecting the risk of problem fermenta-
tions. A great effort has been made to develop a 
rapid and accurate method of determining nitrogen 
content in grape-juice in order to limit the risk of 
fermentation becoming sluggish or stuck and the 

consequent depreciation of wine quality (Dukes 
and Butzke, 1998; Shively and Henick-Kling, 2001; 
Gump et al., 2002; Filipe-Ribeiro and Mendes-Faia, 
2007). Furthermore, the deliberate use of strains with 
lower requirements for assimilable nitrogen might in 
itself be a useful strategy for reducing the incidence 
of problematic fermentations (Gardner et al., 2002, 
2005) particularly for wineries where routine grape-
juice nitrogen quantifi cation is not readily achievable. 
In this way, better nitrogen utilisation ability will 
lead to a higher cell density with the same nitrogen 
contents, promoting a high and sustained fermenta-
tion rate (Bisson, 1999).

3.2. Production of hydrogen sulphide 

Volatile sulphur compounds, such as H2S and vari-
ous ethyl and methyl mercaptans, are generated by 
wine yeasts during alcoholic fermentation, and most 
are associated with unpleasant odours (Swiegers and 
Pretorius, 2007). H2S imparts a rotten eggs odour and 
has a profoundly negative effect on the sensory qual-
ity of wines when it exceeds its perception threshold 
(50 to 80 mg l-1). At lower levels, 20 to 30 mg -1, the 
compound has been considered to have a positive 
effect, providing a yeast-like smell (Rauhut, 1993).

H2S is a product of the sulphate reduction sequence 
(SRS) pathway (Fig. 1), which involves a set of 
sequential reactions that culminates with the incor-
poration of sulphur into a carbon skeleton (Thomas 
and Surdin-Kerjan, 1997).

The levels of H2S produced by yeasts depends on 
the levels of elemental sulphur in grapes (Mendes-
Ferreira et al., 2002; Schutz and Kunkee, 1977; 
Thomas et al., 1993), naturally present as sulphate 
at an average concentration of 200 mg l-1 (Rauhut, 
1993), and on the amount of sulphite (Acree et al., 
1971; Stratford and Rose, 1985) commonly added 
(usually 50-200 mg l-1) in grape-must prior to fer-
mentation due to its antioxidant and antimicrobial 
proprieties. The amount of organic compounds con-
taining sulphur (Acree et al., 1972), vitamin defi cien-
cies (Wang et al., 2003; Bohlscheid and Edwards, 
2004; Bohlscheid et al., 2007) and fermentation 
conditions (Schutz and Kunkee, 1977) also infl uence 
H2S production under winemaking conditions. The 
amount of sulphide released is highly dependent on 
the genetic background of the yeast (Henschke and 
Jiranek, 1993; Jiranek et al., 1995b; Spiropoulos et 
al., 2000; Mendes-Ferreira et al., 2002, 2009, 2010), 
probably due to differences in the activity levels of 
the enzymes involved in incorporating sulphide into 
amino acids (Spiropoulos et al., 2000) or the differ-
ences in the yeasts ability to retain a greater amount 
of H2S within the cells (Rupela and Tauro, 1985). 
The complexity of the production and release makes 
it diffi cult to devise strategies to prevent hydrogen 
sulphide formation during winemaking.

Racking and aeration and the addition of trace quan-
tities of copper sulphate are two effective means of 
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eliminating the most volatile sulphides (Boulton et 
al., 1996), but the remainder left behind by these 
treatments represents a troublesome source of off-
odours in wine.

The association between a shortage of assimilable ni-
trogen and H2S production during wine fermentations 
was fi rst established by Vos and Gray (1979). Later, 
it was suggested that H2S production is dependent on 
yeast requirements for amino acids and is a response 
to nitrogen defi ciency when cells are grown in the 
presence of sulphite (Henschke and Jiranek, 1991). In 
the presence of suffi cient nitrogen, sulphide is incor-
porated in the nitrogenous precursors O-acetyl serine 
and O-acetyl homoserine, which form cysteine and 
methionine, respectively. The two sulphur-containing 
amino acids, cysteine and methionine, are usually 
found in very low concentrations in grape-juice, 0-2 
mg l-1 and 0-119 mg l-1, respectively (Sponholz et al., 
1991). Therefore, biosynthesis of these amino acids 
by yeast during growth is necessary (Henschke and 
Jiranek, 1993). Under nitrogen suffi cient conditions, 
an adequate supply of precursors is available to 
prevent the net accumulation of sulphide, but when 
insuffi cient or unsuitable nitrogen sources are avail-
able, the pool of precursors becomes depleted and 
the SRS pathway is activated in an attempt to restore 
sulphur amino acids biosynthesis. This process leaves 
no available precursors to combine with the sulphide, 
and, thus, it diffuses out as the sensorially offensive 
compound H2 S (Henschke and Jiranek, 1991; Jiranek 

et al., 1995b). Recently, an inverse relationship 
between the H2S produced by yeasts and the initial 
nitrogen concentration was found in concentrations 
ranging from 267 to 402 mg N l-1 (Mendes-Ferreira 
et al., 2009).

At lower levels, e.g., 66 mg N l-1, very little sulphide is 
liberated, in agreement with previous transcriptomic 
data in which several MET genes, essential for the 
SRS pathway, were specifi cally down-regulated un-
der nitrogen-defi cient conditions (Mendes-Ferreira et 
al., 2007a,b). In contrast, a clear relationship between 
the yeast strain and the liberation of H2S in response 
to nitrogen availability (267 or 402 mg N l-1) with 
gene expression levels could not be found, making 
it diffi cult to propose a mechanism for any cross-talk 
between gene expression and H2S liberation (Mendes-
Ferreira et al., 2010). However, using a different 
approach, Linderholm et al. (2008) identifi ed four 
genes involved in the SRS pathway (MET17, CYS4, 
HOM2 and HOM6) that impact H2S formation.

In contrast to what has been extensively reported, 
recent data provided evidence that DAP supplemen-
tation not only does not reduce H2S formation but 
also, in some cases, even exacerbates the problem; 
the timing of such addition is critical to ensure that 
fermentation proceeds without an excessive release of 
H2S (Mendes-Ferreira et al., 2010a). This observation 
reinforces the importance of an accurate estimate of 
the initial YAN concentration and leads to questions 

Fig. 1 - Illustrative representation of the SRS pathway and the biosynthesis of sulphur amino acids in S. cerevisiae. The genes involved in 
each enzymatic step are in italics.
Sulphate up-take involves two high-affi nity permeases. Once inside the cell, the transfer of the adenosyl-phosphoryl moiety of ATP to sulphate 
yields adenylyl sulphate (APS), which is in turn phosphorylated to yield phosphoadenylyl sulphate (PAPS). PAPS is reduced to sulphite and then 
to sulphide. In the presence of nitrogen, sulphide is incorporated in nitrogenous precursors to form cysteine and methionine. When insuffi cient 
nitrogen is available, sulphide diffuses out of the cell.
Representação da via de assimilação e redução do sulfato (SRS) e da biossíntese de aminoácidos sulfurados em S. cerevisiae. Os genes envol-
vidos em cada etapa enzimática estão apresentados em itálico.
A assimilação do sulfato envolve duas permeases de alta afi nidade. Uma vez dentro da célula, a transferência do grupo adenosil-fosforil do 
ATP para o sulfato origina adenilil-sulfato (APS), que por sua vez é fosforilado originando fosfoadenilil-sulfato (PAPS). O PAPS é reduzido a 
sulfi to e depois a sulfureto. Na presença de azoto, o sulfureto é incorporado nos precursores azotados para formar cisteína e metionina. Quando 
o azoto disponível é insufi ciente, o sulfureto difunde-se para fora da célula.
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about the wisdom of prophylactic DAP supplementa-
tion prior to fermentation.

In sum, further strategies should be used to study 
wine yeast strains under conditions that exacerbate 
the strain differences in H2S production, in order to 
clarify the regulatory effects of this particular group 
of genes on H2S release under winemaking condi-
tions.

3.3. Production of fatty acids

Fatty acids constitute one of the classes of compounds 
produced by yeast during fermentation that impart 
unpleasant aromas, and they have been associated 
with fatty, rancid and cheese-like odours (Peinado 
et al., 2004; Ugliano and Henschke, 2009; Bisson 
and Karpel, 2010). Short- and medium-chain fatty 
acids (MCFA) are mostly consumed during alcoholic 
fermentation (Henschke and Jiranek, 199; Ancín et 
al., 1998).

The pathway leading to the biosynthesis of fatty ac-
ids involves the formation of Acetyl-CoA (Nikänen, 
1986), which is produced by oxidative decarboxyl-
ation of pyruvic acid. This series of reactions leading 
to the synthesis takes place in a multienzyme complex 
known as fatty acid synthase (Walker, 1998). The 
production of fatty acids by yeasts is related to the 
metabolism of carbohydrates through glucose, which 
is the main precursor of acetyl-CoA. MCFA are pro-
duced by yeast as intermediates in the biosynthesis 
of long-chain fatty acids, rather than as a result of 
acid catabolism (Lambrechts and Pretorius, 2000). 
The unsaturated fatty acids, palmitoleic and oleic, 
play important roles in yeast physiology, such as 
membrane integrity, and increase the resistance of 
yeast to elevated concentrations of ethanol (Walker, 
1998). At certain levels, MCFA such as decanoic and 
octanoic acids may become inhibitory to S. cerevisiae 
growth (Sá-Correia et al., 1989; Bisson, 1999). This 
inhibitory effect is more prevalent in white wine fer-
mentation, probably because these types of wines are 
fermented at low temperatures and without aeration 
(Zamora, 2009). In addition to the yeast strain, the 
medium composition (Alexandre and Charpentier, 
1998) and fermentation temperature (Beltran et al., 
2006) have been reported to infl uence the formation 
of fatty acids. Oxygen is another important factor 
for yeast metabolism because it is required for the 
biosynthesis of essential unsaturated fatty acids and 
sterols (Walker, 1998).

The production of MCFA, hexanoic, octanoic and 
decanoic, and their respective ethyl esters—ethyl 
hexanoate, ethyl octanoate, and ethyl decanoate, 
is stimulated by high assimilable nitrogen levels 
(Mendes-Ferreira et al., 2009) Also, the timing of 
nitrogen addition affects MCFA released by yeasts 
(Barbosa et al., 2009); a later addition of DAP, dur-
ing stationary growth-phase, leads to a signifi cant 
decrease in the production of these compounds.

Acetic acid is the principle component of volatile 

acidity in fermented beverages (Boulton et al., 1996; 
Ribéreau-Gayon et al., 2000). At high concentrations, 
acetic acid gives a negative sensory attribute (vinegar-
character) to wine, with an acceptable concentration 
from 0.2 to 0.7 g l-1. It is produced not only by spoil-
age bacteria (lactic acid bacteria and acetic bacteria) 
but is also formed by yeast during fermentation in 
the range of 0.1 to 0.3 g l-1. The biochemical pathway 
for the formation of acetic acid by wine yeasts has 
not yet been clearly identifi ed (Boulton et al., 1996, 
Ribéreau-Gayon et al., 2000). The possible enzyme 
reactions in yeast that could lead to acetic acid for-
mation are as follows: 1) reversible formation from 
acetyl Co-A and acetyl adenylate through acetyl Co-A 
synthetase; 2) cleavage of citrate by citrate lyase; 3) 
production from pyruvate by pyruvate dehydroge-
nase; 4) reversible formation from acetyl-phosphate 
by acetyl kinase and 5) oxidation of acetaldehyde 
by aldehyde dehydrogenase (Boulton et al., 1996).

The amount of acetic acid produced by yeasts during 
alcoholic fermentation was found to depend on the 
yeast strain (Shimazu and Watanabe, 1981; Millan 
and Ortega, 1988; Erasmus et al., 2004; Torrens 
et al., 2008), fermentation temperature (Monk and 
Cowley, 1984; Beltran et al., 2008) and the chemi-
cal composition of grape-juice, such as the sugar 
level and vitamins concentration (Nordström, 1964; 
Radler, 1993). In wine, acetic acid production seems 
to be inversely correlated with the initial nitrogen 
levels (Agenbach, 1977; Tromp, 1984; Bely et al., 
2003). The lowest acetic acid concentrations occur 
around 200–250 mg. l-1 of yeast assimilable nitrogen 
with increases of up to twofold at nitrogen concentra-
tions outside this range (Bely et al. 2003; Vilanova 
et al. 2007). These levels are apparently unaffected 
by the initial sugar concentration and osmotic stress 
(Ugliano and Henschke, 2009). However, in slow 
fermentation under nitrogen limitation/starvation 
conditions with 67 mg N l-1, yeasts produce less acetic 
acid (Mendes-Ferreira et al., 2009). Nitrogen addi-
tions prior to fermentation were more effective than 
later additions at preventing acetic acid accumulation 
in wine (Ugliano and Henschke, 2009). Confl icting 
results have been obtained in synthetic grape-juice 
media in which Barbosa et al., (2009) found that ni-
trogen additions later, during stationary phase (72 h), 
decreased acetic acid concentration; these confl icting 
results caution that further work should be carried out 
in natural grape-juices.

3.4. Production of alcohols 

Higher alcohols, also known as fusel oils, are ali-
phatic and aromatic alcohols containing more than 
two carbon atoms. They are quantitatively the largest 
group of the fl avour compounds found in alcoholic 
beverages (Nikänen and Nikänen, 1977; Nikänen, 
1986). These compounds can have either a positive 
or negative impact on the aroma and fl avour of wine. 
Total higher-alcohols content in wine ranges from 
100 to 500 mg l-1, and isoamyl alcohol is the major 
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component (Boulton et al., 1996). In concentrations 
exceeding 400 mg l−1 higher- alcohols can impart 
a strong, pungent smell and taste, whereas optimal 
levels below 300 mg l−1 confer fruity characters 
(Lambrechts and Pretorius, 2000; Swiegers and 
Pretorius, 2005).

The amount of higher alcohols formed during fer-
mentation depends on the yeast strain (Carrau et al., 
2008; Jimenéz-Martí et al., 2007; Mendes-Ferreira 
et al., 2009; Miller et al., 2007; Molina et al., 2007; 
Nikänen and Nikänen, 1997; Romano et al., 2003; 
Thurston et al., 1982; Rankine, 1967, Singh and 
Kunkee, 1977), fermentation temperature (Molina et 
al., 2007; Beltran et al., 2006; Webb and Ingraham, 
1963; Rankine, 1967), pH of the grape-juice (Ran-
kine, 1967), amount of insoluble solids (Klingshirn 
et al., 1987) and aeration conditions (Webb and 
Ingraham, 1963; Guymon et al., 1961) as well as on 
the initial nitrogen content of the media (Ough and 
Bell, 1980; Rapp and Versini, 1991; Vilanova et al., 
2007; Hernandez-Orte et al., 2006; Mendes-Ferreira 
et al., 2009).

Aliphatic alcohols include 1-propanol, 2-methyl 
1-propanol, 2-methyl 1-butanol (active amyl alcohol) 
and 3-methyl 1-butanol (isoamyl alcohol). Isoamyl 
alcohol, active amyl alcohol and isobutyl alcohol 
are produced by wine yeasts from the branched-
chain amino acids, leucine, isoleucine and valine, 
respectively. Basically, two different metabolic 
pathways (Fig.2) are hypothesised to be involved 
in the production of the higher alcohols: 1) anabolic 

pathways involved in de novo synthesis of branched-
chain amino acids through their biosynthetic pathway 
from glucose, and 2) the catabolism of valine, leucine, 
isoleucine, and 2-phenylalanine, also known as the 
Ehrlich pathway.

The pathway of formation of higher alcohols via the 
Ehrlich mechanism is identical to that involved in 
the biosynthesis of the analogous amino acids valine, 
leucine and isoleucine, up to the last intermediate, 
i.e., the appropriate α-keto acid (Boulton et al., 
1996). The α-keto acids derived from the sugars via 
pyruvate (Nikänen, 1986) or from transamination/
deamination of amino acids are decarboxylated to 
the corresponding aldehyde and then reduced by the 
alcohol dehydrogenase to the corresponding alcohol 
(Webb and Ingraham, 1963; Kunkee et al., 1966, 
1972; Singh and Kunkee, 1977; Hazelwood et al., 
2008). The aldehydes formed can then be either 
reduced to form fusel alcohol or oxidised to form a 
fusel acid. The ratio of fusel acids to fusel alcohols is 
largely dictated by the redox status of the yeast cell 
and whether reduced or oxidised cofactors are in short 
supply (Bisson and Karpel, 2010).

Under low nitrogen concentration, the majority of 
α-keto acids are mainly synthesised from sugars due 
to a lack of alpha amino acids necessary for trans-
amination purposes (Nikänen and Nikänen, 1977; 
Nikänen, 1986; Oshita et al., 1995). At low levels 
of assimilable nitrogen, the biosynthetic pathway 
predominates, whereas at high levels the Ehrlich 
pathway becomes prominent as a result of feedback 

Fig. 2 - Formation of higher alcohols from sugar and by the Ehrlich pathway.
The α-keto acids, derived from sugars via pyruvate or from transamination/deamination of amino acids, are decarboxylated to the correspon-
dent aldehyde. This aldehyde is then reduced to the correspondent alcohol by alcohol dehydrogenase. Genes of S. cerevisiae involved in each 
enzymatic step are in italics.
Formação de álcoois superiores a partir dos açúcares e pelo mecanismo de Ehrlich.
Os α-cetoácidos, derivados dos açúcares via piruvato ou formados por transaminação/ desaminação dos aminoácidos, são descarboxilados 
ao aldeído correspondente. O aldeído é depois reduzido ao respectivo álcool pela álcool desidrogenase. Os genes de S. cerevisiae envolvidos 
em cada etapa enzimática estão apresentados em itálico.
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and/or repression of key enzymes in the biosyn-
thetic pathway (Yoshimoto et al., 2002). Changes 
in isoamyl alcohol production, infl uenced by the 
nitrogen source, appear to be due to transcriptional 
co-regulation of LEU and BAT genes and production 
of isoamyl acetate is dependent on isoamyl alcohol 
production and ATF transcription (Yoshimoto et al., 
2002). Overexpression of a branched-chain amino 
acid transferase gene, BAT1, enhanced the production 
of isoamyl acetate (Lilly et al., 2006), which appeared 
to be linked to an increased production of isoamyl 
alcohol, the precursor of isoamyl acetate.

It is commonly accepted that the most important 
pathway leading to 2-phenylethanol, which is de-
scribed with pleasant terms such as old rose, sweet-
ish, and perfumed alcohol, is the Ehrlich pathway. 
L-phenylalanine is transaminated to phenylpyruvate, 
decarboxylated to phenylacetaldehyde and fi nally 
reduced to the alcohol. However, Etschmann et 
al. (2002) described an alternative route, where 
2-phenylethanol is obtained by de novo synthesis 
via the Shikimate pathway, in which erythrose-4-
phosphate from glycolysis and phosphoenolpyruvate 
from the pentose-phosphate pathway are condensed 
with chorismate and prephenate to produce phenyl-
pyruvate. This alcohol is produced in high quantities 
by wine yeast in low nitrogen conditions, (Mendes-
Ferreira et al., 2009), and, as expected, when DAP 
is added, its concentration is diminished (Barbosa 
et al., 2009). However, to enhance 2-phenylethanol 
formation it is recommended to supplement the musts 
during the yeast stationary growth phase (Barbosa et 
al., 2009, Mendes-Ferreira et al., 2010a). 

3.5. Production of esters

Ethyl esters of fatty acids (ethyl hexanoate, ethyl 
octanoate, ethyl decanoate) and acetates of higher 
alcohols (phenylethyl acetate, isoamyl acetate) are 
qualitatively one of the most important fl avours in 
wine, because they contribute to a desirable fruity 
taste (Bartowsky and Pretorius, 2009; Fujii et al., 
1994, 1997; Mason and Dufour, 2000; Nikänen, 1986; 
Saerens et al., 2010; Ugliano and Henschke, 2009; 
Fugelsang and Edwards, 2007; Bisson and Karpel, 
2010). Exceptions are ethyl lactate and diethyl succi-
nate, which do not have any sensory impact at normal 
concentrations (Zamora, 2009), and ethyl acetate 
gives an unpleasant solvent or nail-polish character. 

A fruity character is usually associated with ethyl 
esters, while the tropical fruit notes are linked to the 
acetates of higher alcohols (Clemente-Jimenez et al., 
2005). The most signifi cant esters that contribute to 
the pleasant fruity aroma of wines are as follows: 
isoamyl acetate (banana-like aroma); ethyl caprylate 
and ethyl caproate (apple-like aroma); 2-phenylethyl 
acetate (fruity fl ower fl avour); ethyl butanoate (fl oral 
or fruity); ethyl caproate or ethyl octanoate and ethyl 
caprylate, also called ethyl hexanoate (sour apple); 
and phenylethyl acetate (fl owery, roses, or honey) 
(Lambrechts and Pretorius, 2000; Verstrepen et al., 

2003a). Their contribution to wine aroma and bouquet 
largely depends on their relative concentrations: at 
low levels, esters contribute to perceived wine aroma 
complexity, while at high levels, they may decrease 
aroma complexity.

Esters found in wine are originated directly in the 
grapes (Rapp and Versini, 1991) but the majority 
result from the activity of yeasts during the alcoholic 
fermentation (Younis and Stewart, 1998; Lambrechts 
and Pretorius, 2000; Saerens et al., 2008). Esters 
are synthesised by yeasts via lipid and acetyl-CoA 
metabolism during fatty acid biosynthesis or are 
produced by chemical esterifi cation of alcohols with 
acids during wine-ageing (Lambrechts and Pretorius, 
2000). The majority of acetyl-CoA is formed by the 
oxidative decarboxylation of pyruvate, while most 
of the other acyl-CoAs come from the acylation of 
free CoA catalysed by acyl-CoA synthase in fatty 
acid metabolism (Mason and Dufour, 2000). Factors 
that stimulate fatty acid biosynthesis also stimulate 
fatty acid ester formation (Bardi et al., 1998; Lilly 
et al., 2006; Saerens et al., 2008, 2010), and muta-
tions that block fatty acid biosynthesis also block 
ester formation, suggesting that esters derive from 
fatty acid biosynthesis and not from its degradation 
(Thurston et al., 1982).

In short, esters are formed via an intracellular process 
catalysed by acyltransferase or ester synthase (Mason 
and Dufour, 2000). Ethyl esters derive from the reac-
tion of acyl-CoA compounds with ethanol catalysed 
by acyl-CoA:ethanol O-acyltransferases, whereas 
acetate esters formation results from the reactions of 
acetyl-CoA with higher alcohols, catalysed by alcohol 
acetyltransferases (Boulton et al., 1996; Bisson and 
Karpel, 2010).

In ethyl ester formation, the condensation of acyl-
CoA with ethanol is catalysed by acyltransferases, 
encoded by the EEB1 and EHT1 genes and YMR210W 
(Saerens et al., 2006, 2008, 2010). The formation 
of acetate esters results from the condensation of 
acetyl-CoA with higher alcohols by acetyltransfer-
ases, encoded by the ATF1 and ATF2 genes (Fujii et 
al., 1994, 1997; Fujiwara et al., 1998, 1999; Lilly et 
al., 2000, 2006; Verstrepen et al. 2003b; Yoshimoto 
et al., 1998, 1999; Nagasawa et al., 1998). In fact, 
over-expression of the ATF1 gene significantly 
increased the production of fruity esters by yeasts 
(Lilly et al., 2000, 2006; Verstrepen et al., 2004). 
Mutational analysis of these genes suggests that other 
unknown transferases may also be involved in ester 
synthesis (Bisson and Karpel, 2010; Ugliano and 
Henschke, 2009). However, deletion of the IAH1 
gene, which encodes isoamyl acetate hydrolysing 
esterase, leads to increased acetate esters production 
(Fukuda et al., 1998). This esterase is required to 
balance alcohol acetyltransferase in order to maintain 
optimal amounts of isoamyl acetate and is particularly 
important in saké brewing (Fukuda et al., 2000). In 
sum, the balance between ester-synthesising enzymes 
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(alcohol acetyltransferases) and ester-degrading en-
zyme (esterases) is important for the net rate of ester 
accumulation and overall fl avour profi le of the wine 
(Fukuda et al., 1998; Verstrepen et al., 2003b; Lilly 
et al., 2006; Ugliano and Henschke, 2009).

Esters production is susceptible to quantitative varia-
tions; however, acetates and ethyl esters do not always 
vary in the same way, refl ecting their different meta-
bolic pathways (Ugliano and Henschke, 2009). The 
amount of esters formed by yeast during fermentation 
primarily depends on the yeast strain (Carrau et al., 
2008; Jimenez-Marti et al., 2007; Mendes-Ferreira 
et al., 2009; Miller et al., 2007; Molina et al., 2007; 
Romano et al., 2003; Saerens et al., 2008, Soles et al., 
1982; Thurston et al. 1982), fermentation temperature 
(Beltrán et al., 2006; Killian and Ough, 1979; Molina 
et al., 2007), oxygen and nitrogen availability (Vos 
and Gray, 1979; Bell et al., 1979; Ough and Lee, 
1981), lipid and higher alcohol contents (Nikänen 
and Nikänen, 1977), and inoculum size (Carrau et 
al., 2010). A lower fermentation temperature tends to 
increase the production of esters (Beltrán et al., 2006, 
Molina et al., 2007), not due to retention of volatile 
esters or inhibition of esterase activity (Bisson and 
Karpel, 2010), but due to changes in the expression 
profi les of several genes involved in esters synthesis 
under low temperature conditions (Beltrán et al., 
2006).

The concentrations of oxygen, nitrogen, lipids and 
higher alcohols affect the types of esters formed 
during fermentation, via regulation of the Ehrlich, 
fatty acid and ester synthesis pathways (Swiegers 
and Pretorius, 2005). Usually, more esters are pro-
duced by high nitrogen demanding yeasts (Torrea et 
al., 2003). Addition of ammonium to grape-musts, a 
common practice in the wine industry, increases the 
concentration of acetate esters and ethyl butyrate but 
does not increase the higher molecular weight fatty 
acid ethyl esters, ethyl hexanoate, ethyl octanoate and 
ethyl decanoate (Béltran et al., 2005; Barbosa et al., 
2009; Miller et al., 2007).

3.6. Production of volatile thiols 

Organic sulphur compounds have a considerable 
infl uence on the sensorial quality of wines due to 
their associated unpleasant odours and low detection 
thresholds. However, some contribute positively to 
wine aroma. For example, the ‘tropical’ characters 
found in Sauvignon Blanc wines come primarily from 
volatile thiols, with contributions from fermentation-
derived esters (Dubourdieu et al., 2006; Swiegers et 
al., 2009). These volatile thiols do not exist in grape-
juice and are released during alcoholic fermentation 
by yeast utilisation of the S-cysteine conjugates pres-
ent in the grapes (Dubourdieu et al., 2006, Swiegers 
et al., 2009). Most of wine yeast strains produce a 
relatively similar fermentation bouquet, but some 
strains possess a strong ability to hydrolyse the 
cysteine conjugates responsible for the Sauvignon 
Blanc character (Dubourdieu et al., 2000; Murat et 

al., 2001). A moderate nitrogen supply to the vines 
increases the amount of aromatic precursors in the 
grapes (Peyrot des Gachons et al., 2005). The amount 
of volatile thiols released from chain-cysteinylated 
precursors is repressed by the Ure2p regulator via the 
general NCR mechanism (Thibon et al., 2008), which 
regulates the uptake of nitrogen sources. Additionally, 
the Ure2p protein repressed the transcription of IRC7, 
which encodes putative cystathionine beta-lyase, the 
main enzyme involved in thiol bioconversion (Thibon 
et al., 2008). An inverse correlation between nitrogen 
content and production of volatile thiols by yeast has 
been observed in natural and synthetic grape juice 
(Subileau et al., 2008). In this study, the involvement 
of Gap1p in the up-take of the cysteinylated precursor 
was only demonstrated in synthetic grape juice, and 
thus, further work should be carried out to identify 
the key step(s) on which NCR eventually acts.

3.7. Production of monoterpenes 

Monoterpenes are the most important odour com-
pounds. Many, such as linalool, nerol, geraniol, and 
citronellol, have pleasant fl oral odours and are the 
key aroma compounds of Muscat grapes (Rapp and 
Versini, 1991). Terpenes, metabolites derived from 
mevalonic acid, are characterised by multiples of 
branched fi ve-carbon unit that resemble isoprene. 
The monoterpenes are 10-carbon compounds, many 
of which are volatile and odorous (Boulton et al., 
1996). In grapes, many of these compounds are 
stored in a water-soluble, glycosidically bound form. 
Formation of terpenes during fermentation was fi rst 
detected by Wurz et al. (1988) and Zea et al. (1995). 
The role of yeasts on terpene formation in wines has 
been considered irrelevant or has even been ignored 
because the increase of terpenic compounds found in 
the must during fermentation was attributed solely to 
β-glucosidase activity, which is more active in non-
Saccharomyces yeasts (Rosi et al., 1994, Mendes-
Ferreira et al., 2001). β-glucosidase cleaves the sugar 
moieties from the glycosides and can have a specifi c 
impact on the sensory profi le of wine as it releases 
the more volatile aroma compounds. 

Recently, a few studies, using a synthetic grape-juice 
medium lacking terpene precursors showed that 
yeasts can produce monoterpenes during fermentation 
(Carrau et al., 2005; Mendes-Ferreira et al., 2009). 
Earlier, Javelot et al. (1991) verifi ed that a mutation 
in a gene involved in sterol biosynthesis gene ERG20, 
which codes for farnesyl pyrophosphate synthetase 
which (the enzyme responsible for catalysing the 
formation of C15 farnesyl pyrophosphate units for 
isoprenoid and sterol biosynthesis) increases the abil-
ity of the yeast to produce terpenes, giving a strong 
Muscat note to the wines fermented with that strain. 
Also, increasing yeast geraniol synthase activity 
increases the production of geraniol, in contrast to 
what occurs in defective farnesyl diphosphate syn-
thase mutants that excrete geraniol and linalool in 
similar amounts (Oswald et al., 2007). Assimilable 
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nitrogen and oxygen are presumed to be regulators 
of mevalonic and sterol formation; therefore, inter-
mediates such as geranyl pyrophosphate could be a 
monoterpene precursor (Vaudano et al., 2004).

In contrast, Carrau et al., (2005) proposed that biosyn-
thesis of the C10 terpenes derives from the leucine-
mevalonic acid pathway and, thus, is independent 
of sterol metabolism. Strikingly, the amount of as-
similable nitrogen and oxygen content in the growth 
media were noted to affect monoterpene formation by 
yeast (Carrau et al., 2005; Bell and Henschke, 2005). 
Also, Mendes-Ferreira et al., (2009) observed that 
the amounts of linalool produced were yeast strain 
dependent, but the authors were not able to establish 
a link between nitrogen levels and terpene production 
by wine yeasts.

4.FINAL REMARKS

The effect of initial nitrogen concentration on the 
growth and fermentation ability of wine yeast has 
been extensively studied in the last few decades. This 
information has provided valuable data for the control 
and prevention of slow and premature fermentation 
arrest during winemaking. Recently, a few studies 
have addressed the impact of nitrogen concentration, 
nitrogen source and the timing of nitrogen addition 
on aroma formation by yeast. On the basis of these 
studies, alternative strategies using conventional 
techniques could be devised to optimise the release 
of aroma compounds by yeasts during alcoholic fer-
mentation. Despite this progress, further investigation 
on the mechanisms underlying aroma compounds 
formation by yeasts is essential.
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