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Abstract The yeast Saccharomyces cerevisiae is the
main microorganism responsible for wine fermentation and
its development influences the quality of wine. A problem
affecting these types of fermentations, generating impor-
tant losses in this industry, are the slow or stuck fermen-
tations which may result from low nitrogen availability in
the must. Therefore, several studies have been directed
towards identifying genes involved in nitrogen metabolism
using high throughput strategies which include subjecting
the yeast to changes in the type or concentration of the
available nitrogen source. However, this type of approach
can also generate responses in the yeast that do not nec-
essarily alter the expression of genes related to nitrogen
metabolism. In this work, by using intraspecific hybrid-
isation of wild wine yeast strains we obtained genetically
and oenologically similar strains with differences in the
consumption of nitrogen sources. Using the same must, the
global expression patterns of these yeasts were compared
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by microarrays, the analysis of which identified 276 genes
that varied in their expression between the strains analysed.
The functional analysis of the genes with a known function
indicates that some participate in nitrogen metabolism,
alcoholic fermentation, ion transport and transcriptional
regulation. Furthermore, differences were observed in the
expression of genes which have been partially associated to
nitrogen, as in the case of ZRT! and ATO?2. Interestingly,
many of the genes identified have no known function or
have not been previously associated to this phenotype.

Keywords Fermentation - Nitrogen uptake -
Transcription analyses - Wine - Yeast

Introduction

The yeast Saccharomyces cerevisiae is responsible for
alcoholic fermentation and for many of the organoleptic
characteristics that the must acquires during its transforma-
tion into wine (Ribereau-Gayon et al. 2000). During this
process, the yeast is subjected to a medium containing excess
carbon sources but a limited amount of assimilable nitrogen
(Boulton et al. 1996). Variations in the availability of
nitrogen in the must have been indicated as one of the causes
of slow or stuck wine fermentations (Bely et al. 1990; Jiranek
et al. 1995; Pretorius 2000), leading to important economic
losses for this industry at a global scale.

The wine yeast strains have differing nitrogen require-
ments to complete the fermentation (Jiranek et al. 1995)
and these different phenotypes would result from the high
genetic polymorphism that exists between them as docu-
mented by various molecular techniques (Fernandez-Esp-
inar et al. 2003; Fernandez-Espinar et al. 2001) and by
genome sequencing of various strains (Liti et al. 2009).
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This would result from mutations that have occurred during
their evolution as well as from chromosomal reorganisa-
tions that generate polyploidy or aneuploidy and which
affect the copy number and/or expression of genes
involved in this phenotype (Bakalinsky and Snow 1990;
Dunn et al. 2005).

Several research works (Jimenez-Marti and del Olmo
2008; Marks et al. 2003; Mendes-Ferreira et al. 2007;
Rossignol et al. 2003) have focused on the study of the
wine yeast transcriptome as a means of answering the
variations occurring in complex traits such as the fermen-
tative characteristics (Marullo et al. 2004). Global expres-
sion studies have identified changes in gene expression
produced during alcoholic fermentation indicating that
around 2,000 genes alter their expression (Rossignol et al.
2003). Many of these genes are related to stress, given that
the yeast is exposed to extreme conditions such as high
osmotic pressure, high ethanol and sugar concentrations
and also changes in the culture conditions. Within this
context Jimenez-Marti and del Olmo (2008), identified the
changes in the expression of genes when the yeast was
exposed to nitrogen starvation and then supplied with
ammonium or amino acids. The addition of ammonium
promotes the expression of genes involved in the biosyn-
thesis of amino acids was reported (Marks et al. 2003). The
addition of amino acids produced an overexpression of
genes involved in the transport of amino acids and ribo-
somal biogenesis (Pizarro et al. 2008). On the other hand,
Mendes-Ferreira et al. (2007) analysed the changes in gene
expression of a yeast following exposure to limiting
nitrogen conditions and to 72 h of supplementing the must
with nitrogen, showing that many cellular processes such
as carbohydrate metabolism, oxidative stress and protein
synthesis are affected during fermentation and that some of
these variations respond to nutritional stress caused by the
lack of assimilable nitrogen.

These studies expose the yeast to different culture
conditions that may trigger stress responses that would
hinder the detection of genes directly related to the phe-
notype under study. To avoid this issue, in this work we
cultured wine yeast with similar oenological phenotypes
and genotypes but differing capacities to consume nitrogen
sources under the same culture conditions. These strains
were obtained from an hybrid strain by sporulation and are
therefore genetically related. This strategy was performed
to identify genes involved in nitrogen metabolism by
comparing their expression profiles. Hence, genes already
related with this phenotype as well as other genes not
previously associated to this process and which could be
involved in nitrogen metabolism in wine strains were
identified.
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Materials and methods
Strains, media and growth conditions

The yeasts used in this study were the wine strains L3217
and L3218 both collected in Chile and strains L3145 and
L3147 obtained from the native strains by sporulation, and
which correspond to the parental strains in this study.
Furthermore, we used the commercial strain EC1118
(LalVin®) as control for the evaluation of fermentation
parameters.

For fermentation studies, 1 x 10° cells obtained from a
16 h culture with shaking in synthetic must were inoculated
in 10 ml of the same must in 15 ml tubes. They were
maintained at 28°C for 20 days without shaking. The syn-
thetic must is composed of tartaric acid 5 g/l, malic acid
5 g/, calcium chloride (dihydrate) 0.3 g/l, magnesium
sulfate 1.3 g/l, fructose 100 g/l, sucrose 5 g/l, glucose
100 g/1, potassium hydroxide 2.5 g/l and vitamin solution
2 ml/l. The must was autoclaved for 21 min at 15 psi and
the vitamin solution added. The vitamin solution contains
the following: thiamine 1.152 g/l, biotin 4.8 x 107> g/l
nicotinic acid 2.3 g/l, pyridoxine hydrochloride 0.23 g/l,
calcium pantoneate 1.152 g/l and sulfuric acid 0.25 mol/l.
This must was supplemented with 518 mg/l of total nitro-
gen obtained from 1,600 mg/l of (NH4),HPO,, which
equates to 339 mg/1 of assimilable nitrogen and a mixture of
9 amino acids: L-arginine 300 mg/l, L-serine 100 mg/l, L-
threonine 100 mg/l, L-glutamic acid 100 mg/l, L-aspartic
acid 100 mg/l, L-lysine 100 mg/l, L-asparagine 50 mg/l, L-
leucine 75 mg/l and L-glutamine 50 mg/l, which correspond
to 179 mg/l of assimilable nitrogen (Salinas et al. 2010).

Sporulation and production of a hybrid and its offspring

Sporulation was induced on acetate medium (1% potas-
sium acetate, 2% agar) at 23°C. Crossbreeding was
achieved by spore conjugation as described (Winge and
Laustsen 1938). Ascus dissection, spore isolation and
crossbreeding were performed with a Nikon model Eclipse
50i micromanipulator.

The offspring were obtained from the hybrid by sporu-
lation and dissection of the asci by micromanipulation and
both confirmed by interdelta fingerprinting (Legras and
Karst 2003). Briefly, total genomic DNA was isolated and
diluted to 50 ng/pl and 2 pl was used for PCR amplifica-
tion on a PTC-100 Peltier Thermal Cycler (MJ Research,
USA) with the primers d1 and d2 (Table 1). PCR products
were visualized by electrophoresis in agarose (2%) and
gels were recorded with a Photo Enhancer System (Kodak
sciences, USA).



World J Microbiol Biotechnol (2012) 28:1107-1113

1109

Table 1 Oligonucleotides used in this study

Genes Primers sequences (5'-3')
TVP23 TCT GGT GGT CGA TGT ATG TGA
ACA GAA GGA AGA GCG AAC CA
ARR3 TCA GAT TGC TGG AGG AGA CA
CAG TGG TAT GCC GAG AAA AAC
ZRTI1 AAT GGA CCC TGC TTA TGG TG
GTG GGT ATG GTC ATG GGA AA
VPS8 GAC ATG GTT GCA TCA GTT GG
CAG TCG AGG GCT TGG TTA GA
RDLI CGC ATT TGC CTT AGA TCC TT
TAT CAC CCC CAT GAG AAA CC
NHAI TTG AGC ACA GCC GTC AAT AC
TTC GCT TTC AAT CTC GCT TT
ARRI GCA ACT TAG AGC ATC CCA AAA
ATG TGG GCG GTT TTT CTT C
YMRI195W CGA GAG ACA CCG GGA AGT
TTG GCA TAA AGA TCG GTC AA
ATO2 AAA ACA ACG ATC AGA GCC GC
GCA AAA CCG GAA AGT CCT AGT
CMP2 AAG CTG GTA AGT CGG AAG CA
CAC GCC TGA ATT GTG ATC TTT
ACTI TTG GCC GGT AGA GAT TTG AC
CCC AAA ACA GAA GGT GGA A
dl CAA AAT TCA CCT ATA TTC TCA
d2 GTG GAT TTT TAT TCC AAC A

Kinetic analysis

The growth curves were carried out in 50 ml of synthetic
must at 28°C without shaking. Growth was measured at an
absorbency of 600 nm and the biomass produced was
estimated according to Salinas et al. (2010). The specific
growth velocity (u) was determined from the slope of the
Biomass versus Time curve during exponential growth
using the Excel software (Microsoft, USA). Generation
time was calculated from the quotient between In2 and .

Oenological analysis

The residual sugar, glycerol and ethanol production were
determined following the methods of Somogyi (1952) and
Varela et al. (2004). To determine the concentration of
ammonium phosphate in the fermented must, a rapid
enzyme assay from Amonio Megazyme® was used. The
sample analysis was performed through a multiwell plate
reader (Biotek, USA) using the Gen5 software (Biotek,
USA). The nitrogen uptake from ammonium phosphate
was defined as the difference between the initial and final
amount following fermentation. On the other hand, the

concentration of amino acids in the fermented must was
determined by HPLC according to Janssen et al. (1986).
The nitrogen uptake from amino acids was calculated by
multiplying the amount of each amino acid consumed by
the percentage of nitrogen content in each amino acid. All
the oenological analyses were determined at end of the
fermentation.

RNA isolation and microarray analysis

RNA extraction was performed from cultures grown in
synthetic must without shaking at OD of 0.50 (600 nm) using
the RNeasy Mini Kit® (Qiagen, USA). Whole genome yeast
Y6.4K7 cDNA microarrays consisting of double-spotted
glass slides (6,240 ORFs) were purchased at the University
Health Network Microarray Centre, Toronto, Canada.
Microarray experiments were conducted as a dye-swap
replicate resulting in a quadruplicate data set. A labelled
cDNA was done following Salinas et al. (2010). Clean-up of
labelling reactions was done with the MiniElute PCR Puri-
fication Kit (Qiagen, USA). Labelled cDNAs were combined
with 30 pl hybridisation solution consisting of 50% deion-
ised formamide, 10x SSC, 0.2% SDS and 1 pg of sheared
fish sperm DNA. The hybridisation mixture was denatured at
95°C for 3 min and deposited on the microarray surface.
Microarray hybridisation, washes, scan, image analysis and
normalisation of the data were performed according to
Salinas et al. (2010). Briefly, slides were dried by centrifu-
gation at 1,000 g for 10 min and immediately scanned in a
Scan-Array Lite fluorescence scanner (Perking Elmer,
USA). Images were saved in tiff-format and analysed with
the GenePix Pro 6.0 software (Molecular Devices, USA).
Data normalisation was performed with the DMAD tool at
Asterias website (Vaquerizas et al. 2004). The difference in
gene activity between strains compared was obtained from
the log, ratio of gene expression. The functional analysis was
carried out using the Gene Set Analysis Toolkit V2 (Duncan
et al. 2010; Zhang et al. 2005).

Validation of microarray results by QPCR

The reverse transcription (RT) reaction was based on Zu-
zuarregui et al. (2006). The cDNA was used as template in
the real time PCR reaction (QPCR). The QPCR reaction
was carried out in a final volume of 20 pl. The reaction
mixture contained 10 pl of 2x Brilliant II SYBR Green
QPCR Master mix (Stratagene, USA), 0.1 mg/ml of BSA
(New England BioLabs, USA) and 2 uM of each primer
(Table 1). The QPCR reaction was carried out in a Light-
Cycler 1.5 equipment (Roche, Germany) under the fol-
lowing conditions: 95°C for 10 min, 45 cycles of 95°C for
30 s, 60°C for 30 s and 72°C for 30 s, a melting analysis at
95°C for 1 s, 65°C for 15 s and 95°C for 1 s with a 0.1°C/s
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increase in temperature, finally a cooling stage at 40°C for
30 s. Results were analysed using the LightCycler 4.0
software (Roche, Germany) and quantification of relative
gene expression was done using the mathematic method
(Livak and Schmittgen 2001) and normalised with ACT1.

Statistical analysis

The oenological trait data were subjected to analysis of
variance (ANOVA) and the mean values of the experi-
ments were statistically analysed using the LSD test. Dif-
ferences were considered significant when the probability
was <0.05.

Results

This work was concerned with identifying genes involved
in nitrogen metabolism in wine yeasts by comparing the
transcriptional profile of strains, which although they are
genetically related, differ in the nitrogen consumption
phenotype. Therefore, the genes which showed different
levels of expression between both strains could be involved
in this phenotype. To obtain genetically related strains the
hybrid L3044 obtained from crossing the monosporic cul-
tures L3145 and L3147, was used. From this hybrid, 115
offspring were obtained and their enological profile was
evaluated. From these, strains which mainly differed in the
consumption of nitrogen available in the must were selected
and their transcriptional profiles compared by microarray.

Selection of strains with high and low nitrogen
consumption

To obtain genetically related strains but which differ in
their consumption of nitrogen, the native strains L3217 and
L3218 were sporulated and their spores were isolated by

micromanipulation. From 9 monosporic cultures analysed,
strains L3145 and L3147 showed adequate parameters for
wine fermentation (Table 2). These strains were crossed
generating the hybrid L3044, which was confirmed by in-
terdelta fingerprinting whereby the presence of bands from
both parental strains confirms its hybrid condition. The
hybrid L3044 was sporulated obtaining 115 offspring
which showed some of the hybrid band profile, also con-
firmed by interdelta fingerprinting (data not shown). The
consumption of nitrogen from ammonium and amino acids
between the parental strains, the hybrid and commercial
strain EC1118 did not show significant differences
(Table 2), however, the 115 offspring showed variations in
their nitrogen uptake from ammonium with values between
142 & 59 and 206.5 £ 12.5 mg/l and nitrogen uptake
from amino acids from 12.8 + 9.2 to 106.4 + 10.4 mg/l
(Fig. 1). From 115 offspring analysed, strains ACI115,
AC114 and AC19 were selected. These strains completed
the fermentation (residual sugar lower than 5 g/l) and
showed statistically significant differences in the con-
sumption of nitrogen but not in the other parameters
evaluated; glycerol, ethanol, duplication time and growth
rate, suggesting that the differences in nitrogen consump-
tion from ammonium and amino acids, would not result
from differences in growth or fermentation capacity.

Genes involved in the consumption of ammonium

To identify genes related to the consumption of nitrogen
sources, the gene expression profiles of strains AC19 and
AC114, selected for presenting significant differences in the
consumption of nitrogen from ammonium, were compared
(Table 2). The gene expression analysis indicates that these
strains differ in the expression of 121 genes related to ion
transport, alcohol metabolism, hexose catabolism and tran-
scription regulation (Online Resource 1). From these we
selected the genes ICY1, ZRTI, CMP2, NHAI, RDLI and

Table 2 Oenological and kinetics properties of yeast strains in synthetic must

Strain Residual Ethanol Nitrogen uptake from Nitrogen uptake from  Glycerol (g/l) Growth rate  Generational
sugar (g/I)* production (% ammonium (mg/1)* amino acids (mg/1)* (h™H time (h)
viv)?
L3145 2.62 £ 0.18%%  9.24 + 0.49' 70.90 + 13.55! 67.58 + 15.49° 4.86 + 0.23'2 NDP ND®
L3147 221 +£0.77> 10.17 + 0.15° 86.16 + 10.54'2 58.98 + 7.62% 5.00 £+ 0.28"2 ND° ND®
L3044  2.62 &+ 0.35% 10.28 + 0.49° 62.40 + 16.22! 55.90 + 2.812 520 + 0.14> ND ND°
AC19  3.04 + 0.12} 933 + 0.26% 110.98 + 6.05> 32.62 + 11.17" 495 4+ 0.07"% 0.12 £ 0.09' 2.46 + 0.18"
AC114  2.13 + 0.77* 938 + 0.77'%  77.27 + 5.44! 35.68 + 13.56! 5.15 £ 0352 0.13 +£ 0.01' 2.37 + 0.02]
AC115  1.69 + 0.72! 9.96 + 0.16>°  73.99 + 2.11! 66.67 + 5.15% 470 £ 0.14"  0.12 £ 0.03' 2.44 £ 0.07"
EC1118 2.52 +0.50*> 931 +0.26'2  68.76 + 24.40" 58.26 + 8.03% 495 £+ 0.07"% 0.17 £ 0.09> 1.79 + 0.01%

% Numbers with different numbers within a same column differ at P < 0.05 level
® ND no determined
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Fig. 1 Distribution of nitrogen uptake in hybrid L3044 offspring
(n = 115). Nitrogen uptake in mg/l from ammonium (/eft) or amino
acids (right)

VPS8 which have not previously been related to nitrogen
metabolism, along with gene ATO2 which encodes for a
putative ammonium transporter. The differences in expres-
sion detected by microarrays were confirmed by QPCR
(Table 3).

Genes involved in the consumption of amino acids

To identify genes involved in the consumption of amino
acids, the gene expression profiles of strains AC115 and
AC19 were analysed since they showed significant differ-
ences in the consumption of nitrogen from both sources
(Table 2). In this case, the expression analysis reveals that
155 genes show differences in expression between these
strains (Online Resource 1). The functional analyses of
these genes suggest that they are mainly related to

Table 3 Genes involved in nitrogen uptake

inorganic substance response, regulation of nitrogenated
compound metabolism and RNA metabolism. Using a
similar methodology to that used for genes involved in
nitrogen uptake from ammonium, genes ARRI, ARR3,
RDLI] and TVP23 previously not related to amino acid
consumption, were selected. The expression profile detec-
ted by microarrays was confirmed by QPCR (Table 3).

Discussion

Several genes related to nitrogen metabolism have been
identified in S. cerevisiae by changes in their expression
according to the nitrogen source, the amount of available
nitrogen or the nutritional stage of the yeast during alcoholic
fermentation (Mendes-Ferreira et al. 2007; Rossignol et al.
2003). However, some genes identified by this approach may
not have any relationship to nitrogen metabolism but may be
associated to other physiological responses generated by the
stress to which the yeast is exposed as a result of the changes
in the culture conditions used. In the present study, to avoid
putting the yeast through fluctuating culture conditions, we
used an experimental approach that would allow us to
associate phenotypic differences in the consumption of ni-
trogenated sources in synthetic must with the existing
genetic variability in genetically related wine yeast strains.
The comparison of the global gene expression between
strains AC19 and AC114 that differ in the consumption of
ammonium permitted the detection of 121 genes affected in
their expression. Some of these genes have previously been
associated to nitrogen metabolism, for example gene URE?2

Gen name Open reading Description Strain with Fold change by Fold change
frame more mRNA Microarray™®? by QPCR>*¢
ATO2 YNRO002C Putative protein involved in the ammonium transport ACI19 1.46 2.64
ICY1 YMRI195W Unknown function ACI9 1.50 3.03
ZRTI YGL255W Protein involved in the Zn transport ACI19 3.72 4.72
CMP2 YMLO57W Isoform of calcineurin A ACl114 1.43 1.66
NHAI YLR138W Na®/K* pump AC114 2.03 1.25
RDLI YOR285W Unknown funtion ACl114 2.52 1.87
VPSS YALOO2W Vacuolar localization AC114 3.25 2.60
ARR3 YPR201W Arsenite transporter AC115 5.73 3.08
ARRI YPR199C Transcriptional factor ACI115 1.57 3.24
RDLI YOR285W Unknown funtion AC115 1.59 3.04
TVP23 YDRO084C Integral membrane protein of Golgi AC115 9.51 2.02

? Average of four replicates
b Average of two replicates

¢ The number is the log, ratio of gene expression between the strains evaluated

9 The data used in microarrays and QPCR comes from independent experiments, and could explain the differences in expression observed
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that encodes for a regulator involved in catabolic repres-
sion by nitrogen (Blinder et al. 1996), MET31, that encodes
for a regulatory factor of methionine biosynthesis (Blaiseau
et al. 1997) and ATO?2 an exporter of ammonium (Palkova
et al. 2002). On the other hand, the global gene expression
comparison between strains AC19 and ACI115, that also
differ in the consumption of amino acids, showed that they
differ in the expression of some genes, such as URAZ2,
HXTI12, STR3 and ILV5 that are regulated by the tran-
scriptional factor Gendp, an essential regulator of catabolic
repression by nitrogen (Hinnebusch and Natarajan 2002).

Within this context, genes ATO2 and ZRTI were over-
expressed in strain AC19 which shows a greater preference
for ammonium as nitrogen source. Of the two genes, ATO2
had already been associated with the transport of ammo-
nium cations (Palkova et al. 2002), but gene ZRT has been
associated to zinc transport (Tamura and Yoshimura 2008;
Zhao and Eide 1996). Nevertheless, we cannot rule out that
ZRTI is involved in the transport of ammonium to the
interior of the cell and thus explain its increase in this
strain. Furthermore, it has been described that ZRTI is
regulated by Gln3p, an activator of catabolic regulation by
nitrogen (Cox et al. 1999) however, its expression would
not completely depend on this regulator (Gitan et al. 1998).
Similarly, it was observed that strain AC114 shows an
upregulation of the gene NHAI, a Na™/H" proton pump
involved in K homeostasis (Kinclova et al. 2001) and
elimination of toxic cations. This gene also plays an
important role in the regulation of the cell cycle (Simén
et al. 2001) and intracellular pH (Sychrova et al. 1999) or
in the immediate cell response to osmotic shock (Kinclova
et al. 2001; Proft and Struhl 2004). This proton pump has
been involved in osmotic stress regulation produced by the
transport of ions, or stress produced by the entry of
ammonium to the cell. Furthermore, it has been described
that during the stress produced by nitrogen starvation, there
is an induction of vacuolar recycling by proteolysis (Ros-
signol et al. 2003) which could explain the increase in the
expression of proteins associated to vacuolar transport such
as VPS8 (Chen and Stevens 1996; Horazdovsky et al.
1996).

On the other hand, many genes of unknown function
also alter their expression under the conditions assayed, for
example genes ARR3, ARRI, RDLI and ICYI. Genes ARR3
and ARRI are overexpressed in strain AC115 and would be
related to ion transport, such as arsenic and its activation,
respectively (Bobrowicz et al. 1997). Gene RDLI showed a
high expression in strains AC114 and AC115, which were
characterized by showing a low consumption of total
nitrogen and nitrogen from ammonium, respectively.
Although this gene encodes for a protein of unknown
function induced by the lack of zinc (Wu et al. 2008), it has
a cystiol domain which would participate in its regulation

@ Springer

by nitrosylation. In the case of ICY], its upregulation has
been described in amino acid starvation (Dunn and Jensen
2003; Kleinschmidt et al. 2005; Suzuki et al. 2003).

Although there are previous reports where some of the
genes identified have been related to the consumption of
nitrogen, 35% of the genes determined in this study have
no known function and the results obtained support their
participation in the metabolism of nitrogen, as well as
contributing information for future studies. Finally, the
genes associated to nitrogen metabolism identified in this
work, may be useful biomarkers for stuck or slow
fermentations.

Acknowledgments This research was supported by grants 1100509
(Fondecyt) and AT 24091033 (Conicyt). V. Garcia was supported by
a DICYT-USACH Postdoctoral Fellowship.

References

Bakalinsky AT, Snow R (1990) The chromosomal constitution of
wine strains of Saccharomyces cerevisiae. Yeast 6:367-382
Bely M, Sablayrolles JM, Barre P (1990) Automatic detection of
assimilable nitrogen deficiencies during alcoholic fermentation
in enological conditions. J Ferment Bioeng 70:246-252

Blaiseau PL, Isnard AD, Surdin-Kerjan Y, Thomas D (1997) Met31p
and Met32p, two related zinc finger proteins, are involved in
transcriptional regulation of yeast sulfur amino acid metabolism.
Mol Cell Biol 17:3640-3648

Blinder D, Coschigano PW, Magasanik B (1996) Interaction of the
GATA factor GIn3p with the nitrogen regulator Ure2p in
Saccharomyces cerevisiae. J Bacteriol 178:4734-4736

Bobrowicz P, Wysocki R, Owsianik G, Goffeau A, Utaszewski S
(1997) Isolation of three contiguous genes, ACRI, ACR2 and
ACR3, involved in resistance to arsenic compounds in the yeast
Saccharomyces cerevisiae. Yeast 13:819-828

Boulton RB, Singleton VL, Bisson LF, Kunkee RE (1996) Principles
and practices of winemaking. Chapman and Hall, New York

Chen YJ, Stevens TH (1996) The VPS8 gene is required for
localization and trafficking of the CPY sorting receptor in
Saccharomyces cerevisiae. Eur J Cell Biol 70:289-297

Cox KH, Pinchak AB, Cooper TG (1999) Genome-wide transcrip-
tional analysis in Saccharomyces cerevisiae by mini-array
membrane hybridization. Yeast 15:703-713

Duncan D, Prodduturi N, Zhang B (2010) WebGestalt2: an updated
and expanded version of the Web-based Gene Set Analysis
Toolkit. BMC Bioinform 11(suppl 4):10

Dunn CD, Jensen RE (2003) Suppression of a defect in mitochondrial
protein import identifies cytosolic proteins required for viability
of yeast cells lacking mitochondrial DNA. Genetics 165:35-45

Dunn B, Levine RP, Sherlock G (2005) Microarray karyotyping of
commercial wine yeast strains reveals shared, as well as unique,
genomic signatures. BMC Genomics 6:53

Fernandez-Espinar MT, Lopez V, Ramon D, Bartra E, Querol A
(2001) Study of the authenticity of commercial wine yeast
strains by molecular techniques. Int J Food Microbiol 70:1-10

Fernandez-Espinar MT, Barrio E, Querol A (2003) Analysis of the
genetic variability in the species of the Saccharomyces sensu
stricto complex. Yeast 20:213-226

Gitan RS, Luo H, Rodgers J, Broderius M, Eide D (1998) Zinc-
induced inactivation of the yeast ZRT! zinc transporter occurs



World J Microbiol Biotechnol (2012) 28:1107-1113

1113

through endocytosis and vacuolar degradation. J Biol Chem
273:28617-28624

Hinnebusch AG, Natarajan K (2002) Gendp, a master regulator of
gene expression, is controlled at multiple levels by diverse
signals of starvation and stress. Eukaryot Cell 1:22-32

Horazdovsky BF, Cowles CR, Mustol P, Holmes M, Emr SD (1996)
A novel RING finger protein, Vps8p, functionally interacts with
the small GTPase, Vps21p, to facilitate soluble vacuolar protein
localization. J Biol Chem 271:33607-33615

Janssen P, van Nispen J, Melgers P, van den Bogaart H, Hamelinck R,
Goverde B (1986) HPLC analysis of phenylthiocarbamyl (PTC)
amino acids. 1. Evaluation and optimization of the procedure.
Chromatographia 22:345-350

Jimenez-Marti E, del Olmo ML (2008) Addition of ammonia or
amino acids to a nitrogen-depleted medium affects gene
expression patterns in yeast cells during alcoholic fermentation.
FEMS Yeast Res 8:245-256

Jiranek V, Langridge P, Henschke PA (1995) Amino acid and
ammonium utilization by Saccharomyces cerevisiae wine yeasts
from a chemically defined medium. Am J Enol Vitic 46:75-83

Kinclova O, Ramos J, Potier S, Sychrova H (2001) Functional study
of the Saccharomyces cerevisiae Nhalp C-terminus. Mol
Microbiol 40:656—-668

Kleinschmidt M, Grundmann O, Bliithgen N, Mosch H-U, Braus G
(2005) Transcriptional profiling of Saccharomyces cerevisiae
cells under adhesion-inducing conditions. Mol Genet Genomics
273:382-393

Legras JL, Karst F (2003) Optimisation of interdelta analysis for
Saccharomyces cerevisiae strain characterisation. FEMS Micro-
biol Lett 221:249-255

Liti G, Carter DM, Moses AM, Warringer J, Parts L, James SA,
Davey RP, Roberts IN, Burt A, Koufopanou V, Tsai 1J, Bergman
CM, Bensasson D, O’Kelly MJ, van Oudenaarden A, Barton DB,
Bailes E, Nguyen AN, Jones M, Quail MA, Goodhead I, Sims S,
Smith F, Blomberg A, Durbin R, Louis EJ (2009) Population
genomics of domestic and wild yeasts. Nature 458:337-341

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 25:402-408

Marks VD, van der Merwe GK, van Vuuren HJ (2003) Transcrip-
tional profiling of wine yeast in fermenting grape juice:
regulatory effect of diammonium phosphate. FEMS Yeast Res
3:269-287

Marullo P, Bely M, Masneuf-Pomarede I, Aigle M, Dubourdieu D
(2004) Inheritable nature of enological quantitative traits is
demonstrated by meiotic segregation of industrial wine yeast
strains. FEMS Yeast Res 4:711-719

Mendes-Ferreira A, del Olmo M, Garcia-Martinez J, Jimenez-Marti
E, Mendes-Faia A, Perez-Ortin JE, Leao C (2007) Transcrip-
tional response of Saccharomyces cerevisiae to different nitro-
gen concentrations during alcoholic fermentation. Appl Environ
Microbiol 73:3049-3060

Palkova Z, Devaux F, Icicova M, Minarikova L, Le Crom S, Jacq C
(2002) Ammonia pulses and metabolic oscillations guide yeast
colony development. Mol Biol Cell 13:3901-3914

Pizarro FJ, Jewett MC, Nielsen J, Agosin E (2008) Growth
temperature exerts differential physiological and transcriptional

responses in laboratory and wine strains of Saccharomyces
cerevisiae. Appl Environ Microbiol 74:6358-6368

Pretorius IS (2000) Tailoring wine yeast for the new millennium:
novel approaches to the ancient art of winemaking. Yeast
16:675-729

Proft M, Struhl K (2004) MAP kinase-mediated stress relief that
precedes and regulates the timing of transcriptional induction.
Cell 118:351-361

Ribereau-Gayon P, Dubourdieu D, Doneche B, Lonvaud A (2000)
Handbook of enology. Wiley, New York

Rossignol T, Dulau L, Julien A, Blondin B (2003) Genome-wide
monitoring of wine yeast gene expression during alcoholic
fermentation. Yeast 20:1369-1385

Salinas F, Mandakovi¢ D, Urzua U, Massera A, Miras S, Combina M,
Ganga MA, Martinez C (2010) Genomic and phenotypic
comparison between similar wine yeast strains of Saccharomy-
ces cerevisiae from different geographic origins. J Appl Micro-
biol 108:1850-1858

Simon E, Clotet J, Calero F, Ramos J, Ariio J (2001) A screening for
high copy suppressors of the sit4 hal3 synthetically lethal
phenotype reveals a role for the yeast Nhal antiporter in cell
cycle regulation. J Biol Chem 276:29740-29747

Somogyi M (1952) Notes on sugar determination. J Biol Chem
195:19-23

Suzuki C, Hori Y, Kashiwagi Y (2003) Screening and characteriza-
tion of transposon-insertion mutants in a pseudohyphal strain of
Saccharomyces cerevisiae. Yeast 20:407-415

Sychrova H, Ramirez J, Pena A (1999) Involvement of Nhal
antiporter in regulation of intracellular pH in Saccharomyces
cerevisiae. FEMS Microbiol Lett 171:167-172

Tamura S, Yoshimura E (2008) Promotion of Zn(2+) uptake by
Al(3+) in a Saccharomyces cerevisiae mutant that lacks the
ZRT1 gene encoding a high-affinity Zn transporter. Biol Trace
Elem Res 124:262-268

Vaquerizas JM, Dopazo J, Rn Diaz-Uriarte (2004) DNMAD: web-
based diagnosis and normalization for microarray data. Bioin-
formatics 20:3656-3658

Varela C, Pizarro F, Agosin E (2004) Biomass content governs
fermentation rate in nitrogen-deficient wine musts. Appl Environ
Microbiol 70:3392-3400

Winge O, Laustsen O (1938) Artificial species hybridization in yeast.
C R Trav Lab Carlsberg Ser Physiol 22:235-244

Wu TK, Chang CH, Liu YT, Wang TT (2008) Saccharomyces
cerevisiae oxidosqualene-lanosterol cyclase: a chemistry-biol-
ogy interdisciplinary study of the protein’s structure-function-
reaction mechanism relationships. Chem Rec 8:302-325

Zhang B, Kirov S, Snoddy J (2005) WebGestalt: an integrated system
for exploring gene sets in various biological contexts. Nucleic
Acids Res 33:W741-W748

Zhao H, Eide D (1996) The yeast ZRTI gene encodes the zinc
transporter protein of a high-affinity uptake system induced by
zinc limitation. Proc Natl Acad Sci U S A 93:2454-2458

Zuzuarregui A, Monteoliva L, Gil C, del Olmo M (2006) Transcrip-
tomic and proteomic approach for understanding the molecular
basis of adaptation of Saccharomyces cerevisiae to wine
fermentation. Appl Environ Microbiol 72:836-847

@ Springer



	Identification of genes related to nitrogen uptake in wine strains of Saccharomyces cerevisiae
	Abstract
	Introduction
	Materials and methods
	Strains, media and growth conditions
	Sporulation and production of a hybrid and its offspring
	Kinetic analysis
	Oenological analysis
	RNA isolation and microarray analysis
	Validation of microarray results by QPCR
	Statistical analysis

	Results
	Selection of strains with high and low nitrogen consumption
	Genes involved in the consumption of ammonium
	Genes involved in the consumption of amino acids

	Discussion
	Acknowledgments
	References


