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Abstract In the present work we studied the expression
of genes from nitrogen central metabolism in the yeast
Dekkera bruxellensis and under regulation by the Nitrogen
Catabolite Repression mechanism (NCR). These analyses
could shed some light on the biological mechanisms
involved in the adaptation and survival of this yeast in the
sugarcane fermentation process for ethanol production.
Nitrogen sources (N-sources) in the form of ammonium,
nitrate, glutamate or glutamine were investigated with or
without the addition of methionine sulfoximine, which
inhibits the activity of the enzyme glutamine synthetase
and releases cells from NCR. The results showed that
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glutamine might act as an intracellular sensor for nitrogen
availability in D. bruxellensis, by activating NCR. Gene
expression analyses indicated the existence of two
different GATA-dependent NCR pathways, identified as
glutamine-dependent and glutamine-independent mecha-
nisms. Moreover, nitrate is sensed as a non-preferential
N-source and releases NCR to its higher level. After
grouping genes according to their regulation pattern, we
showed that genes for ammonium assimilation represent a
regulon with almost constitutive expression, while per-
mease encoding genes are mostly affected by the nitrogen
sensor mechanism. On the other hand, nitrate assimilation
genes constitute a regulon that is primarily subjected to
induction by nitrate and, to a lesser extent, to a repressive
mechanism by preferential N-sources. This observation
explains our previous reports showing that nitrate is co-
consumed with ammonium, a trait that enables D.
bruxellensis cells to scavenge limiting N-sources in the
industrial substrate and, therefore, to compete with
Saccharomyces cerevisiae in this environment

Keywords GATA - Gene expression - Methionine

sulfoximine - Nitrate assimilation - Nitrogen
metabolism

Introduction
Since we first showed that Dekkera bruxellensis is

present at high counts in yeast populations from
sugarcane industrial fermentation in Brazil (De Souza
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Liberal et al. 2007; Basilio et al. 2008), efforts have
been made to understand the mechanisms enabling
this yeast to adapt and even surpass the population of
Saccharomyces cerevisiae in this process. In this
regard, two main branches of investigation have been
pursued: tolerance to industrial stresses and ability to
scavenge limiting growth factors from the industrial
substrate.

In the context of a putative nutritional advantage, D.
bruxellensis uses ammonium or urea as nitrogen source
(N-source) for the basal metabolism, as do most yeasts
and filamentous fungi (Siverio 2002). Amino acids are
also suitable as N-sources, especially in anaerobiosis
(Blomgqyvist et al. 2012), oxygen limitation (De Barros
et al. 2013a) and under wine fermentation (Crauwels
etal. 2015). Moreover, this yeast can also use nitrate in
the central metabolism through its conversion to
ammonium and further assimilation into glutamate
(De Barros et al. 2011). When nitrate is used as
N-source, yeast cells turn their metabolism to respira-
tion to the detriment of fermentation (De Barros et al.
2013b). Additionally, the use of this N-source could
solve the problem of redox imbalance caused by a
limitation in the ability to reoxidise anabolic NADH in
oxygen limitation, which leads to a decrease in the
ethanol production, the so-called Custer effect (De
Barros et al. 2011; Galafassi et al. 2013). Since the use
of nitrate by yeasts found in ethanol fermentation using
sugarcane juice is limited to some species (Basilio et al.
2008; Silva et al. 2016), it might represent a clear
advantage for D. bruxellensis over S. cerevisiae,
considering that the latter does not assimilate this
N-source (De Barros et al. 2011). However, regardless
of the type of nitrogen present in the fermentation
substrate, it will always be found in limiting condi-
tions, as ammonium or nitrate (De Barros etal. 2011) or
even as amino acids (Walford 1996). Therefore, the
metabolism of nitrogen is an important area of
investigation in order to understand the adaptation of
this yeast in the industrial process.

In S. cerevisiae the metabolism of nitrogen is
regulated by two interplaying general mechanisms
governing the regulation of gene expression and
enzyme functioning: the General Amino Acids Con-
trol (GAAC) and the Nitrogen Catabolite Repression
(NCR) (Ter Schure et al. 2000; Magasanik and Kaiser
2002). The latter acts by repressing the expression of
genes involved in the use of a variety of alternative
N-sources when ammonium, glutamate or glutamine
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are available in the medium (Magasanik and Kaiser
2002). In general terms, the NCR mechanism is
composed of two negative regulator proteins, Dal80p
and Gzf3p, and two positive regulator proteins, Gln3p
and Gatlp. The common feature in these transcription
factors (TF) is the zinc-finger DNA binding motif that
recognises a GATAAG element (GATA motif) in the
promoter of target genes (Magasanik and Kaiser
2002). Additionally, Ure2p is a central player in the
NCR mechanism by controlling the cytoplasmic-
nuclear location of transcription factors (Georis et al.
2011). In the presence of ammonium, Ure2p binds to
GIn3p and impairs its migration to the nucleus while
Dal80p and Gzf3p bind to GATAAG elements, which
results in the repression of NCR-sensitive genes.
When nitrogen is scarce or in the presence of non-
preferential sources, GIn3p is released from Ure2p and
migrates to nucleus to activate the expression of GATI
gene, and together GIn3p and Gatlp activate the
expression of NCR-sensitive genes (Georis et al.
2011).

Upstream of this regulatory process is the TOR
(Target of Rapamycin) pathway, which is a kinase
cascade transducer mechanism connecting the avail-
ability of nitrogen in the environment and cell growth
control (Magasanik and Kaiser 2002, Georis et al.
2011). TOR may use ammonium and/or glutamine as
an intracellular sensor for nitrogen, and, by doing so, it
is directly connected to the central pathway of
ammonium assimilation (Magasanik and Kaiser
2002, Georis et al. 2011). In this regard, ammonium
is mainly assimilated by the amination of 2-oxoglu-
tarate into glutamate, by NADPH-dependent gluta-
mate dehydrogenase (Gdhlp), and the further
amination of glutamate into glutamine, by ATP-
dependent glutamine synthetase (GS or Glnlp). In
the excess of glutamine in the medium, this amino acid
can be used to transaminate 2-oxoglutarate to produce
two molecules of glutamate by NADH-dependent
glutamine/2-oxoglutarate amino transferase (GOGAT
or Gltlp) (Magasanik and Kaiser 2002). Inhibition of
both TOR by rapamycin and GS by methionine
sulfoximine (MSX) mimics, in different ways, nitro-
gen limitation or shortage in the environment and may
account for the release of expression in NCR-sensitive
genes. The expression of these genes enables cells to
scavenge any possible N-source available (Crespo and
Hall 2002; Georis et al. 2011). In S. cerevisiae,
ammonium is a strong inducer of NCR by impairing
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the use of other N-sources. However, it does not seem
to inhibit nitrate usage by D. bruxellensis as both
N-sources are co-consumed in industrial (De Barros
et al. 2011) and laboratory (De Barros et al. 2013b)
media. This indicates that the regulatory mechanisms
governing the use of N-source might be different
between these yeasts. Therefore, an understanding of
the regulatory network of nitrogen metabolism may
uncover the mechanisms allowing this yeast to survive
and grow in a nitrogen-limited substrate, such as
sugarcane juice. This is rather important, especially in
the context of the nutritional advantage observed for
D. bruxellensis due to the assimilation of nitrate.

In the present work we used the inhibition of GS by
MSX in order to study the regulation of key genes in
the central metabolism of ammonium and nitrate in D.
bruxellensis. The results showed that MSX is effective
in releasing the NCR mechanism in this yeast and
indicated that glutamine is an intracellular sensor
molecule of NCR in this yeast. The presence of nitrate
itself was enough to achieve this response, indepen-
dently of MSX treatment. The relative expression
profiles of target genes showed the presence of
glutamine-dependent and glutamine-independent
GATA mechanisms for gene regulation, and genes
could be grouped according to their response to NCR.
Finally, we confirmed previous results showing that
nitrate genes are more subject to an inductive mech-
anism by nitrate than a repressive mechanism by
ammonium or glutamate/glutamine.

Materials and methods
Strain and culture conditions

The strain D. bruxellensis GDB 248 was used as it has
been a model for physiological and genetic studies of
this yeast isolated from fuel-ethanol fermentation
processes (De Barros et al. 2011; Leite et al. 2012).
Cells were maintained in YPD plates (yeast extract:
10 g/l1; peptone: 20 g/l; glucose: 20 g/l; agar: 20 g/l).
Seed cultures were prepared by inoculating fresh yeast
colonies in liquid complete synthetic defined (SD)
medium (yeast nitrogen base: 1.7 g/l; ammonium
sulphate: 5 g/l; glucose: 20 g/l) and cultivating the
cells at 30 °C and 180 rpm for 48 h. Afterwards, yeast
cells were transferred to fresh synthetic media to initial
0.1-0.2 ODgoonm- The synthetic media contained

either ammonium (sulphate salt), nitrate (sodium salt),
glutamate or glutamine as nitrogen sources, added to
medium to achieve an initial nitrogen concentration of
75 mM. Methionine sulfoximine (Sigma Co., St
Louis, USA) was added at different concentrations
(0-20 mM) in the experiments of NCR inhibition.
Cultivations were performed in 150 pl volume sterile
microtitre plates (in 200 pl wells) in multireader
Synergy HT (Biotek, Swissland) at 30 °C with auto-
matic recording of O.D. at 600 nm. Yeast growth rates
were calculated from the slope of the exponential
growth phase (Leite et al. 2012). Experiments were
performed in biological triplicates and the data
represent the mean arithmetic value.

RNA extraction and cDNA synthesis

For gene expression analyses, yeast cells were culti-
vated in flasks with SD medium containing ammo-
nium sulphate until reaching 1.0 ODgyopm,. Cells were
collected by centrifugation, washed with sterile water
and re-suspended in the same volume of SD medium
containing different N-sources, with or without MSX
at 20 mM, and incubated for 1 h at 30 °C and
180 rpm. After incubation, cells were immediately
stored at —80 °C for RNA extraction.

For RNA extraction, cells were thawed, centrifuged
at 4 °C and re-suspended in 250 pul of AE buffer
(50 mM sodium acetate and 10 mM EDTA, pH 5.3)
plus 60 pl 10% SDS. Cells were lysed by vortexing
followed by incubation at 65 °C for 10 min. The lysates
were centrifuged at 9520 RCF for 5 min at 4 °C and the
supernatants were transferred to new tubes. Total RNA
was purified with NucleoSpin® RNA II kit (Macherey—
Nagel, Germany) according to manufacturer instruc-
tions. Quantification of RNA was done by using a
Nanodrop (GE Health Care, EUA), with purity evalu-
ated by 260/280 nm ratio, and integrity was evaluated
in 1% agarose gel in DEPC-treated TAE buffer, with
staining with ethidium bromide. cDNA was produced
by using the ImProm-II"™ Reverse Transcription
System Promega II kit (Promega, USA), following
manufacturer’s instructions.

Primer design and gPCR
Nucleotide sequences of D. bruxellensis genes orthol-

ogous to S. cerevisiae were recovered from the
genome database deposited at the NCBI. Primers for
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qPCR were designed using the tool Primer Express®
of Applied Biosystems (http://www.appliedbiosy
stems.com/support/apptech/) with the following cri-
teria: length of 19-21 nucleotides, GC content around
50%, average Tm of 60 °C and amplicons with
70-150 bp. Information regarding the primers used in
the present study were previously reported as supple-
mentary material by De Barros Pita et al. (De Barros
et al. 2013a, b). All parameters of quality, efficiency
and validation were evaluated according to conditions
previously established (De Barros et al. 2012).
Amplifications were performed in ABI Prism 7300
(Applied Biosystems, Foster City, CA, USA) using
SYBR Green PCR master Mix kit (Applied Biosys-
tems). Reference genes data normalisation and anal-
ysis by geNorm algorithm as well as relative quantity
determination followed the MIQE Guidelines as rec-
ommended for D. bruxellensis by De Barros et al.
(2012).

Relative expression profiles of each gene were
transformed in a binary matrix with the criterion of 0
(fold change <2) and 1 (fold change >2) for each
condition to produce a distance matrix clustered by
UPGMA using the online software freely available at
http://genomes.urv.cat/UPGMA/(Garcia-Vallve et al.
1999). The nodes represent the parameters for each
sub-network dichotomized according to the framing of
the genes to each parameter (Y = yes; N = no).

Gene promoter analysis

Nucleotide sequences comprising 1000 bp upstream
from the transcription start point of each gene were
collected from the D. bruxellensis CBS 2499 v2.0
genome (Piskur et al. 2012) deposited at JGI database
(http://genome.jgi.doe.gov/Dekbr2/Dekbr2.info.html).
Those sequences were analysed for the presence of TF
binding motifs by the tool “find TF binding site” of the
Yeastract database (http://www.yeastract.com/index.
php) (Teixeira et al. 2014). The presence of NCR-re-
lated regulatory elements and their positions were
recorded.

Results and discussion
In the present work we used MSX in order to release

NCR in the yeast D. bruxellensis and evaluate its
consequences to the regulation of key genes in
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nitrogen central metabolism. The first approach was
to test the effectiveness of this compound in the yeast
growth, as a selective inhibitor of GS. This would
enforce a glutamine shortage, mimicking nitrogen
starvation and cell metabolic reprogramming. Growth
on SD medium with ammonium as nitrogen source
showed a characteristic lag phase, lasting for 5-6 h,
followed by an exponential growth at rate of 0.14 h™".
On the other hand, cells exposed to MSX did not grow
when ammonium was the N-source (Fig. 1a), indicat-
ing that MSX is also active in D. bruxellensis and
should be blocking glutamine biosynthesis. The
results showed that D. bruxellensis was more tolerant
to MSX than S. cerevisiae. Currently, the literature
reports the use of 2 mM of MSX to inhibit growth of S.
cerevisiae, while our experiments showed that D.
bruxellensis grows normally at this concentration. Full
inhibition of cell growth was achieved only with
20 mM (data not shown). Glutamine was used as
N-source by this yeast as shown by the high growth
rate at 0.15 h™' with a very short lag phase (Fig. 1c). It
was observed that 20 mM of MSX decreased growth
rate to 0.13 h™!, rather than stalling it, as observed for
ammonium. Therefore, the toxic effect of MSX is not
effective when using glutamine as N-source. Addi-
tional evidence came from a cultivation in which
glutamate was the N-source. This amino acid is also
used by the yeast cells, which grew at 0.12 h™'
following a very short lag phase (Fig. 1b). The
presence of MSX did not stop yeast growth, but
significantly reduced it to 0.03 h™'. This indicated that
an unknown alternative low-active pathway for glu-
tamine biosynthesis from glutamate was in operation.

Nitrate is used as an N-source by D. bruxellensis
after its reductive conversion to ammonium using
NAD(P)H as reduced co-factor. It provides nutritional
advantage for this yeast over S. cerevisiae in industrial
processes, such as fermentation of sugarcane juice (De
Barros et al. 2011) and could also be used as an
alternative electron acceptor to overcome the Custer
effect (De Barros et al. 2011; Galafassi et al. 2013).
The regulation of nitrate genes has been studied by our
group and in the present context we intended to test the
influence of the NCR mechanism over their expres-
sion. The yeast grew at a rate of 0.10 h™' in the
presence of nitrate, preceded by a 5-6 h lag phase
(Fig. 1d), a characteristic of this strain. The presence
of MSX, and consequent inhibition of glutamine
biosynthesis extended that lag phase to 14 h, while
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Fig. 1 Growth kinetics of Dekkera bruxellensis GDB 248
strain in YNB media containing glucose and different nitrogen
sources as ammonium (a), glutamate (b), glutamine (c¢) and

only decreasing the exponential growth rate to
0.08 h™' (Fig. 1d). This was somewhat surprising,
since nitrate is reduced to ammonium and one could
expect to observe the same behaviour observed in
ammonium-containing medium. Once again, since GS
should be inactivated by MSX, this suggested the
presence of an alternative low-active pathway for
glutamine biosynthesis in this yeast.

The results above led us to speculate that such a
putative and alternative glutamine biosynthetic path-
way, if it truly exists, should be under strong
repression by ammonium. In this case, in ammo-
nium-based medium the presence of MSX blocks the
GS activity. Then, the presence of ammonium itself
inhibits that alternative pathway and no glutamine is
produced whatsoever. When nitrate is used as
N-source, the presence of MSX blocks the conven-
tional pathway for glutamine biosynthesis. However,
as the conversion to ammonium flows at slow rates,
as indicated by the reduced growth (Fig. 1d),
ammonium should not accumulate to repress that
alternative glutamine biosynthetic pathway. When
glutamate is used as N-source, the alternative
pathway should not be repressed as well. We
simulated the reaction by GOGAT for the intercon-
version glutamine-glutamate using online eQuilibra-
tor software (Flamholz et al 2012). The result
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nitrate (d) in the absence (open circle) or presence (filled circle)
of methionine sulfoximine at 20 mM. The results represent the
mean value of triplicates

showed the estimated AG® of —49.4 kJ/mol in favour
of the conversion of glutamine to glutamate. Thus,
this reverse reaction seems unlikely. Nonetheless,
the identification of this putative pathway is beyond
the subject of this report.

In addition to physiological data, the present study
evaluated the expression of genes involved in the
central metabolism of nitrogen, which were divided
into three groups (Fig. 2). In group 1, we positioned
genes encoding transporters for organic and inorganic
nitrogen compounds, such as MEPI (ammonium
permease), GAPI (general amino acids permease),
YNTI (nitrate permease) and PUT4 (proline perme-
ase). This last gene was used because it is a typical
marker for the NCR mechanism in S. cerevisiae (Ter
Schure et al. 2000). The second group comprises genes
coding for enzymes involved in the conversion of the
inorganic substrates (ammonium or nitrate) to gluta-
mate and glutamine, such as GDHI (NADPH-depen-
dent glutamate dehydrogenase), GDH2 (NAD™-
dependent glutamate dehydrogenase), GLTI (NAD™-
dependent glutamate synthase), YNRI (nitrate reduc-
tase) and YNII (nitrite reductase) (Fig. 2). The third
group includes genes encoding the main regulatory
proteins involved in ammonium and nitrate assimila-
tion (YNAI and GATI). Their expressions in different
media were relative to ammonium-based medium.

@ Springer
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Fig. 2 Scheme of the metabolic routes involved in the uptake
and metabolisation of different nitrogen sources in yeast.
Permeases and enzymes are underlined. Black arrows represent
the transport of metabolites from outside the cells. Thick gray
arrows represent enzyme reactions. Black line with flattened tip
represents the inhibition of glutamine synthetase by methionine
sulfoximine (MSX)

Expression of genes in glutamine medium was not
included due to lack of physiological effect of MSX in
this condition. Moreover, the promoter region of each
gene was scanned for the presence of DNA-binding
motifs for the transcription factors involved in NCR
(Table 1).

The presence of MSX in medium containing
ammonium promoted a slight induction of permease-
encoding GAPI, PUT4 and YNTI, while transcrip-
tional activity of MEPI remained unaltered (Fig. 3).
In S. cerevisiae, GAPI is under NCR when in
ammonium or nitrogen-rich conditions, in which its
transcription is repressed by Ure2p. Under nitrogen
starvation or nitrogen-poor condition it is induced by
the Gatlp and GIn3p (Magasanik and Kaiser 2002).
PUT4 encodes a permease for proline than can also
transport alanine and glycine. Its expression is tightly
regulated by ammonium and follows the pattern
presented for GAPI (Ter Schure et al. 2000). In D.
bruxellensis GAP1, PUT4 and MEPI were up-regu-
lated in low nitrogen concentration or when proline
was the N-source, irrespective of sugar concentration
(De Barros et al. 2013a). On the other hand, MEPI was
not up-regulated in the present report for MSX-treated
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cells (Fig. 3). In S. cerevisiae, two mechanisms of
NCR are in operation: (i) a TorC1-dependent pathway
acting through a GATA regulator Gatlp and (ii) a
TorCl-independent GIn3p pathway. Treatment with
MSX relocates GIn3p to the nucleus for the up-
regulation of its target genes. On the other hand, the
location of Gatlp is not changed by MSX and
consequently it does not influence the expression of
genes under Gatlp control (Georis et al. 2011). In S.
cerevisiae, this gene encodes a transcriptional factor
that induces the expression of NCR-sensitive genes in
parallel to Gln3p-regulated mechanism. However,
transcription of this gene is activated by GIn3p in
response to nitrogen-poor condition and repressed by
Dal80p in nitrogen-rich medium (Magasanik and
Kaiser 2002; Siverio 2002). We observed a significant
up-regulation of GATI by MSX (Fig. 3). Therefore,
we concluded that in D. bruxellensis the orthologue of
GATI is also regulated by the GIn3p-dependent/
glutamine-dependent mechanism like GAPI and
PUT4 above. Therefore, from our previous results
(De Barros et al. 2013a) and the results of the present
work, we propose that two GATA pathways are also
operating in D. bruxellensis: (i) GATA-dependent/
glutamine-dependent regulation of GAP/ and PUT4
and (i) GATA-dependent/glutamine-independent
regulation of MEPI. Analysis of the promoter region
of MEP] revealed the presence of three DNA binding
motifs for Gendp TF (Table 1), which makes its
expression tightly regulated by ammonium. The
presence of this motif in the promoter of GAPI and
PUT4 also indicated an ammonium-dependent regu-
lation (Table 1). Gendp induces the expression of
target genes under amino acids limitation, and its
stability in the cells depends on the ubiquitin-related
mechanism that responds to the nutrient availability in
the medium (Meimoun et al. 2000). This means that
under adequate supply of glutamine, or in ammonium-
rich medium, Gendp is degraded and its target genes
are down-regulated. The lack of induction of MEPI by
MSX, as observed in ammonium medium (Fig. 3)
together with the presence of Gendp motifs in its
promoter (Table 1) revealed that the strength of
ammonium repression is higher than the activation
by glutamine starvation. The fourth permease-encod-
ing gene YNTI showed up-regulation by sixfold in the
presence of MSX, higher than the other two permease
genes (Fig. 3). This indicates that this gene is under a
tight repressive control of glutamine-dependent
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Table 1 Identification of regulatory motifs involved with Nitrogen Catabolite Repression in genes of nitrogen central metabolism
and nitrate assimilation in Dekkera bruxellensis (Joint Genome Institute—http://genome.jgi.doe.gov/Dekbr2/Dekbr2.info.html)

—1000 upstream sequence

Gene JGI Genome scaffold Protein ID Transcription factor Motif Position Strand
MEPI 10:125266-126687 20153 Gatlp/Gln3p/Gzf3p GATAAG —214 F
Gendp TGATTCA —557 R
Gendp TGACTMT —629 R
Gendp TGACTC —794 R
GAPI 4:910065-912084 23099 Gatlp/Gln3pGzf3p GATAAG —55 F
Gendp TGATTCA —102 R
Bas1p/Gendp TGACTC —727 R
YNTI 24:16012-17613 20931 Gatlp/Gln3p/Gzf3p GATAAG —182 F
Gatlp/Gln3p/Gzf3p GATAAG —348 F
Gln3p GATTAG —706 F
PUT4 2:1459093-1461166 24475 Gendp TGATTCA —222 F
Gatlp/Gln3p/Gzf3p GATAAG —869 R
YNRI 24:8025-10937 128034 Gatlp/Gln3p/Gzf3p GATAAG —-220 R
YNII 24:11596-15041 24540 Gatlp/Gln3p/Gzf3p GATAAG —364 F
Bas1p/Gendp TGACTC —-906 R
Gendp TGASTCA —913 F
GDHI 6:94847-96226 39604 No NCR motif
GDH?2 1:1271725-1273848 4085 Promoter region not available in the database
Gatlp/Gln3p/Gzf3p GATAAG -339 F
Gatlp/Gln3p/Gzf3p GATAAG —406 F
Gcendp TGATTCA —527 F
Gatlp/GIn3p/Gzf3p GATAAG —894 F
Dal81p/Dal82p SAAAWNTGCGBT —905 R
GATI 9:268701-271121 26194 Gatlp/Gln3p/Gzf3p GATAAG —242 R
Gendp TGACTGA —657 F
Gatlp/Gln3p/Gz{3p GATAAG —943 R
YNAI Promoter region not available in the database

GATA pathway. We previously showed that YNT] is
highly expressed by nitrate and also that this induction
was slightly suppressed by the presence of ammonium
in nitrate-based medium (De Barros et al.
2011, 2013b). Altogether, these results showed that
YNT1 is subject to repressive regulation by glutamine,
which is relieved upon MSX treatment. This was
corroborated by the presence of GATA binding motifs
and absence of a Gendp binding motif in its promoter
region (Table 1).

Expression of genes coding for proteins of the
ammonium central pathway (GDHI, GLTI and
GDH?2) was not changed by MSX in ammonium-
based medium. Actually, under ammonium limitation

these genes were down-regulated (De Barros et al.
2013a), indicating their almost exclusive regulation by
ammonium. Moreover, the lack of up-regulation of
GDH]1 and GLTI genes seems to be the consequence
of two mechanisms as indicated in Table 1. First,
GDHI did not present any NCR-related motif,
corroborating its almost constitutive expression.
Second, GLT1 contains motifs for Gendp and Dal80p,
indicating its tight negative regulation by ammonium.
On the other hand, genes for the nitrate metabolism
were only slightly up-regulated (Fig. 3). Since this
was observed independently of YNAI/ mRNA levels
(Fig. 3), it seems that nitrate genes are mainly
controlled by the activation of Ynalp. In our previous
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Fig. 3 Expression of yeast 18 H
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work (De Barros et al. 2011, 2013b) we concluded that
nitrate genes are mostly regulated by the presence of
nitrate and less subjected to NCR, which is confirmed
in the present study.

In glutamate-based medium, we observed a slight
up-regulation of the three permease encoding genes
and down-regulation of GDHI, GDH2 and GLTI
relative to ammonium-based medium (Fig. 4a). This
overall picture was practically the same for gluta-
mate-growing cells treated with MSX, with an
increase only in scale of fold change (Fig. 4b). Our
previous work showed that GLT! was down-regu-
lated in glutamate-rich medium relative to ammo-
nium, while GDH2 was up-regulated in this condition
(De Barros et al. 2013a). This profile was reproduced
also in glutamate-limited medium (De Barros et al.
2013a). The explanation follows that presented for
ammonium. In this case, the excess of assimilable N
in the form of glutamate not only activates a
repressive mechanism that impairs Gendp function,
but also might induce migration of Gaplp from the
cytoplasm. GATI was up-regulated independently of
presence of MSX (Fig. 4b). These results indicated a
hierarchical regulation of GAT! as a consequence of
the nitrogen sensing mechanisms. First, GATI
expression seems to be maximally achieved in the
presence of MSX (tenfold), i.e., absence of glu-
tamine, and progressively decreases in the presence
of glutamine (threefold) and ammonium (onefold).
Glutamine biosynthesis occurs via amination of
glutamate by GS. In this case, ammonium is obtained
directly from the medium (in ammonium-based

@ Springer

medium) or is produced by deamination of glutamate
by action of Gdh2p activity (in glutamate-based
medium). It seems that in glutamate as sole N-source,
glutamine synthesis is limited by the low rate of
Gdh2p activity, as suggested by the observed low
expression of GDH2 (Fig. 4). Cultivation in gluta-
mate or glutamine showed significant differences in
only two genes (De Barros et al. 2013b). GDH2 was
up-regulated in glutamate, as expected from the
catabolic activity of its enzyme. On the other hand,
GLTI was up-regulated in glutamine, since glutamate
must be produced by the transaminase activity
encoded by this gene. In addition, PUT4 was only
slightly down-regulated in glutamine relative to
glutamate. Second, full induction is achieved in
ammonium medium containing MSX (16-fold), sup-
porting the statement above that glutamine is a sensor
that helps the negative regulation of GAT1, as shown
by the growth curves (Fig. 1). Transcription of nitrate
genes was unchanged in glutamate medium relative
to ammonium medium (Fig. 4a). Actually, the results
indicated a down-regulation of YNTI and YNRI in
such conditions. On the other hand, in MSX, a
significant up-regulation of the three nitrate genes
was observed (Fig. 4b). These genes seem to behave
as a regulon, with the same co-regulation pattern.
Different from GATI, their first regulatory mecha-
nism seems to be the relief of NCR controlled by the
Gln3p-dependent mechanism followed by repression
triggered by the nitrogen-rich condition of glutamine.

When nitrate was used as N-source, MEPI, GAPI,
GDHI, GDH?2 and GLT] were up-regulated relative to
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ammonium (Fig. 5a) in a higher level than that
achieved in glutamate (Fig. 4a). On the other hand,
the presence of MSX did not change their expression
profile (Fig. 5b). For MEPI, GAPI and GLT]I, the up-
regulation can be explained by the dependence of
Gendp binding to their promoters in the absence of
ammonium. GATI transcription level was higher in
nitrate than in ammonium (Fig. 5a), although it
showed down-regulation when MSX was added to
the medium (Fig. 5b). As expected, nitrate genes were
up-regulated by nitrate irrespective to the presence of
MSX (Fig. 5a, b). By comparing the expression level
of nitrate and nitrate + MSX condition it became
clear that nitrate itself was enough to fully release D.
bruxellensis cells from NCR.

MEP1 GAP1 PUT4 GDH1 GDH2 GLT1 GAT1 YNT1 YNR1 YNI1 YNA1

Based on the expression profiles from the genes
analysed in the present study, we clustered the data
and graphically represented them as a dendrogram
(Fig. 6). Note that all genes involved in nitrate
assimilation, except YNAI, behave as a regulon,
meaning that they responded in exactly the same
way i.e. repressed by ammonium and induced by
nitrate, with the following differences. YNTI was the
most up-regulated among them due to the presence of
three GATA motifs in its promoter and presented no
repressive response by ammonium. YNII was the
second most up-regulated gene due to the presence of
one GATA motif and two Gcendp binding motifs.
However, these two Gen4 motifs make YNII repress-
ible by ammonium. Finally, the presence of only one

@ Springer
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GATA motif explained the weak regulatory response
observed for YNRI. YNAI and GDH?2 also formed a
separate regulon that showed a positive response
exclusively to the presence of nitrate, perceived by the
cells as nitrogen limitation or starvation. Unfortu-
nately, there is no data available for their promoter
elements. On the other hand, GDH1 did not show any
differential expression in the conditions relative to
ammonium as reference. This gene does not present
any NCR element in its promoter (Table 1), but only
elements relevant to carbon control (data not shown).
GDH]I expression responds to both nitrogen and
carbon source in S. cerevisiae, being rather dependent
on the control exerted by Ada3p and Gen4/5p involved
in repression by glucose. With a respirable carbon
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source, such as ethanol, this gene is controlled by
Snf2p (Riego et al. 2002). In a parallel study, we
observed that GDHI expression changes in anaero-
biosis, in which fermentation demands high glycolytic
flux to sustain adequate ATP supply for growth
(manuscript in preparation). PUT4 gene of D. brux-
ellensis showed only mild regulation by NCR and did
not seem to be an efficient marker to study this
regulatory mechanism, as reported for S. cerevisiae.
This set of data represents the first picture on the
regulatory circuit of NCR in the yeast D. bruxellensis,
studies of which are still very limited by the shortage
of molecular tools for gene modification and strain
construction via sporulation/breeding classical meth-
ods. Nevertheless, it presents the first clues on the
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Fig. 6 Clustering by UPGMA of genes of Dekkera bruxellensis
GDB 248 according to the profile of relative expression in all
conditions showed in Figs. 3,4 and 5 as described in “Materials
and methods”. The nodes represent the parameters for each sub-
network dichotomized according to the framing of the genes to
each parameter (Y = yes; N = no)

regulation of genes involved in nitrate assimilation, a
physiological trait that might provide adaptation to
industrial processes, such as ethanol fermentation of
sugarcane substrates.
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