Pre prints.org

Article Not peer-reviewed version

The TOR Regulatory Mechanism
Controls the Metabolism of Nitrate and
the Fermentation Activity in the Yeast
Dekkera bruxellensis

Karolini Miranda , Beatriz Camara de Melo , Gilberto Henriques Teles, Irina Charlot Pefia-Moreno

Rafael Barros de Souza , Marcos Antonio de Morais Jr i

Posted Date: 26 May 2025
doi: 10.20944/preprints202505.1898.v1

Keywords: ammonium; carbon balance; central metabolism; ethanol yield; gene regulation; nitrate

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/951945
https://sciprofiles.com/profile/2633875
https://sciprofiles.com/profile/999450

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 May 2025 d0i:10.20944/preprints202505.1898.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

The TOR Regulatory Mechanism Controls the
Metabolism of Nitrate and the Fermentation Activity
in the Yeast Dekkera bruxellensis

Karolini Miranda ?, Beatriz Camara de Melo !, Gilberto Henriques Teles 1,
Irina Charlot Pena-Moreno 1, Rafael Barros de Souza 2 and Marcos Antonio de Morais Jr *

1 Laboratory of Microbial Genetics, Department of Genetics, Federal University of Pernambuco,
Recife, PE, 50670-901, Brazil

2 Laboratory of Microbial Metabolism, Institute of Biological Sciences, University of Pernambuco,
Recife, PE, 50100-130, Brazil

* Correspondence: marcos.moraisjr@ufpe.br; Tel.: +5581991725917

Abstract: Dekkera bruxellensis is already known for its great biotechnological potential, part of this
due to the ability to assimilate nitrate during fermentation. Despite the previous works on nitrogen
metabolism in this yeast, especially regarding nitrate assimilation, the relation between this
metabolism and the TOR (Target of Rapamycin) regulatory mechanism remains unexplored. This
connection may reveal key regulatory mechanisms to maximize its fermentative performance and
biotechnological use. Herein, we evaluated the physiological, metabolic, and gene expression profile
of D. bruxellensis cultivated in ammonium and nitrate as nitrogen sources in the presence of TOR
complex 1 (TORC1) inhibitor rapamycin. Our results showed that inhibition of the TORC1
significantly reduces cell growth and fermentative capacity, especially in nitrate media. Gene
expression analysis revealed that TORC1 plays a central role in regulating genes involved in nitrate
assimilation and the adaptive performance of D. bruxellensis in fermentative environments. Therefore,
the regulation of nitrate assimilatory genes YNTI, YNRI, and YNII responds to a nitrate-dependent
mechanism as well as to a TOR-dependent mechanism. These findings expand the understanding of
the regulation of nitrogen metabolism in D. bruxellensis, providing valuable information that may aid
in the development of future strategies for its use as an industrial yeast.
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1. Introduction

The yeast Dekkera bruxellensis, also known as Brettanomyces bruxellensis, is commonly associated
with industrial fermentation processes and has been identified as one of the main contaminants in
the bioethanol production process in northeastern Brazil [1,2] and various anthropized environments
around the world [3-5]. Studies have revealed a set of differential physiological characteristics in the
establishment and adaptability to this environment that indicate its biotechnological potential, such
as the advantageous assimilation of nitrate that is not used by Saccharomyces cerevisiae [6—12]. This
yeast presents a very relevant genetic diversity and metabolic plasticity for carbon and nitrogen
assimilation, depending on the niche from which the strains were isolated [5,13-15].

Dekkera bruxellensis strains isolated from industrial alcoholic fermentation using sugarcane juice
or molasses as substrate present different fermentative capacities [16] and respond specifically to
different culture conditions and the presence of inhibitory agents [17]. For example, strains isolated
in Europe that are unable to grow on nitrate as the sole nitrogen source [18,19]. In aerobiosis, nitrate
was considered a non-preferential or even poorly assimilable source [20,21]. In addition, intense
oxidative stress in D. bruxellensis cells is triggered by nitrate when oxygen is present in the
environment [22,23]. A wide variety of genetic and metabolic factors lead to these distinct
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physiological profiles of D. bruxellensis [12,22,24,25]. On the other hand, strains from bioethanol
fermentation can grow anaerobically in the presence of nitrate as the sole nitrogen source, producing
ethanol with yields similar to S. cerevisiae [12,22].

In a medium containing glucose as a carbon source, nitrogen compounds are classified as
“preferred” (primary) sources and “non-preferred” (secondary) sources, according to the different
growth rates calculated from cultivation in a medium containing these assimilable sources [20,25,26].
In general, a nitrogen source was classified as preferred when the growth rate exceeds 0.1 h'' and as
non-preferred when the growth rate is below this value [20,25,26]. Nitrate is assimilated through the
central nitrogen metabolism to its conversion to ammonium and subsequent assimilation into
glutamate [27]. When nitrate is assimilated, respiratory metabolism is privileged over fermentation
[8,25]. Furthermore, the use of this source can solve the redox imbalance caused by the limitation in
the capacity to reoxidize anabolic NADH under oxygen restriction conditions, which results in
reduced ethanol production, known as the Custer effect [7,19].

The assimilation of different nitrogen sources in the environment is controlled by the TOR
(Target of Rapamycin) regulatory mechanism and the Nitrogen Catabolic Repression (NCR)
mechanism, which is negatively regulated by TOR mechanism via a set of proteins that form its
complex 1 (TORC1) [26,28]. In S. cerevisiae, ammonium is a strong inducer of NCR by preventing the
use of other nitrogen sources, repressing the transcription of NCR-sensitive genes [28]. However, this
does not inhibit the use of nitrate by D. bruxellensis, since both sources are co-consumed in industrial
[7] and laboratory environments [25]. There is evidence that nitrate assimilation is subject to a
mechanism that is at least partially independent of the TOR regulatory mechanism and the NCR
mechanism [7,12,20,21]. A previous study reported the use of methionine sulfoximine (MSX) that
inhibits the activity of the enzyme glutamine synthetase and mimics nitrogen starvation, releasing
the expression of NCR-sensitive genes, and allowing the assimilation of other available nitrogen
sources [21,28,29]. In this context, it is evident that nitrogen and oxygen availability influence
physiological parameters and gene expression in different ways in D. bruxellensis [12,22,24,25].
However, some gaps have not yet been filled, such as the relation between nitrate and nitrogen
metabolism and the genetic aspects involved in this regulation in D. bruxellensis. In this work, we
complemented the studies on the regulation data previously obtained with MSX by using rapamycin
as a direct inhibitor of the TORCI regulatory mechanism. The effects of this inhibition on
fermentative metabolism and the expression profile of genes from different metabolic pathways are
presented, which helps to understand the existence of different regulatory mechanisms acting in the
metabolic control of nitrate assimilation in this yeast. The implications of this regulation in terms of
the industrial potential of this yeast were also discussed.

2. Materials and Methods
2.1. Yeast Strain and Culture Media

Dekkera bruxellensis GDB 248 (strain URM 8346) was used in the present work [12]. Cell
maintenance was performed in solid YPD medium (10 g/L yeast extract, 20 g/L peptone, 20 g/L
dextrose, and 20 g/L agar). Before the assays, the cells were washed in 0.9% saline solution to
eliminate residues of the YPD medium. For pre-inoculum, the cells were cultured in flasks containing
30 mL of liquid YPD and remained at 30 °C for 48 h on a rotary shaker at 160 rpm. Then, the cells
were centrifuged and resuspended to prepare seed cultures in synthetic liquid medium YNB (Yeast
Nitrogen Base w/o amino acids and ammonium sulfate, 1.7 g/L) supplemented with glucose (20 g/L).
Ammonium sulfate (5 g/L) or sodium nitrate (6.43 g/L) was added to achieve the initial concentration
of 75 mM of equimolar assimilable nitrogen in both compositions [12,21,22]. Cells were cultivated at
30 °C and 160 rpm for 24 h.
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2.2. Determination of Rapamycin Concentration

Cells precultured in YPD medium were collected, washed and used to inoculate synthetic YNB
medium (1.7 g/L) containing glucose (20 g/L) and ammonium sulfate (5 g/L) or sodium nitrate (6.4
g/L) in the absence (reference condition) or presence of rapamycin at different concentrations up to
160 ng/mL (Lee et al. 2017). For growth in the microplate reader, cells were inoculated at an initial
concentration of 0.1 OD 600 nm in a volume of 150 pL. Cultivations were performed at 30 °C and
with continuous agitation for 48 hours. Cell growth kinetics in each condition will be evaluated by
growth curves using a multi-reader for ELISA plates. The concentration of rapamycin to be chosen
for subsequent assays was that sufficient to not completely inhibit the TOR regulatory mechanism,
allowing cell growth relative to 30% of the growth in the reference condition. To attest to the
significance of the results, the cultures were performed in independent biological triplicate.

2.3. Growth Assays in Microtiter Plates

Aerobic growth cultures were performed in a multidetector microplate reader (Biotek Synergy
HT) using 96-well microplates. Cultivations were performed in synthetic YNB medium containing
glucose as a carbon source at an initial equimolar concentration of 110 mM and ammonium sulfate
or sodium nitrate at an equimolar nitrogen concentration of 75 mM. For growth in the microplate
reader, cells were inoculated with seed cultures to an initial concentration of 0.1 OD 600 nm in a
volume of 150 uL. Cultivations were performed at 30 °C and with continuous shaking for 40 h.
Rapamycin, representing the TORC1 inhibitor (iTOR), was selected from the screening described
above at a concentration of 60 ng/ml. The conditions were tested in different plates and combinations:
glucosetammonium, glucose+tammonium+TOR, glucose+nitrate, glucose+nitrate+iTOR. All
experiments were performed in biological duplicates with technical triplicates and a negative control
containing only culture medium. The growth rate (p, h?') was calculated from the slope of the
logarithmic growth phase as previously described [8].

2.4. Fermentation Tests

Aerobic cultures were performed in YNB synthetic media containing glucose as a carbon source
at an initial concentration of 110 mM and ammonium sulfate or sodium nitrate at an equimolar
nitrogen concentration of 75 mM. Cultures were performed in the presence and absence of
rapamycin. The following culture conditions were tested: Glucosetammonium,
Glucosetammonium+TOR, Glucose+nitrate, Glucose+nitrate+iTOR. A volume of 30 mL of synthetic
medium with ammonium was used in 125 mL flasks, and 60 mL of synthetic medium with nitrate in
250 mL flasks. These media were inoculated with seed cultures until the initial cell concentration of
0.5 OD at 600 nm was reached, and then they were incubated on an orbital shaker at 30 °C and 150
rpm for 24 h. All experiments were performed in biological duplicates. Samples were analyzed for
cell density at 600 nm. Growth rate (i h'') was calculated from the slope of the logarithmic growth
phase, as described [8]. At the beginning of the exponential phase, samples were collected,
centrifuged at 4°C to separate the supernatants, which were subjected to analysis by high-
performance liquid chromatography (HPLC), and the cell pellets, immediately frozen in liquid
nitrogen and stored at —80 °C until RNA extraction.

2.5. Quantification of Extracellular Metabolites

The supernatants were collected, filtered with 0.22 pm membranes (Millipore), and used for
HPLC analysis to determine the following metabolites: glucose, acetate, ethanol, and glycerol. For
this, an HPX-87H ion exchange column (BioRad, USA) was used at 60 °C and a 5 mM H2504 solution
was used as the mobile phase at a flow rate of 0.6 mL/min and detected by the refractive index of the
samples (Leite et al. 2013; Pefia-Moreno et al. 2019). Standard calibration curves were performed, and
the metabolite parameters were calculated as described [8,30,31]. Carbon balance calculations were
performed as reported [30,31].
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2.6. Analysis of Relative Gene Expression

Cells were lysed by suspension in 200 pL of lyticase-containing solution. Subsequently, total
RNA was isolated using the Maxwell® LEV simplyRNA Blood Kit, processed in the Maxwell
equipment (Promega Co., USA), following the manufacturer's instructions. RNA quantification was
performed in the Nanodrop equipment (Thermo Fischer Scientific, USA), and its integrity was
verified by electrophoresis in a 1% agarose gel prepared with TAE buffer treated with DEPC and
stained with ethidium bromide. cDNA synthesis was performed using the GoScript™ Reverse
Transcription Mix, Oligo(dT) (Promega, USA), with 2.5 pg of total RNA in 20 pL reactions, ensuring
standardization of the input concentration for gene expression quantification. qPCR experiments
were performed on the ABI Prism 7300 system (Applied Biosystems, USA) with the GoTaq® qPCR
Master Mix. The selection of reference genes, primer validation, and data analysis followed the
standardized procedures for gene expression analysis by qPCR in D. bruxellensis [32]. Reference genes
already validated for this species [32] were used as internal controls. All experiments were conducted
with biological duplicates and technical triplicates for each condition analyzed. The data for each
gene was submitted to statistical analysis by One-Way ANOVA Calculator and Tukey HSD based on

the Shapiro-Wilk Test at a=0.05 available online at
https://www.statskingdom.com/180Anovalway.html. Raw data is available in the supplementary
material.

3. Results

3.1. Rapamycin Acts as an Inhibitor of the TORC1 in D. bruxellensis

We have been studying the physiological effects of nitrate assimilation by the yeast D.
bruxellensis, a trait that could be advantageous for its use in industrial processes [7]. Together with
the physiological data, we gathered information on the metabolism of nitrate and other nitrogen
sources and the expression of genes involved in those pathways [7,12,21,22,25,31,33]. The data
obtained so far pointed to the participation of the TOR complex 1 (TORC1) in the regulation of those
genes, since this is considered the major regulator that connects the nitrogen metabolism with cell
development and growth in the model yeast S. cerevisiae [26-29]. Rapamycin, a classic inhibitor of
the serine/threonine-specific protein kinase of TORC1, was added to YNB synthetic medium
containing ammonium or nitrate as a nitrogen source in different concentrations (Figure 1a). The
results showed that a concentration of 60 ng/mL of rapamycin reduced biomass production by 30%
in the exponential growth phase in medium with ammonium. This inhibition was much greater in
medium with nitrate, with an 85% reduction in yeast biomass (Figure 1a). This indicates that this
molecule also inhibits the TORCL1 in D. bruxellensis, as described for S. cerevisiae [29,34], and it harms
yeast growth much more in nitrate than in ammonium.
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Figure 1. Effect of rapamycin as an inhibitor of the serine/threonine-specific protein kinase of TOR regulatory

pathway complex 1 (TORC1) in the cells of D. bruxellensis GDB 248 strain. (a) The yeast cells were cultivated in

YNB medium containing ammonium (blue line) or nitrate (red line) as a nitrogen source in different rapamycin

concentrations. Aerobic growth rate was calculated from the exponential growth phase and relativized from the
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reference condition without inhibitor. (b) Yeast cells were pre-cultivated in YNB-ammonium and re-inoculated
in the YNB containing ammonium in the absence (blue circles) or in the presence of rapamycin at 60 ng/L (blue
triangles) and the YNB containing nitrate in the absence (red circles) or the presence of rapamycin at 60 ng/L
(red triangles). (c) Cells were pre-cultivated in YNB-nitrate and re-inoculated as in panel b. Values represent the

mean of six microcultures. Standard deviation values were less than 5%.

The effects of rapamycin on yeast growth kinetics were also evaluated based on pre-cultivation
conditions in the two nitrogen sources (Figure 1b,c). The reference condition consisted of pre-
cultivation in ammonium and re-inoculum in ammonium (Figure 1b). The final biomass achieved in
the cultures was 9.42 g/L in ammonium, 6.75 g/L in ammonium plus rapamycin, 2.78 g/L in nitrate,
and 0.97 g/L in nitrate plus rapamycin. The presence of rapamycin in this medium decreased biomass
production by 30% (Figure 1b), with a reduction in the average growth rate from 0.099 h-! to 0.065 h-
1. Re-inoculum in nitrate resulted in a decrease in aerobic yeast growth (Figure 1b). In this case,
biomass production was reduced by 58% (Figure 1b), with a reduction in the average growth rate
from 0.054 h! to 0.020 h-'. It has to be taken into consideration in this analysis that aerobic nitrate
assimilation imposes some oxidative stress on the cells [12,23]. The presence of rapamycin practically
inhibited cell growth in nitrate when coming from a nitrate pre-culture (Figure 1c). Therefore, there
appears to be a cumulative negative effect when cells are exposed to nitrate for long periods.

Cells pre-cultivated in nitrate and re-inoculated in ammonium showed a growth profile similar
to cells pre-cultivated in ammonium and re-inoculated in ammonium. It showed that cell physiology
in ammonium was independent of the previous culture condition. On the other hand, this pre-culture
in nitrate intensified the inhibitory effect of rapamycin on ammonium (Figure 1c). This indicates that
the prior metabolization of nitrate produces a physiological effect that is maintained for the next cell
culture in ammonium, but not in nitrate (Figure 1c). Previous studies have suggested that nitrate
assimilation is controlled by a specific metabolic regulation process that is independent of the NCR
mechanism [12,21]. Therefore, this mechanism would be hierarchically upstream of the NCR. Thus,
this downstream regulatory effect would depend on the functioning of the TOR regulatory
mechanism. It was addressed in the present study by analyzing the expression profile of key genes
in the landscape of the NCR mechanism and its connection to nitrate assimilation.

3.2. TOR Mechanism Controls the Nitrogen Metabolism at the Glutamine Level

The relative expression profile of genes involved in central nitrogen metabolism, including
nitrate assimilation, was defined. The genes were divided into three groups. Group 1 includes the
genes GAP1 (general amino acid permease) and PUT4 (proline permease), whose orthologs are under
the control of NCR in S. cerevisiae. The second group comprises genes encoding enzymes involved in
the transport and conversion of ammonium into glutamate and glutamine: MEP1 (ammonium
permease), GDH1 (NADPH-dependent glutamate dehydrogenase), and GLT1 (NAD*dependent
glutamate synthase). The third group includes the NIT genes specifically involved in nitrate
assimilation: YNTI (nitrate permease), YNRI (nitrate reductase), and YNII (nitrite reductase). The
YNA1 gene may encode a putative transcription factor that controls these three nitrate metabolization
genes.

The results showed that GAP1 expression was increased by the presence of rapamycin in both
nitrogen sources (Figure 2a, blue and green columns), indicating that the expression of this gene is
released upon TORC1 inhibition. Nitrate had no significant effect on the expression of this gene
(Figure 2a, red column). GAP1 expression in nitrate plus rapamycin was practically the same if the
reference was ammonium (Figure 2a, green column) or nitrate (Figure 2a, black column). It indicated
that only TORC1 acted as a negative regulator of this gene. The expression of the PUT4 gene was also
increased by the presence of rapamycin in ammonium (Figure 2b, blue column) and nitrate (Figure
2b, green column). It indicated that this gene was also regulated by TORC1. Different from GAP1I,
PUT4 was also upregulated by nitrate (Figure 2b, red column). A slight upregulation effect was

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1898.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 May 2025 d0i:10.20944/preprints202505.1898.v1

6 of 18

observed in nitrate plus rapamycin about nitrate (Figure 2b, black column), which means that the
strength of nitrate induction was lower than the signal through TORCI.

Regarding the second group of genes, the expression of MEP1 and GLT1 was severely affected
by rapamycin in ammonium, while GDH1 was only slightly reduced (Figure 3a,b,c, blue columns).
In this case, the results showed that the functionality of TORC1 was essential for their expression. All
three genes were upregulated by nitrate, highlighting the impressive overexpression of GLT1 (Figure
3a,b,c, red columns). The presence of rapamycin reduced the strength of nitrate induction (Figure
3a,b,c, green columns). It indicated that both TORC1 and nitrate equally participated in the
upregulation of these genes. A very faint signal was observed when the nitrate plus rapamycin
condition was relative to nitrate (Figure 3a,b,c, black columns), which indicated that nitrate, or the
specific mechanism that responds to it, was enough for the upregulation of these three genes.
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Figure 2. Transcription level of the genes GAP1 (panel a) and PUT4 (panel b) involved in amino acid transport.
Gene expressions were evaluated in cells grown in YNB synthetic medium containing glucose as carbon source
and different nitrogen sources such as ammonium+trapamycin 60 ng/L (blue bars), nitrate (red bars),
nitrate+rapamycin 60 ng/L (green bars) relative to the reference condition with ammonium. In addition, gene
expression in nitratetrapamycin was also relative to nitrate (black bars). Values represent the mean of six
replicates for each condition (standard error bars are shown). Different lowercase letters indicate significant
statistical differences by One-Way ANOVA Calculator and Tukey HSD based on the Shapiro-Wilk Test at a=0.05
(https://www .statskingdom.com/180Anovalway.html).

3.3. The Expression of NIT Genes Is Under the Control of the TORC1

In our first work regarding nitrate assimilation by D. bruxellensis, we showed that all three
structural NIT genes, a permease (YNTI) and two oxoreductive enzymes (YNRI and YNI1), were
upregulated by nitrate even in the presence of ammonium [7]. The results herein confirmed the
upregulation of NIT genes when the cells were cultivated in nitrate relative to ammonium medium,
with an astonishing fold change for YNI1 (Figure 4a,b,c, red columns). In addition, their expression
was not affected when rapamycin was added to ammonium medium (Figure 4a,b,c, blue columns).
Therefore, these genes were not subject to the direct action of TORC1. Surprisingly, the addition of
rapamycin strongly reduced the inductive signal of nitrate present in the medium, both in
ammonium (Figure 4a,b,c, green columns) and in nitrate (Figure 4a,b,c, black columns) as reference
condition. The gene YNA1 displayed the same expression behavior as the three structural genes (data
not shown). It indicated an interplay between TORC1 and the nitrate signaling mechanism in a way
that the integrity of the TORCI signaling cascade may amplify the signal downstream triggered by
nitrate.
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Figure 3. Transcription level of the genes MEPI (panel a), GDHI (panel b), and GLT1 (panel c) involved in
ammonia transport and assimilation. Gene expressions were evaluated in cells grown in YNB synthetic medium
containing glucose as carbon source and different nitrogen sources such as ammonium+rapamycin 60 ng/L (blue
bars), nitrate (red bars), nitratetrapamycin 60 ng/L (green bars) relative to the reference condition with
ammonium. In addition, gene expression in nitratetrapamycin was also relative to nitrate (black bars). Values
represent the mean of six replicates for each condition (standard error bars are shown). Different lowercase
letters indicate significant statistical differences by One-Way ANOVA Calculator and Tukey HSD based on the
Shapiro-Wilk Test at =0.05 (https://www.statskingdom.com/180Anovalway.html).

We tentatively calculated the strength of each possible regulatory mechanism that acts on the
expression of NIT genes. For the YNRI gene, there was a 92% reduction in expression when TORC1
was inhibited, indicating that this is the contribution of the TOR regulatory mechanism in the
regulation of the expression of this gene, with the remaining 8% being under the control of a nitrate-
dependent mechanism. The contribution of the TOR regulatory mechanism to the YNTI, YNA1, and
YNI1 genes was calculated as 84%, 80%, and 75%, respectively. These results explain why NIT genes
are not downregulated by ammonium [7], since this preferential nitrogen source activates the TOR
system and, consequently, benefits the expression of nitrate genes. Hence, it revealed that these genes
were not subjected to the NCR mechanism in this yeast. This positive action of the TORC1 regulatory
mechanism on nitrate genes was recently proposed based on comparative proteomic analyses
performed on D. bruxellensis cells grown in ammonium and nitrate [12].
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Figure 4. Transcription level of the genes YNTI (panel a), YNRI (panel b) and YNII (panel c) involved in nitrate
assimilation in Dekkera bruxellensis. Gene expressions were evaluated in cells grown in YNB synthetic medium
containing glucose as carbon source and different nitrogen sources such as ammonium+rapamycin 60 ng/L (blue
bars), nitrate (red bars), nitratetrapamycin 60 ng/L (green bars) relative to the reference condition with
ammonium. In addition, gene expression in nitratetrapamycin was also relative to nitrate (black bars). Values
represent the mean of six replicates for each condition (standard error bars are shown). Different lowercase
letters indicate significant statistical differences by One-Way ANOVA Calculator and Tukey HSD based on the
Shapiro-Wilk Test at a=0.05 (https://www.statskingdom.com/180Anovalway.html).

3.4. Partial Inactivation of TORC1 Hampered the Fermentation Metabolism in Nitrate

Since D. bruxellensis is a Crabtree-positive yeast, it can produce ethanol from hexose even in the
presence of oxygen [8]. Nitrate assimilation almost abolishes this metabolic activity [25]. However,
this negative effect is blocked when the cells are under anoxic conditions [22], which may explain the
high ethanol production in sugarcane juice that contains nitrate [7]. Hence, it seemed relevant to
evaluate the eventual role of TORC1, which was shown herein to control NIT genes, in the regulation
of the fermentative metabolism in this yeast. Under fermentative conditions with agitation, all
glucose was consumed by the yeast cells at the end of 40h of cultivation in YNB medium containing
ammonium, independent of the presence of rapamycin (Table 1). Ethanol yield reached 0.43 (g/g) in
the reference condition, and was reduced by 50% when rapamycin was added to the medium.
Biomass yield was also reduced by 70% in the presence of rapamycin relative to the reference
condition (Table 1). Acetate was not detected in ammonium-based medium (Table 1). The production
of CO2 was stoichiometrically calculated from the fermentation products, and it almost closed the
mass balance of the system in the reference condition (Table 1). This implies that the measurements
and calculations of the physiological parameters were very robust. On the other hand, the low mass
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recovery in the presence of rapamycin indicated that the stoichiometric CO2 might be understated
(Table 1). Therefore, part of the substrate mass must be lost by some decarboxylation reaction, or
reactions, not coupled to the formation of biomass or another fermentation product as a result of the
TORC1 partial inhibition.

Table 1. Physiological parameters of Dekkera bruxellensis GDB248 cells in fermentation assays in YNB medium
containing ammonium or nitrate as nitrogen source in the absence (REF condition) or presence of rapamycin 60

ng/L as a TOR pathway inhibitor (iTOR condition) in the middle of the exponential growth phase.

YNB-NH: YNB-NOs
REF iTOR REF iTOR
Mass balance”
Sugar consumption (g L) 134.5 134.9 138.9 16.1
Biomass yield (g g™) 0.07 0.05 0.02 0.06
Ethanol yield (g g™) 0.43 0.26 0.31 0.00
Acetate yield (g g™) 0.00 0.00 0.05 0.07
CO2** yield (g g7) 0.43 0.27 0.35 0.07
Mass recovery (%) 93.3 58.3 73.3 20.7
Carbon balance’

Carbon from substrate (mmol) 4,483 4,497 4,631 537
Carbon to biomass (mmol) 377 270 111 38
Carbon to ethanol (mmol) 2,519 1,551 1,892 0.0
Carbon to acetate (mmol) 0.0 0.0 253 39
Carbon to CO2** (mmol) 1,329 826 1,094 23
Carbon recovery (%) 94.2 58.8 724 18.6

*Calculated according to the reference [31,33]. **Stoichiometrically calculated according to the reference [8].

Regarding carbon distribution through the central metabolism, the calculations showed in Table
1 indicated that a total of 3738 mmol out of 4483 mmol (83%) of glucose carbon were diverted from
pyruvate to acetaldehyde by pyruvate decarboxylase in ammonium during the period of cultivation.
It was reduced from 4497 to 2326 mmol (52%) in the presence of rapamycin, showing that the carbon
flow through the fermentative pathway decreased by 38% when TORC1 was partially inhibited. It
explains the drop in the fermentation activity (Table 1). Therefore, the direction of carbon for cell
building was also affected by rapamycin (Table 1).

Assimilation of nitrate did not affect glucose consumption (Table 1). In this situation, the ethanol
yield fell to 72%, and the biomass yield dropped to 30% of that calculated for the medium with
ammonia (Table 1). Different from ammonium, the assimilation of nitrate stimulated the production
of acetate (Table 1). The inhibition of TORC1 suppressed glucose assimilation when nitrate was used
as a nitrogen source (Table 1), which explains the very low cell growth (Figure 1b). However, biomass
yield was three times higher than in the absence of rapamycin, while ethanol was not produced et all
(Table 1). This indicates that the consumed carbon was fundamentally used for cell biosynthesis.
TORC1 partial inhibition resulted in the highest acetate yield in nitrate medium (Table 1). Therefore,
70% of the carbon was driven to the fermentative pathway in nitrate against 82% in ammonium (Table
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1). It was reduced to only 11% in nitrate plus rapamycin against 52% in ammonium plus rapamycin.
However, all these 11% was completely converted to acetate only. It is noteworthy that 11% was also
the value calculated for the conversion of carbon to acetate in the medium with nitrate without
rapamycin (Table 1). It is, therefore, clear that the glucose-to-acetate conversion pathway was not
altered by the partial inhibition of TORC1.

Given these physiological results, the expression of key genes involved in the fermentative
metabolism was evaluated (Figure 5). The partial inactivation of TORC1 by rapamycin in ammonium
reduced ethanol yield (Table 1) without affecting the expression profile of PDC1 (Figure 5a, blue
column) and ALD5 (Figure 5¢, blue column), mildly reduced the expression of ADH1 (Figure 5b, blue
column) and significantly decreased the expression of ALD3 (Figure 5d, blue column). When TORC1
was partially inhibited by rapamycin, glucose consumption was drastically reduced, compromising
yeast metabolism (Table 1). However, the cells used that little consumed carbon to build as many
cells as possible (Table 1). Furthermore, downregulation of PDC1 gene (Figure 5a, blue column) led
to a significant decrease in carbon flow through the fermentative pathway, which was potentiated by
the downregulation of ADH1 expression (Figure 5b, blue column).

Under nitrate, only PDC1 (Figure 5a, red column) and ALD5 (Figure 5¢, red column) showed
significant upregulation. It explained the production of acetate by the yeast cells (Table 1) is
preferentially carried out by the mitochondrial acetaldehyde dehydrogenase (ALD5). The presence
of rapamycin eliminated the nitrate stimulatory effect on PDC1 (Figure 5a, green column) and
reduced it on ALD5 (Figure 5c, green column). Since ALD3 was already downregulated by rapamycin
in ammonium and in nitrate, there was no further effect when it was used in nitrate (Figure 5d). In
this case, the production of acetate in nitrate plus rapamycin should be driven by another reaction
that is independent of acetaldehyde dehydrogenase activities.
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Figure 5. Transcription level of the genes PDC1 (panel a) and ADH1 (panel b) involved in ethanol biosynthesis
and ALD3 (panel c) and ALD5 (panel d) involved in acetate biosynthesis in Dekkera bruxellensis. Gene expressions
were evaluated in cells grown in YNB synthetic medium containing glucose as carbon source and different
nitrogen sources such as ammonium+rapamycin 60 ng/L (blue bars), nitrate (red bars), nitrate+trapamycin 60

ng/L (green bars) relative to the reference condition with ammonium. In addition, gene expression in
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nitrate+rapamycin was also relative to nitrate (black bars). Values represent the mean of six replicates for each
condition (standard error bars are shown). Different lowercase letters indicate significant statistical differences
by One-Way ANOVA Calculator and Tukey HSD based on the Shapiro-Wilk Test at a=0.05
(https://www .statskingdom.com/180Anovalway.html).

In addition, the expression profile of ATP1 gene was investigated. Its ortholog in S. cerevisiae
encodes the alpha-F1 subunit of the mitochondrial ATP synthase complex F1F0, which is directly
involved in energy production in the respiratory chain [35]. The ATP1 gene showed nonsignificant
variation in its expression when rapamycin was added to the medium containing ammonium or
nitrate in the presence of rapamycin (data not shown). It indicates that this respiration-related gene
is not subject to regulatory influence by TORC1. Its low and consistent upregulation by nitrate
compared to ammonium observed in the present work had been previously described [25]. It
confirmed that nitrate induces the oxidative metabolism that leads to biomass formation, especially
when TORC1 was partially inhibited (Table 1).

4. Discussion
4.1. TORC1 and the Control of the Nitrogen Central Metabolism

The most important regulatory mechanism that controls cell growth is commanded by the TOR
signalling cascade that transduces a series of signals of phosphorylation/dephosphorylation reactions
to the ultimate targets. These targets are transcription factors that act on the expression of nitrogen-
and growth-related genes [26,28,29,34,36,37]. When S. cerevisiae cells are cultivated in ammonium,
GIn3p is phosphorylated by TOR kinases and remains in the cytoplasm by its binding with Ure2p.
When the cells in the presence of a non-preferred N source, subjected to nitrogen starvation or
glutamine starvation by MSX or under TORC1 inhibition by rapamycin, GIn3p is dephosphorylated,
separated from Ure2p, and migrates to the nucleus to act as a transcriptional activator of NCR-
controlled genes [29,36]. In this way, the cells start to metabolize different nitrogen sources present
in the environment. Despite the extensive literature on this regulatory process in S. cerevisiae, there
is still no data on the consequences of inhibiting the TORC1 complex on the metabolism of D.
bruxellensis, mainly related to the use of nitrate.

The compilation of data on gene expression obtained in this work (Figure 2 to 4) with those
produced in nitrate [12,22,25], ammonium-nitrate mixture [7], under nitrogen limitation [24] or
glutamine synthase inhibition [21] and in the excess of amino acids [20] aimed us to figure out a
regulatory network that control the expression genes in the central metabolism of nitrogen in this
yeast, from nitrate to glutamine, as well as its relation to TOR and NCR mechanisms (Figure 6).

The metabolisms of nitrate and ammonium are connected, since the product of the first pathway
is the substrate of the second pathway for the ultimate production of glutamate and glutamine.
Extracellular ammonium is taken up by the Meplp permease and the internal ammonium is fixed in
the carbon skeleton of 2-oxoglutarate from the Tricarboxylic Acid (TCA) cycle to produce glutamate
by the action of the Gdhlp NADPH-dependent glutamate dehydrogenase (Figure 6). At this point,
carbon and nitrogen metabolisms interplay. Glutamate is further aminated by glutamine synthase to
produce glutamine. The balance between glutamate-glutamine is maintained by the GOGAT
(Glutamine-Oxoglutarate Amino Transferase) or Gltlp enzyme encoded by GLT1 gene (Figure 6) [38].
Upstream, nitrate is taken up by the Yntlp permeases and converted through two consecutive
reduction reactions of Ynrlp nitrate reductase and Ynilp nitrite reductase to generate internal
ammonium, which is further assimilated via Gdh1p activity. Therefore, six genes are involved in the
nitrate-ammonium metabolism: YNTI, YNR1, YNI1, MEP1, GDH1 and GLT1. The first part of the
pathway is commanded by the NIT genes that are supposedly regulated by the Zn(II)2Cys6-type
transcription factor Ynalp, and were reported to be overexpressed by nitrate [7,20-22,25]. Therefore,
the existence of a regulatory mechanism that responds to nitrate has already been proposed. Two
other important scenarios have been reported. First, NIT genes are induced by nitrate even in the
presence of ammonium (5), which means that the NCR mechanism does not act on their regulation.
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Second, NIT genes respond positively to the presence of MSX, indicating that they respond to
nitrogen deprivation [21].

In the present work, we showed that NIT genes did not respond to rapamycin in ammonium
(Figure 4 blue columns). These results indicate that the action of the TOR pathway on NIT genes is
already naturally turned off downstream in the signalling cascade and, therefore, its inhibition by
rapamycin does not produce any additional effect (Figure 6). However, the presence of rapamycin
abrogated the effect of nitrate-induced expression (Figure 4, green columns). In this scenario, we
hypothesized that there is a mechanism of inhibition toward the NIT genes whenever TOR is not
fully functional. The most parsimonious hypothesis is that TORC1 works directly in the induction of
NIT gene by ultimately activating a transcription factor, such as Ynalp. However, it should be
submitted to a negative control that maintains the expression of NIT gene at basal level in ammonium
(Figure 6). Since TORC1 signal is already impaired, the presence of rapamycin does not influence NIT
genes expression profile (Figure 6). Nitrate may activate an independent regulatory mechanism that
produces some sort of Direct Nitrate Regulation (DNR) over the NIT genes at the same time that
represses a putative Nitrate-Repressed Repression (NRR) mechanism that negatively acts on the
signal from TORC1 to NIT genes (Figure 6). In nitrate, NIT genes are overexpressed by the combined
action of DNR and released TORC1 signal (Figure 6). In this scenario, the nitrate captured from the
environment would be more efficiently converted into ammonium to enter the second stage of central
metabolism to generate glutamate/glutamine. The partial inhibition of TORC1 by rapamycin causes
reduction in the transcriptional strength, leaving the expression of NIT gene only under the control
of DNR (Figure 6). Taking in account the relation between gene expression fold changes, it can
assume that TORC1 might be responsible for 75 to 90% of the expression strength, while NDR takes
the remaining 10 to 25%. It explains why NIT genes behave as under expressed in nitrate-rapamycin
when relativised by nitrate (Figure 4 black columns).
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Figure 6. Regulatory network proposed for the expression of genes in the central nitrogen metabolism of Dekkera
bruxellensis. Genes (italic caps lock) are transcribed and translated (dotted black arrows) to the respective
proteins that act on the metabolic reactions (blue arrows). In parallel, glucose is metabolised via the glycolysis
pathway (purple arrows) and the Tricarboxylic Acid cycle (TCA) that provides 2-oxoglutarate (2-OG) as the
carbon skeleton for glutamate and glutamine synthesis (purple arrows). Gene regulation by specific
transcriptional factors (TFs) were proposed positive (green arrows) or negative (red hammer) under the control
of the regulatory mechanisms TOR complex 1 (TORC1), Nitrogen Catabolic Repression (NCR) and the two
putative mechanism Direct Nitrogen Regulation (DNR) and Nitrate-Repressed Repression (NRR) in response to
ammonium (NH4*), nitrate (NO3") or rapamycin (RP). The constitutive low-level expression of the genes is

maintained by the basal gene expression mechanisms.

Before continuing on the metabolic pathway with the intracellular ammonium from nitrate, it
must take into consideration that ammonium is also taken up from the environment by the permease
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Meplp. Rapamycin downregulated MEP1 expression by sevenfold (Figure 3a), while MSX slightly
upregulated this gene by twofold [21]. MEP1 is also upregulated at low nitrogen concentration or
when proline is the nitrogen source, regardless of the sugar concentration [24]. Therefore, this gene
seems to be subjected to two parallel induction mechanisms (Figure 6): (1) TOR when the cells are in
the presence of ammonium and (2) NCR when in preference of alternative nitrogen sources or under
nitrogen scarcity.

Furter step is the fixation of the nitrogen from ammonium (both external or produced from
nitrate) to glutamate by Gdhlp enzyme (Figure 6). The expression of GDH1 gene is not affected by
rapamycin (Figure 3b, blue column) or by MSX [21], but downregulated under ammonium limitation
[24]. The absence of canonical regulatory motifs in its promoter region indicates that GDH1 has
constitutive expression in ammonium [21]. Surprisingly, it was upregulated by the presence of all
amino acids in the medium [20]. This seems a contradiction, given that in this environment the
amount of assimilable nitrogen is high and the function of the Gdhlp enzyme is to produce more
glutamate. This gene also shows induction by the presence of nitrate (Figure 3 red columns) that
could occur via DNR. However, this induction also occurred independently of the presence of
rapamycin (Figure 3 green columns). At this point, we propose that this induction is solely dependent
on NDR mechanism (Figure 6).

Finally, GLT1 was strongly downregulated by more than 30x upon partial inhibition of TORC1
in ammonium (Figure 3¢, blue column). Therefore, it is under the direct control of TOR, bypassing
the NRR mechanism (Figure 6). This gene is strongly induced by nitrate (Figure 3c red column; [21]),
which seems also independent of the NRR mechanism. That is, the overexpression of GLT1 in nitrate
must be the result of combined action of the TOR and NDR mechanisms (Figure 6).

These results consolidate the role of TOR mechanism as the controller of the nitrogen
metabolism at the point of glutamate-glutamine interconversion when nitrate is the nitrogen source.
In previous work, we showed that the mechanisms of glutamate biosynthesis are modulated
according to the phase of the yeast populations, from the GDHI in the early stages of cultivation to
GLT1 in the late stages of cultivation [22]. Since both genes were simultaneously upregulated by
nitrate, the biosynthetic pathway may operate according to the availability of the reducing cofactor
NADH and NADPH, and less dependent on the gene expression level. Therefore, it ultimately
responds to carbon metabolism as the supplier of reduced cofactor. The demand of this cofactor for
other metabolic fates, such as ethanol production during fermentation [22] or protection against
oxidative damages [23] could compromise nitrogen metabolism efficiency, and ultimately cell
development and growth.

4.2. NCR Is Not a Player in the Nitrate Metabolism

As stated above, except for MEPI, the other five genes were not subjected to NCR control. Thus,
we used two well-established model genes GAP1 and PUT4, to overview the role of this mechanism
in D. bruxellensis. In S. cerevisiae, GAP1 gene that encodes for a general amino acid permease is under
the control of the NCR mechanism in such a way that it is downregulated by ammonium [26,28,29,37].
In environments with nitrogen scarcity or limitations, GAP1 expression is induced by the
transcription factors Gatlp and GIn3p, which promote the activation of genes involved in the
assimilation of less preferred nitrogen sources [26,28,29,37]. PUT4 gene encodes a proline-specific
permease that also promotes the transport of other amino acids, such as alanine and glycine, and its
expression is negatively regulated by ammonium and follows the same regulatory pattern observed
for GAP1 [26,28,29,37]. Thus, both genes play a role in the adaptation of S. cerevisiae to fluctuations in
nitrogen availability, allowing the cell to switch between the use of preferred and alternative nitrogen
sources according to environmental conditions. Here, we showed that both genes were induced by
rapamycin (Figure 2 blue columns), likewise observed with the use of MSX that inactivates glutamine
synthase and imposes glutamine/nitrogen starvation to the yeast cells [21] (Cajueiro et al. 2017).
Therefore, the inhibition of TOR activity in different ways must release their expression via the NCR
(Figure 6). However, only PUT4 had its expression increased by the presence of nitrate in the medium
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(Figure 2b red column) in a rapamycin-independent manner (Figure 2b black column). This shows
that only PUT4 would be regulated by the action of the NDR mechanism proposed in this work
(Figure 6). Therefore, the only role of NCR in the metabolism of nitrogen seems to open up the gates
in the cell membrane to allow the entry of any nitrogen source available in the environment. It does
not apply to nitrate assimilation.

4.3. TORC1 and Its Influence on the Physiology of D. bruxellensis in Nitrate

Like what was observed with MSX (Cajueiro 2017), rapamycin also interfered with the cell
growth rate (Figure 1a). The first inhibitor induces glutamine starvation, while the second mimics
nitrogen starvation. Thus, TOR works in D. bruxellensis as it does in S. cerevisiae in the control of cell
growth.

For a glimpse of the influence of TOR on cell physiology, we performed fermentation
experiments under agitated conditions to allow some oxygenation. Since D. bruxellensis is a Crabtree-
positive yeast, it can ferment hexoses to ethanol even in the presence of oxygen [8]. Thus, it presents
the so-called respiro-fermentative metabolism, although the tendency to an oxidative metabolism is
higher than the fermentative one [8,33]. Rapamycin reduced biomass yield by 28% and ethanol yield
by 40% in ammonium. Since mass recovery was low and no other fermentation product was detected,
it seems plausible to suppose that the stoichiometric CO2 was underestimated the existence of some
sort of decarboxylation reaction(s) not coupled to biomass formation or fermentation activity. This
phenomenon has been recently proposed [31]. The difference of 38% less carbon going from pyruvate
to acetaldehyde, as calculated from carbon balance (Table 1), may be explained by the slight but
consistent reduction in the expression of all fermentative genes tested (Figure 5 blue columns). Thus,
TORC1 inhibition prevented 38% of the assimilated carbon from entering the fermentative pathway,
pushing this resource to the oxidative metabolism for increasing biomass production efficiency.

One plausible hypothesis to explain this phenomenon is the deviation of glucose molecules
through the PPP, which leads to the loss of 1 mol CO:z per mol of glucose before the return of the
hydrocarbon skeleton to the glycolytic pathway as fructose 6P and glyceraldehyde 3P. Thus, that
carbon would not be included in the stoichiometric calculations, leading to low mass and carbon
balances. The metabolic reason for that deviation should be the increment of NADPH demand
required for anabolic and/or maintenance metabolic expenses that could be supplied by PPP: each
mol of glucose entering the PPP produces 2 moles of NADPH. This hypothesis was first proposed for
cells using nitrate in anaerobiosis based on proteomic studies [12]. Thus, the partial inhibition of
TORC1 would increase the demand for NADPH to ensure the construction of cellular components
and the generation of biomass, forcing the cell to push the metabolism through the PPP. This change
responds to the downregulation of ALD3 and ALD5 that code for the major NADPH-providing
enzymes acetaldehyde dehydrogenases (Fig 5c,d blue columns).

In nitrate, rapamycin increased biomass yield by three times while abolishing ethanol
production when compared to non-treated nitrate cultures. Biomass yield increased despite the huge
decline in glucose consumption and biomass formation. It means that cells deviated most of the low
quantity of carbon to produce cell components, and nothing was left for fermentation products, even
under oxygen limitation. This is corroborated by the slight increment of acetate yield, even with the
downregulation of ALD3 and ALD5 genes (Figure 5¢,d black columns). This apparent contrast can be
explained by the fact that acetate can also be produced from mitochondrial acetyl-CoA by the action
of acetyl-CoA hydrolase/transferase, which is encoded by the ACHI gene in S. cerevisiae [39]. The
activation of ACH1 occurs when the cytosolic acetate supply is low, as it happens in pyruvate
decarboxylase null mutants. In the present case, the downregulation of PDC1, ALD3 and ALD5 genes
could mimic that situation, and activate the ACH1 ortholog of D. bruxellensis. This acetate production
was uncoupled from NADPH production by the PDH bypass by pushing the carbon flow through
the PPP pathway, and leading to even greater CO: loss. As a result, mass and carbon balance were
severely affected (Table 1).
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These results indicate that the TOR signalling mechanism also acts as a coregulator of the carbon
distribution in the central metabolism of D. bruxellensis cells, favouring the anabolic metabolism that
depends on both the canonical pathway of mitochondrial acetyl-CoA production and the alternative
pathway PDH bypass. It has direct influence on nitrate metabolism, which requires reduced cofactor
NADPH for the sequential action of Ynrlp, Ynilp and Gdhlp.

5. Conclusion

In the present study, we added a few more pieces to the puzzle of the regulation of nitrogen
metabolism in D. bruxellensis, especially regarding nitrate assimilation. The role of the TOR signalling
pathway in controlling the expression of the main nitrate and ammonium assimilation genes was
demonstrated, interacting with supposed TOR-independent and nitrate-driven control mechanisms
that would be amplified in the control of gene expression. Additionally, TOR would act in the
distribution of carbon in the central metabolism, providing substrates and reduced cofactors
responsible for glutamate and glutamine biosynthesis. The control mechanisms theorized in the
present study, although of a suppositional nature, are based on several studies with D. bruxellensis,
whose results are quite convergent, and based on the scaffold of the regulatory models already well-
established for S. cerevisiaze. Overall, the analyses of gene expression profiles reinforced that the
regulation of nitrogen metabolism in D. bruxellensis has adaptive specificities that make it
competitive in industrial environments, such as during alcoholic fermentation processes using
substrates that contain nitrate in their composition.
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