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The TORC1 pathway coordinates cell growth in response to nitrogen availability present in the medium, regulating genes related to nitrogen transport and metabolism. Therefore, the adaptation of Saccharomyces cerevisiae to changes in nitrogen availability implies variations in the activity of this signaling pathway. In this sense, variations in nitrogen detection and signaling pathway are one of the main causes of differences in nitrogen assimilation during alcoholic fermentation. Previously, we demonstrated that allelic variants in the GTR1 gene underlying differences in ammonium and amino acids consumption between Wine/European (WE) and West African (WA) strains impact the expression of nitrogen transporters. The GTR1 gene encodes a GTPase that participates in the EGO complex responsible for TORC1 activation in response to amino acids availability. In this work, we assessed the role of the GTR1 gene on nitrogen consumption under fermentation conditions, using a high sugar concentration medium with nitrogen limitation and in the context of the WE and WA genetic backgrounds. The gtr1Δ mutant presented a reduced TORC1 activity and increased expression levels of nitrogen transporters, which in turn favored ammonium consumption, but decreased amino acid assimilation. Furthermore, to identify the SNPs responsible for differences in nitrogen consumption during alcoholic fermentation, we studied the polymorphisms present in the GTR1 gene. We carried out swapping experiments for the promoter and coding regions of GTR1 between the WE and WA strains. We observed that polymorphisms in the coding region of the WA GTR1 gene are relevant for TORC1 activity. Altogether, our results highlight the role of the GTR1 gene on nitrogen consumption in S. cerevisiae under fermentation conditions.

Keywords: Saccharomyces cerevisiae, wine fermentation, GTR1 gene, TORC1 pathway, allelic diversity


INTRODUCTION

Nitrogen is one of the most important nutrients present in grape must affecting various outcomes of alcoholic fermentation (Tesnière et al., 2015). The main microorganism responsible for this process is Saccharomyces cerevisiae (Pretorius, 2000), which responds to changes in nitrogen availability by adjusting its metabolism to new environmental conditions. The adaptation of S. cerevisiae strains to nitrogen availability involves changes in signaling pathway and gene expression (Rossignol et al., 2003; Brice et al., 2014b, 2018; Tesnière et al., 2015). However, the responses of S. cerevisiae to changes in nitrogen availability have been poorly studied under conditions that mimic industrial fermentation, where yeast has to face a stressful environment with high concentration of sugar (20% of glucose and fructose) and ethanol, low pH (pH 3.0–4.0), anaerobiosis (low O2) and limited availability of nitrogen (Pretorius, 2000; Kessi-Pérez et al., 2020).

Grape musts contain a wide variety of nitrogen sources, however, yeast have a hierarchical preference for their consumption (Magasanik and Kaiser, 2002) favoring ammonium and amino acids (Bell and Henschke, 2005). In this sense, yeasts coordinate their protein synthesis and growth rate according to the quantity and quality of available nitrogen (Broach, 2012). Under fermentation conditions using a culture medium that mimics industrial fermentation, yeasts initially consume nitrogen sources whose permeases are regulated by the Ssy1-Ptr3-Ssy5 system (SPS), followed by nitrogen sources whose transporters are regulated by the Nitrogen Catabolite Repression (NCR) system (Crépin et al., 2012). Once the nitrogen sources are assimilated, most are incorporated into the Nitrogen Central Metabolism, transformed into glutamate or glutamine, and stored as amino acid pools in the cytoplasm, while positively charged amino acids such as arginine are stored in the vacuole (Crépin et al., 2014, 2017; Gutiérrez et al., 2016). The intracellular pools are used when the extracellular nitrogen is depleted, incorporating them in de novo amino acid synthesis or directly into proteins to initiate cell growth (Gutiérrez et al., 2016; Crépin et al., 2017). However, S. cerevisiae strains present different nitrogen consumption profiles (Contreras et al., 2012; Gutiérrez et al., 2012; Brice et al., 2014b, 2018; Jara et al., 2014; Cubillos et al., 2017), where variations in nitrogen metabolism and signaling are largely responsible for these phenotypic differences (Brice et al., 2014a; Cubillos et al., 2017; Molinet et al., 2019).

Recently, we demonstrated that a large diversity exists within the TORC1 pathway and allelic variants from this pathway significantly impact nitrogen metabolism, influencing the nitrogen consumption differences between strains representative of four clean lineages described in S. cerevisiae (Wine/European WE, West African WA, North American NA, and Sake SA) (Molinet et al., 2019). Furthermore, during alcoholic fermentation, TORC1 plays a key role in controlling the expression of genes related to nitrogen utilization (Rossignol et al., 2003), and on the fermentative capacity in nitrogen starved cells (Brice et al., 2014a). Similarly, Kessi-Pérez et al. (2019b) demonstrated a large phenotypic variation in TORC1 activity between the same four strains, with the greatest TORC1 activity observed in the SA strain and the lowest in the WE strain. Interestingly, the SA strain has a preference for amino acids consumption, while the WE strain presents a preference for ammonium (Cubillos et al., 2017). Thus, variations in the TORC1 activity imply differential activation of the downstream pathways such as NCR and SPS systems, which ultimately affect nitrogen consumption.

The TORC1 pathway coordinates cell growth in response to nutrient availability (De Virgilio and Loewith, 2006; Broach, 2012; Conrad et al., 2014; Zhang et al., 2018), predominantly detecting the quantity and quality of available nitrogen sources (Broach, 2012). TOCR1 activity is inhibited under nitrogen depletion conditions, whereas its activity increases upon nitrogen upshift. Its main downstream targets are the protein kinase Sch9p and the Tap42-PP2A complex, positively regulating ribosomal biogenesis and translation, and inhibiting the stress response (Conrad et al., 2014). TORC1 is regulated by the EGO complex (EGOC) composed of four proteins: Ego1p, Ego3p, Grt1p, and Gtr2p. This complex regulates TORC1 interacting physically with its subunits. Gtr1p and Gtr2p are Ras-family GTPases. When Gtr1p binds to GTP and Gtr2p to GDP it forms a heterodimeric complex resulting in the activation of TORC1 by EGOC (Hatakeyama and De Virgilio, 2016). Therefore, the localization of EGOC in the vacuole outer membrane, next to TORC1, allows the detection of amino acid levels and regulates TORC1 activity. Hence, this signal may involve mobilization of amino acids from their stores in the intracellular pools or vacuole (Broach, 2012).

The TORC1 pathway activity has been poorly studied under fermentation conditions, with the majority of studies done at the transcriptional level (Rossignol et al., 2003; Brice et al., 2014b; Walker et al., 2014; Tesnière et al., 2015). Previously, we identified seven genes of the TORC1 pathway (GTR1, SAP185, SIT4, EAP1, NPR1, EAP1, and TOR2) whose allelic diversity affects nitrogen consumption during alcoholic fermentation. We observed that GTR1 allelic variants affect the consumption of amino acids and ammonium, where the Wine/European allele (WE) of this gene presented a preference for ammonium consumption, whereas the West African allele (WA) showed a preference for amino acids, similarly to that reported by Cubillos et al. (2017). Furthermore, the presence of the WE allele resulted in a higher expression level of ammonium permeases (MEP1, MEP2 and MEP3) in line with higher ammonium consumption (Molinet et al., 2019). Therefore, considering that the regulation of TORC1 activity could be relevant to nitrogen consumption, we decided to further study the role of the GTR1 gene on this phenotype.

In this work, we assessed the role of the GTR1 gene on nitrogen consumption under fermentation conditions, using a media with high sugar concentration and nitrogen limitation, in the WE and WA genetic backgrounds. We evaluated nitrogen consumption in the gtr1Δ mutant and in different strains with swapped regulatory and coding regions for GTR1. The results showed a reduced TORC1 activation and higher expression levels of nitrogen transporters in the gtr1Δ mutant, favoring ammonium consumption but decreasing amino acid assimilation. Finally, a SNP in the coding region of the GTR1 gene is relevant for TORC1 activity in the WA strain. Altogether, our results indicate that GTR1 regulates nitrogen consumption under fermentation conditions in S. cerevisiae.



MATERIALS AND METHODS


Strains and Culture Media

The haploid strains used in this work correspond to DBVPG6765 (WE, Wine/European, Mat α, ho::HygMX, ura3::KanMX) and DBVPG6044 (WA, West African, Mat α, ho::HygMX, ura3::KanMX), previously described by Cubillos et al. (2009). All the strains were maintained on YPD solid media (1% yeast extract, 2% peptone, 2% glucose, 2% agar).

Synthetic must (SM) used in fermentations has been previously described (Bely et al., 1990; Rossignol et al., 2003; Martínez et al., 2014) and contains a mixture of sugar (125 g L–1 of glucose and 125 g L–1 of fructose), mineral salts (750 mg L–1 KH2PO4, 500 mg L–1 K2SO4, 250 mg L–1 MgSO4⋅7H2O, 155 mg L–1 CaCl2⋅2H2O, 200 mg L–1 NaCl, 4 mg L–1 MnSO4⋅H2O, 4 mg L–1 ZnSO4⋅7H2O, 1 mg L–1 CUSO4⋅5H2O, 1 mg L–1 KI, 0.4 mg L–1 CoCl2⋅6H2O, 1 mg L–1 H3BO3 and 1 mg L–1 NaMoO4⋅2H2O), vitamins (20 mg L–1 myo-inositol, 2 mg L–1 nicotinic acid, 1.5 mg L–1 calcium panthothenate, 0.25 mg L–1 thiamine HCl, 0.25 mg L–1 pyridoxine HCl and 0.003 mg L–1 biotin) and anaerobic factors (15 mg L–1 ergosterol, 5 mg L–1 sodium oleate) in Tween 80/ethanol solution (50/50 v/v). SM medium was adjusted to pH 3.3 with HCl and filtered. The final concentration of yeast assimilable nitrogen was 300 mg L–1 to SM300 and 140 mg L–1 to SM140 medium. The nitrogen concentration in SM300 corresponded to 120 mgN L–1 of ammonium and 180 mgN L–1 of amino acids mixture (612.6 mg L–1 L-proline, 503.5 mg L–1 L-glutamine, 503.5 mg L–1 L-arginine monohydrochloride, 179.3 mg L–1 L-tryptophan, 145.3 mg L–1 L-alanine, 120.4 mg L–1 L-glutamic acid, 78.5 mg L–1 L-serine, 75.92 mg L–1 L-threonine, 48.4 mg L–1 L-leucine, 44.5 mg L–1 L-aspartic acid, 44.5 mg L–1 L-valine, 37.9 mg L–1 L-phenylalanine, 32–7 mg L–1 L-isoleucine, 50.0 mg L–1 L-histidine monohydrochloride monohydrate, 31.4 mg L–1 L-methionine, 18.3 mg L–1 L-tyrosine, 18.3 mg L–1 L-glycine, 17.0 mg L–1 L-lysine monohydrochloride, and 13.1 mg L–1 L-cysteine). SM140-ammonium medium corresponds to synthetic must previously described, but with a final concentration of 140 mgN L–1 of ammonium. In the same way, SM140-amino acids medium presented a final concentration of 140 mgN L–1 of amino acids mixture (612.6 mg L–1 L-proline, 503.5 mg L–1 L-glutamine, 503.5 mg L–1 L-arginine monohydrochloride, 179.3 mg L–1 L-tryptophan, 145.3 mg L–1 L-alanine, 120.4 mg L–1 L-glutamic acid, 78.5 mg L–1 L-serine, 75.92 mg L–1 L-threonine, 48.4 mg L–1 L-leucine, 44.5 mg L–1 L-aspartic acid, 44.5 mg L–1 L-valine, 37.9 mg L–1 L-phenylalanine, 32–7 mg L–1 L-isoleucine, 50.0 mg L–1 L-histidine monohydrochloride monohydrate, 31.4 mg L–1 L-methionine, 18.3 mg L–1 L-tyrosine, 18.3 mg L–1 L-glycine, 17.0 mg L–1 L-lysine monohydrochloride, and 13.1 mg L–1 L-cysteine).



Generation of Null Mutants and Strains by Allele Swapping

The null mutants were previously described (Kessi-Pérez et al., 2019b; Molinet et al., 2019). The strains with the swapping promoter and coding regions of GTR1 were obtained by in vivo assembly recombinational cloning (Oldenburg et al., 1997; Salinas et al., 2016). Briefly, the constructs containing the promoter, ORF and hygromycin cassette (hphMx) were designed in silico considering the same transcriptional orientation to avoid convergent transcription using the Geneious software 8.1.8 (Biomatters, New Zealand). Then, the promoter, ORF and hphMX were PCR amplified using Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific, United States). The yeast strain BY4741 (MATa, his3Δ1, leu2Δ0, LYS2, met15Δ0, ura3Δ0) was transformed using PCR products with 50–70 bp of overlap between them, and the linear plasmid pRS426. The circular plasmids were then recovered from the yeast and transferred to an E. coli DH5α strain. Plasmids from three positive colonies for each construct were purified and sequenced using the standard Sanger sequencing service (Macrogen, South Korea). The sequences were analyzed using the SGRP (Saccharomyces Genome Resequencing Project) BLAST1 server and MUSCLE2. The complete constructs were PCR amplified using Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific, United States), using primers with 70 bp of homology with the target locus (Supplementary Table S1), and used to transform the WE and WA strains. Five different colonies for each construct were confirmed by standard yeast colony PCR.



Fermentation in Synthetic Must

Fermentations in synthetic must (SM300) (Bely et al., 1990; Rossignol et al., 2003) were carried out in nine biological replicates as previously described (Cubillos et al., 2017; Molinet et al., 2019). The pre-cultures were grown in SM300 for 24 h at 25°C without agitation. Then, 12 mL of SM300 were inoculated with 1 × 106 cells mL–1 and incubated at 25°C for 20 days without agitation. Fermentations were monitored weighing the tubes daily and determining weight loss over time. The kinetic parameters (the maximal CO2 production rate Vmax, V50/Vmax ratio and efficiency) (Marullo et al., 2006) were calculated from the CO2 loss curves previously fitted with a sigmoid non-linear regression (Martinez et al., 2013).



Determination of Nitrogen Consumption

Nitrogen consumption was determined in three independent biological replicates as previously described (Cubillos et al., 2017; Molinet et al., 2019). Briefly, supernatants from fermentations were collected by centrifugation at 9000xg for 10 min and the concentration of ammonium and the 19 amino acids present in the must were determined by derivatization with diethyl ethoxymethylenemalonate (DEEMM) (Gómez-Alonso et al., 2007). Subsequently, they were separated by HPLC using a Bio-Rad HPX-87H column in a Shimadzu Prominence HPLC equipment (Shimadzu, United States) (Nissen et al., 1997). This analysis was carried out on the sixth day of fermentation where most of the nitrogen consumption differences can be observed (Martinez et al., 2013; Jara et al., 2014). The uptake of each nitrogen source was estimated as the difference between the initial and final concentration before and after fermentation, respectively (Jara et al., 2014; Cubillos et al., 2017).



Determination of Growth Variables

Growth variables were determined from micro-cultivation experiments in SM300, SM140- ammonium, and SM140-amino acids media at 30°C for 48 h. The pre-cultures were grown in synthetic must medium at 30°C for 24 h and used to inoculate a 96-well plate with a final volume of 200 μL at an initial OD600 nm of 0.1. The growth curves were monitored by measuring the OD600 nm every 20 min in a Tecan Sunrise absorbance microplate reader (Tecan Group Ltd., Switzerland). The experiments were all carried out in three biological replicates. Lag phase, growth efficiency (Δ OD600 nm) and the maximum specific growth rate (μmax) were determined as previously described (Warringer and Blomberg, 2003; Ibstedt et al., 2015). For this, the parameters were calculated following curve fitting (OD values were transformed to ln) utilizing the Gompertz function (Zwietering et al., 1990) using the R software version 3.3.2.



RNA Extraction and qPCR Assay

Gene expression analysis was performed by qPCR from fermentations in SM300 medium as previously described (Molinet et al., 2019). Briefly, cells at 6 h of fermentation were collected by centrifugation and treated with 10 units of Zymolyase (Seikagaku Corporation, Japan) for 30 min at 37°C. RNA was extracted using the E.Z.N.A Total RNA Kit I (OMEGA) according to manufacturers’ instructions. Then, genomic DNA traces were removed by treating samples with DNase I (Promega) and total RNA was recovered using the GeneJET RNA Cleanup and Concentration Micro Kit (Thermo Fisher Scientific). Concentrations of the purified RNA were determined with a UV-Vis spectrophotometer EPOCH equipment (BioTeK Instruments Inc., United States) and verified on 1.5% agarose gels. The RNA extractions were performed in two biological replicates.

cDNA was synthesized using one unit of M-MLV Reverse transcriptase (Promega), 0.4 μg of Oligo (dT)15 primer and 0.8 μg of RNA in a final volume of 25 μL according to manufacturers’ instructions. cDNA samples obtained were quantified using a UV-Vis spectrophotometer EPOCH equipment (BioTeK Instruments Inc., United States). The qPCR reactions were carried out using HOT FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne) in a final volume of 20 μL, containing 0.25 μM of each primer and 1 μL of the cDNA previously synthesized. The qPCR reactions were carried out in three technical replicates per biological replicate using a Step One Plus Real-Time PCR System (Applied Biosystems, United States) under the following conditions: 95°C for 15 min and 40 cycles at 95°C for 15 s and 55°C for 15 s. The genes and primers used are listed in Supplementary Table S1. The mathematical method described by Pfaffl (2001) was used to quantify the relative expression of each gene. Expression levels were normalized with three housekeeping genes ACT1, UBC6 and RPN2 (Teste et al., 2009) according to Vandesompele et al. (2002). The ΔCt were analyzed using the nonparametric Mood test (Yuan et al., 2006).



TORC1 Pathway Activation in Micro-Culture Conditions

The TORC1 pathway activation was monitored using an indirect method described by Kessi-Pérez et al. (2019b), employing the expression of the RPL26A gene as an indirect readout for the activity status of TORC1. For this, we swapped the RPL26A ORF with the Luc-URA3 reporter construct and measured the luminescence produced by yeast cells in micro-culture conditions. The strains carrying the Luc-URA3 reporter construct were generated as described by Kessi-Pérez et al. (2019b). The pre-cultures were grown in synthetic must medium at 30°C for 24 h and used to inoculate a 96-well plate with a final volume of 300 μL supplemented with luciferin (1 mM) at an initial OD600 nm of 0.1 and growth at 30°C. Luminescence was measured up to 24 h using 30 min intervals at 30°C in a Synergy HTX plate reader (BioTek, United States). All the experiments were performed in three biological replicates. From the luminescence curves three parameters were extracted: maximum luminescence (Max), maximum luminescence time (Time) and area under the curve of luminescence (AUC) (Kessi-Pérez et al., 2019a, b).



Statistical Analysis

An analysis of variance (ANOVA) was used to compare the enological and kinetic parameters. The experimental mean values were statistically analyzed using Student’s t-test. The parameters associated with luminescence curves were compared using a non-parametric Kruskal–Wallis test. A p-value less than 0.05 (p < 0.05) was considered statistically significant.



RESULTS


Deletion of the GTR1 Gene Affects Nitrogen Consumption and Expression of Nitrogen Transporters Under Fermentation Conditions

Previously, we have demonstrated that a large allelic diversity exits within the TORC1 pathway and these allelic variants significantly impact nitrogen consumption. In this sense, GTR1 allelic variants affect the consumption of amino acids and ammonium, where the Wine/European allele (WE) of this gene presented a preference for ammonium consumption, whereas the West African allele (WA) showed a preference for amino acids (Molinet et al., 2019). In this context, we assessed the role of the GTR1 gene on nitrogen consumption under fermentation conditions, in a media with a high concentration of sugar and nitrogen as a limiting nutrient (SM300), in the WE and WA genetic backgrounds. Initially, we studied the phenotypic effects of GTR1 deletion (gtr1Δ) in both strains. The deletion of the GTR1 gene only increased the fermentative capacity by 22% in the WE genetic background, when compared to the wild type strain (Supplementary Figures S1, S2). However, both null mutants presented higher ammonium consumption, with a 21 and 50% difference between the null mutant strains and the respective wild type (WE and WA) strains (Figure 1A). In addition, gtr1Δ strains showed a lower overall amino acid consumption, with 35 and 30% differences between the null mutant strains and the respective wild type (WE and WA) strains (Figure 1A). The amino acids with statistically significant differences were aspartic acid, serine, glutamine, glycine, arginine, threonine, alanine, tyrosine, valine, isoleucine, leucine, and lysine (Supplementary Tables S3, S4). Despite this, null mutants improved the kinetic parameters resulting in a lower lag time and a higher efficiency than the wild type strains in micro-cultivation experiments in SM300 synthetic must (Supplementary Figure S3). In conclusion, the GTR1 gene regulates nitrogen consumption under fermentation conditions affecting both the fermentative capacity and growth efficiency.
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FIGURE 1. Fermentation performance of the GTR1 null mutants in SM300 medium. (A) Nitrogen consumption for null mutants and wild type strains. Plotted values correspond to the average of three biological replicates (dots), with their standard error represented by bars (mean ± SE). The asterisks represent different levels of significance between the phenotypes of null mutants and wild type strains (t-test; ∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001). (B) Relative gene expression at 6 h of fermentation for nitrogen transporters in the WE (top panel) and WA (bottom panel) genetic backgrounds. Expression levels were normalized using three housekeeping genes. Plotted values correspond to the average of two biological replicates (dots), with their standard error represented by bars (mean ± SE). Different letters represent significant statistical difference between the null mutants and wild type strains (Mood test with p < 0.05). WE: Wine/European; WA: West African.


We then evaluated the relative gene expression of different nitrogen transporters (MEP2, GAP1, DIP5, TAT2, AGP1, and GNP1) regulated by TORC1 in the same set of strains (Figure 1B). Although, the WA strain presented higher expression levels of transporters than the WE strain (Supplementary Figure S4), this does not correlate with nitrogen consumption, since the WE strain takes up 55% more ammonium and 6% more amino acids than the WA strain (Figure 1A). Likewise, the deletion of GTR1 in the WE genetic background presented higher expression levels in all the genes evaluated, except TAT2 (Figure 1B). Similarly, the gtr1Δ strain showed higher gene expression of DIP5, AGP1, and GNP1 in the WA genetic background (Figure 1B). Thus, the absence of the GTR1 gene positively regulates the expression of nitrogen transporters.



GTR1 Deletion Decrease TORC1 Activation Under Fermentation Conditions

With the aim of evaluating the effect of GTR1 deletion on TORC1 activity, we employed the expression of the RPL26A gene as an indirect readout for the activity status of TORC1. An active TORC1 leads to a transcriptional up-regulation of the RPL26A gene, whereas inactivation of TORC1 suppresses the transcription of RPL26A (Kessi-Pérez et al., 2019b). In this sense, we used the same strategy described by Kessi-Pérez et al. (2019b) and monitored the luminescence in strains containing the Luc-URA3 reporter construct controlled by the RPL26A promoter in microculture conditions and in SM300 medium (Figure 2). In this condition, the behavior of the strains was similar to the one observed in nitrogen upshift experiments with two peaks of luciferase expression, one before 4 h and a second peak between 4 and 12 h (Kessi-Pérez et al., 2019b). However, in nitrogen upshift experiments, the WA strain presented a higher maximum luciferase expression than the WE strain, but in SM300 the WE strain had a greater maximum peak of expression (Figure 2), indicative of a possible higher TORC1 activation in the WE strain compared to the WA strain. Thus, the TORC1 activity under fermentation conditions (SM300) is different to that observed in laboratory media with a single nitrogen source. We should keep in mind that SM300 was made up of a complex mixture of ammonium and 19 amino acids that yeasts consume in sequential order of preference (Crépin et al., 2012).
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FIGURE 2. Indirect TORC1 activity in GTR1 null mutants. Indirect monitoring of TORC1 activity was evaluated as luciferase expression controlled by RPL26A promoter under micro-culture conditions in SM300 medium until 20 h. Plotted values correspond to the average of three biological replicates, with their standard error represented by bars (mean ± SE). WE: Wine/European; WA: West African.


Deletion of GTR1 did not abolish the luminescence signal, which imply EGOC independent activation of the TORC1 pathway (Stracka et al., 2014). However, the results showed an effect in the TORC1 activity, where a lower peak of luminescence and a delay in the maximum luminescence were observed in the deletion strains compared to their wild type versions (Figure 2 and red values in Supplementary Table S2). In consequence, the differences observed in nitrogen consumption and expression of transporters between the null mutants (gtr1Δ) and their wild type strains could be the result of differences in the times and intensity of TORC1 activation. Altogether, these results confirmed the role of the GTR1 gene on TORC1 activation in S. cerevisiae under fermentation conditions.



SNPs Present in the GTR1 Gene Affect Its Expression Levels During Alcoholic Fermentation

Previously, we determined that allelic diversity in the GTR1 gene underlies nitrogen consumption differences between WE and WA strains (Molinet et al., 2019). This gene has three SNPs in the ORF of the WE and WA strains, two synonymous (C345T and A714G) in the WE strain and one non-synonymous (R113S) in the WA strain (Figure 3A). According to the SIFT prediction, although the non-synonymous mutation would be tolerated for protein function (Molinet et al., 2019), it may nevertheless cause an impact since this SNP is localized in the GTPase domain of the protein. With regards to the regulatory region, there are two SNPs in the region encompassing 600 bp upstream of the ATG codon: A-8C and A-321G present in the WA strain (Figure 3A). Considering that phenotypic differences between strains may be explained by polymorphisms in coding and/or non-coding regions (Thompson and Cubillos, 2017), we decided to determine the causal polymorphisms responsible for these phenotypic differences by an allele swapping strategy in the parental strains. We swapped the ORF, the regulatory region or both regions in the parental backgrounds (Figure 3B). We first determined the GTR1 expression in all the modified strains at 6 h of fermentation (Figure 4). The WA strain showed a higher GTR1 expression level compared to the WE strain due to a combination of cis and trans factors (Figure 4). These results point out that GTR1 expression levels do not correlate with the TORC1 activation observed in the wild type strains (Figure 2), where WA strain showed lower TORC1 activation, suggesting an EGOC independent activation of TORC1 in the WE strain.
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FIGURE 3. Nucleotide sequence variation for GTR1 gene. (A) Alignment of the promoter and coding regions of the GTR1 gene. The nucleotide sequence of S288c (reference), WE and WA strains were downloaded from the SGRP BLAST server of the University of Toronto (http://www.moseslab.csb.utoronto.ca/sgrp/) and aligned using MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/). (B) Scheme of the swap strategy for promoter region, ORF region or both regions. Each promoter and/or ORF was swapped in the opposite genetic background, generating three different combinations. The strain background is shown as an orange (WE) or red (WA) rectangle.
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FIGURE 4. GTR1 gene expression in strains with swapped regions. (A) Relative gene expression at 6 h of fermentation for the GTR1 gene in the WE strains with swapped regions of GTR1 coming from the WA strains. Expression levels are relative to the WE strain. (B) Relative gene expression at 6 h of fermentation for the GTR1 gene in the WA strains with swapped regions of GTR1 coming from the WE strains. Expression levels are relative to the WA strain. In both panels, expression levels were normalized using three housekeeping genes. Plotted values correspond to the average of two biological replicates (dots), with their standard error represented by bars (mean ± SE). Different letters represent significant statistical differences between the strains constructed and wild type strains (Mood test with p < 0.05). WE: Wine/European; WA, West African; pr, Promoter; orf, Open Reading Frame (ORF).


In the WE genetic background, we observed a higher GTR1 expression level in the modified strains than in the WE wild type strain, with a greater effect for the polymorphisms inside the ORF region than the regulatory region of WA origin (Figure 4A). However, GTR1 expression levels in the modified strains did not reach the level of the WA strain, highlighting the importance of trans factors and genetic interactions. On the other hand, in the WA genetic background, we observed differences in the expression levels only in the strain with both regions of WE origin, lower than the WA strain but higher than the WE strain (Figure 4B). These results indicate that not only the polymorphisms in the regulatory regions are important for GTR1 gene expression, but also the polymorphisms in the coding region. As a result, SNPs present in the GTR1 ORF of the WA strain affect GTR1 expression in the WE genetic background, whereas the synergistic contribution of GTR1 SNPs present in the ORF and regulatory region of the WE strain have a mild effect on GTR1 expression in the WA genetic background.



GTR1 Coding Region From the WA Strain Modify TORC1 Activation in the WE Genetic Background

In order to evaluate the effect of polymorphisms present in the GTR1 gene on TORC1 activity, we evaluated the TORC1 activation in the modified strains using the same indirect method previously assayed. In general, we observed a time delay in the maximum peak of luminescence in the modified WE strains which was similar to the WA strain, however, the intensity of the maximum peaks of luminescence were similar to the WE wild type strain (Figure 5A, blue values in Supplementary Table S2). During the first 4 h of growth, the WE strains with the promoter or both (promoter and ORF) regions of WA origin presented a delay in the maximum expression peak time with respect to the WE wild type strain (Figure 5A). In addition, the WE strain with the ORF of WA origin presented an intermediate phenotype between the WE and WA strains (Figure 5A), showing a delay in the time of the second peak, which correlates with the GTR1 expression levels observed for this strain. Sequence analysis of 55 different strains of S. cerevisiae showed that the GTR1 non-synonymous SNP is present only in strains from WA origin (Supplementary Figure S5), suggesting that this variant could be subject to selection in the palm wine ecological niche. Thus, this polymorphism has a greater probability of affecting the phenotype in strains of other ecological origins or phylogenetic clades. Finally, we did not observe differences in the TORC1 activity of the WA strain with the promoter region, coding sequence or both swapped regions of the GTR1 gene coming from the WE strain (Figure 5B), indicative of a strong trans-regulation and genetic interaction in the WA strain.
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FIGURE 5. Indirect TORC1 activity in strains with GTR1 swapped regions. (A) Indirect monitoring of TORC1 activity in the WE strains with swapped regions of GTR1 coming from the WA strain, using micro culture conditions until 20 h. (B) Indirect monitoring of TORC1 activity in the WA strains with swapped regions of GTR1 coming from the WE strain, using micro culture conditions until 20 h. Plotted values correspond to the average of three biological replicates, with their standard error represented by bars (mean ± SE). WE, Wine/European; WA, West African; pr, Promoter; orf: Open Reading Frame (ORF).




GTR1 Coding Region From the WA Strain Impairs the Fermentative Performance in the WE Genetic Background

We then determined the effect of the GTR1 SNPs on the fermentative kinetics and nitrogen consumption (Figure 6). In the WE genetic background, the phenotype of the strain with the WA GTR1 ORF was intermediate between the two wild type strains (Figures 6A,B). We observed the same intermediary behavior in the growth kinetics in SM300 and SM140 with only ammonium or amino acids as a nitrogen source (Figure 7A and Table 1). In SM300 medium, we observed differences in the maximum specific growth rate and efficiency (Table 1), with intermediary values for the WE strain with the WA GTR1 ORF, which correlates with the fermentative phenotype. These results highlight the importance of the SNPs in the coding region of GTR1 for its biological function. Furthermore, considering our previous results in reciprocal hemizygote assays, the hemizygous strain with the WA allele had a preference for amino acid consumption, while the hemizygous strain with WE allele had a preference for ammonium consumption (Molinet et al., 2019), we decided to evaluate the growth kinetics in media containing only ammonium or amino acids as nitrogen sources (Figure 7 and Table 1). Results showed that the WE strain with a preference for ammonium consumption showed a higher maximum specific growth rate and a lower lag time in comparison to the WA strain in SM140-ammonium medium (Table 1). However, the WA strain showed higher growth efficiency in all the assayed culture conditions (Figure 7A). Interestingly, the WE strain with the WA ORF presented the same efficiency as the WA strain in SM140-ammonium (Figure 7A). On the contrary, in SM140-amino acids medium, the WE strain with the WA ORF presented the same efficiency as the WE strain (Figure 7A), but an intermediary value of maximum specific growth rate between WE and WA strains (Table 1). In addition, the previously described preference for amino acids consumption in the hemizygous strain with WA allele (Molinet et al., 2019) was confirmed by the higher efficiency and lower lag time for the WA strain in comparison to the WE strain in SM140-amino acids medium (Table 1). In summary, the strain with the WA ORF of the GTR1 gene in the WE genetic background presented intermediary phenotypes between the wild type strains, confirming the effect of the coding region polymorphisms in the phenotypes evaluated.


[image: image]

FIGURE 6. Fermentation performance for the WE strain with GTR1 allele swapping. (A) Fermentative performance was evaluated by CO2 loss over the time and the kinetic parameters were extracted from the curves. (B) Maximum CO2 loss rate was determined by calculating the first derivate of the CO2 loss curve. (C) Ammonium and amino acids consumption for the WE strain with GTR1 ORF swapping and the wild type parental strains. (D) Alanine consumption for the WE strain with GTR1 ORF swapping and the wild type parental strains. Plotted values correspond to the average of three biological replicates (dots), with their standard error represented by bars (mean ± SE). The asterisks represent different levels of significance between the phenotypes of strains constructed and wild type strains (t-test; *p < 0.05 and ****p < 0.0001). WE, Wine/European; WA, West African; pr, Promoter; orf: Open Reading Frame (ORF).
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FIGURE 7. Growth performance for the WE and WA strains with GTR1 allele swapping. (A) Growth curves for the strains with GTR1 ORF swapping in WE genetic background, and WA genetic background (B). Plotted values correspond to the average of three biological replicates, with their standard error represented by bars (mean ± SE). WE, Wine/European; WA, West African; pr, Promoter; orf, Open Reading Frame (ORF).



TABLE 1. Kinetic parameters for strains with GTR1 allele swapping in SM300, SM140-ammonium and SM140-amino acids culture conditions.

[image: Table 1]We did not observe statistically significant differences in ammonium and amino acids consumption between the wild type and WE strain with the WA GTR1 ORF (Figure 6C), but these strains showed an intermediate phenotype for alanine consumption (Figure 6D). This phenotypic difference is important considering the preference for ammonium consumption observed in the WE strain. Furthermore, when both regions of WA origin were present, we observed a higher consumption of alanine, valine, isoleucine, leucine and lysine in comparison to the WE wild type strain (Supplementary Table S3). Therefore, the effect of the GTR1 polymorphisms on nitrogen consumption depends on genetic interactions, which is characteristic of complex traits (Nieduszynski and Liti, 2011; Swinnen et al., 2012).

Finally, in the WA genetic background, we observed a 21% difference in ammonium consumption between the strain with the WE GTR1 ORF and its wild type strain (Supplementary Table S4). The modified strain presented a higher ammonium consumption, which correlates with the consumption of the WE wild type strain. We also evaluated the growth kinetics in SM300, SM140ammonium, and SM140-amino acids media (Figure 7B and Table 1), observing an intermediate efficiency between the two wild type strains in SM140-amino acids medium (Figure 7B). Altogether, these results highlight the importance of the SNPs in the GTR1 coding region on the fermentative phenotype of S. cerevisiae and on its preference for the nitrogen source.



DISCUSSION

Studies in S. cerevisiae under fermentation conditions have shown that differences in nitrogen requirements between strains originate from variations in nitrogen sensing and signaling pathways (Brice et al., 2014b; Cubillos et al., 2017; Molinet et al., 2019). Previously, we identified and confirmed that allelic variants within the TORC1 pathway significantly impact nitrogen metabolism, influencing nitrogen consumption differences between strains representative of four clean lineages described in S. cerevisiae (Wine/European WE, West African WA, North American NA, and Sake SA). In particular, allelic variants of the GTR1 gene affect the consumption of ammonium and amino acids. The WE allele of this gene presented a preference for ammonium consumption, while the WA allele had a preference for amino acids consumption (Molinet et al., 2019). In consequence, considering that regulation of TORC1 activity could be relevant to nitrogen consumption, we decided to further study the role of the GTR1 gene on this phenotype in two different genetic backgrounds, providing evidence of the participation of this gene in nitrogen consumption and identifying relevant SNPs that affect TORC1 activation under fermentation conditions.

Null mutants of the GTR1 gene took up more ammonium and less amino acid than the wild type strains in both genetic backgrounds. Furthermore, expression levels of the nitrogen transporters were higher in these null mutants (Figure 1). We did not observe correlation between amino acids consumption and expression levels of their respective transporters, possibly because gene expression and nitrogen consumption were measured at one single point during alcoholic fermentation. Thus, we cannot discard differences in gene expression throughout the fermentation process, where a hierarchical amino acids consumption was previously described (Crépin et al., 2012; Gutiérrez et al., 2016). Therefore, it would be relevant to study the kinetics of nitrogen consumption together with nitrogen transporters expression through the time course of fermentation.

Gtr1p participates in the EGO (Broach, 2012) and Gse complexes (Gao and Kaiser, 2006). The Gse complex regulates the Gap1p (general amino acid permease) intracellular sorting from late endosome to plasmatic membrane and Gap1p recycling is blocked in GSE mutants (Gao and Kaiser, 2006; MacDonald and Piper, 2017). Thus, in this complex, the GTR1 deletion could be affecting amino acid consumption due to a decrease of Gap1p in the plasmatic membrane.

The EGO complex regulates TORC1 activity in response to nitrogen availability (Zhang et al., 2018). The addition of any amino acid to nitrogen-depleted cells was found to result in rapid but transient EGO-dependent TORC1 activation. However, longer TORC1 activation was only observed upon addition of a nitrogen source sustaining optimal growth, for example glutamine or ammonium, and in an EGO complex independent manner (Stracka et al., 2014). Thus, deletion of GTR1 could transiently inactivate TORC1, activating the expression of genes regulated by NCR, such as ammonium permeases (MEP1, MEP2, and MEP3), and increasing ammonium consumption. This ammonium consumption could then activate TORC1 independently of the EGO complex, favoring the expression of some amino acid permeases (AGP1, GNP1, and DIP5). Thus, the deletion of GTR1 affects cellular growth, where higher ammonium consumption increases growth efficiency and decreases lag time.

In this regard, we indirectly evaluated TORC1 activation using the expression of the RPL26A gene as readout for TORC1 activation (Kessi-Pérez et al., 2019b). This method was previously validated in four different strains representative of clean lineages described in S. cerevisiae (WE and WA background inclusive) and compared with traditional methods based on immunoblot of Sch9p and Rps6 phosphorylation, exposing strains a proline-to-glutamine upshift, where the maximum luminescence and the area under the curve obtained from graphics of absolute luminescence versus time resemble the results obtained by immunoblot of Sch9p and Rps6p (Kessi-Pérez et al., 2019a, b). Interestingly, the wild type strains showed the same behavior in nitrogen upshift experiments and in synthetic must (SM300), which simulates fermentation conditions. However, in nitrogen upshift experiments, the WA strain presented a higher maximum luciferase expression compared to the WE strain, but in SM300 the WE strain had a greater maximum peak of expression (Figure 2), indicating a possible higher TORC1 activation in SM300 in the WE strain. This behavior coincides with other phenotypes controlled by TORC1 activation such as chronological life span, where under fermentation conditions the role of Sir2p, Hst2p, Gcn5p, and Atg7 was the opposite to standard laboratory aging conditions (Orozco et al., 2012; Picazo et al., 2015). These results highlight the importance of evaluating TORC1 activity under fermentation conditions since its activity is dependent on the environment.

The GTR1 deletion modify TORC1 activity with a lower peak of luminescence and maximum luminescence times higher than the wild type strains (Figure 2 and Supplementary Table S2). Thus, the differences observed in nitrogen consumption and expression of transporters between the GTR1 null mutants and their wild type strains could be the consequence of difference in time and intensity in TORC1 activation. It has been reported that the inability of the Sake strain Kyokai n°7 (K7) to sporulate under nitrogen starvation conditions is due to a reduced TORC1 activity (Nakazawa et al., 2016). Consequently, a diminished TORC1 activity may have an impact on multiple phenotypes. Similarly, our results indicate a possible relationship between a diminished TORC1 activity and higher expression levels of nitrogen transporters, favoring ammonium consumption, but decreasing amino acid assimilation.

Since we previously described allelic variants of the GTR1 gene that explain nitrogen consumption differences (Molinet et al., 2019), we sought to identify the SNPs responsible for these differences through an allele swapping approach in the parental strains. We swapped the ORF, the regulatory region or both regions in the parental backgrounds (Figure 3B). Initially, we determined GTR1 expression in all the modified strains at 6 h of fermentation (Figure 4). Surprisingly, the WA strain presented a higher expression level compared to the WE strain, despite a lower TORC1 activity in this strain (Figure 2). Therefore, these results suggest that GTR1 levels in the cell could affect TORC1 activity. It is important to mention that we did not evaluate the effect of hphMX on the phenotypes studied, thus we cannot discard cis effect and genetic interactions on the GTR1 expression. However, the constructs were designed using the same orientation for the promoter, ORF and hphMX cassette, avoiding potential problems of convergent transcription and RNA polymerases collision (Pannunzio and Lieber, 2016).

In the case of the WE genetic background, we observed a higher impact in the studied phenotypes in the strain with the WA GTR1 ORF. This strain presented higher expression levels of the GTR1 gene compared to the wild type strain (Figure 4). In addition, it presented an intermediate TORC1 activity between the WE and WA strains (Figure 5). The WE strain with both regions (promoter and ORF) from WA origin presented a similar phenotype to the WE strain with only the ORF from WA origin during the second peak of luminescence, emphasizing the importance of the SNP present in the coding region of the GTR1 gene on the WE genetic background (Figure 5). Importantly, this non-synonymous SNP, R113S, is present only in strains from West African origin (Supplementary Figure S5), suggesting that this variant could be subject to selection in the palm wine ecological niche. However, we compared a very low number of sequences to validate this assumption and further analysis are necessary, including a higher number of strains used for palm wine fermentation. The R113S SNP is localized in the GTPase domain of the protein, where the GTP and GDP-bound conformations of Gtr1p are crucial for TORC1 activation and inactivation (Gong et al., 2011). Finally, the WE strain with the WA ORF of GTR1 presented an intermediate fermentation and growth kinetic phenotypes with respect to the wild type strains in SM300 (Figures 6A,B, 7A). This confirms the effect of the polymorphisms in the GTR1 coding region on the phenotypes evaluated.

In the case of the WA genetic background, we observed moderate effects on the studied phenotypes showing a greater GTR1 expression compared to WE strain (Figure 4). Furthermore, the WA strain with the GTR1 ORF and regulatory region coming from WE origin showed a slight but significant decrease in GTR1 expression compared to the wild type WA strain (Figure 4). These results indicate the importance of the GTR1 polymorphisms in the coding region on its own gene expression. Studies in different organisms have determined that the effect of synonymous SNPs in codon usage impact on nucleic acid stability, protein levels, protein structure and functions, even many human diseases have been associated to synonymous SNPs (Bali and Bebok, 2015).

Interestingly, we did not observe differences in the RPL26A expression profiles in the WA genetic background, indicative of strong trans-regulation and genetic interactions in the WA strain. Similar results were previously obtained studying the natural variation of the GPD1 gene. Promoter swapping experiments between the evaluated strains showed different GPD1 expression levels and times; however, no phenotypic differences were observed (glycerol yield) between wild type and modified strains (Tapia et al., 2018). Therefore, our results highlight how important the SNPs in the coding region of GTR1 are to the fermentative phenotype of S. cerevisiae.



CONCLUSION

In conclusion, we attempted to understand the role of the GTR1 gene on nitrogen uptake during alcoholic fermentation in S. cerevisiae. In this regard, we observed in the gtr1Δ mutants a diminish TORC1 activity, an increase in expression levels of nitrogen transporters and ammonium consumption, but a decrease in the assimilation of amino acids. Furthermore, the non-synonymous polymorphism (R113S) present in the GTR1 gene of the WA strain is relevant for TORC1 activity in the context of the WE strain. However, we were unable to identify mild phenotypic differences due to genetic interactions, suggesting further experiments are required to assess the phosphorylation levels of the proximal TORC1 targets or the GTPase activity of Gtr1p.
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Values correspond to mean and SE of three biological replicates. Asterisks indicate significant differences between phenotypes of strains constructed and wild type strains (t-test, *o < 0.05 and **p < 0.001). WE,
Wine/European; WA, West African; orf, Open Reading Frame; pr: promoter.
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