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ABSTRACT

Salt-resistant yeast strains are highly demanded by industry due to the exposure of yeast cells to high concentrations of salt, in various indus-
trial bioprocesses. The aim of this study was to perform a physiological and transcriptomic analysis of a salt-resistant Saccharomyces cerevisiae
(S. cerevisiae) mutant generated by evolutionary engineering. NaCl-resistant S. cerevisiae strains were obtained by ethyl methanesulfonate
(EMS) mutagenesis followed by successive batch cultivations in the presence of gradually increasing NaCl concentrations, up to 8.5% w/v of
NaCl (1.45 M). The most probable number (MPN) method, high-performance liquid chromatography (HPLC), and glucose oxidase/peroxidase
method were used for physiological analysis, while Agilent yeast DNA microarray systems were used for transcriptome analysis. NaCl-resistant
mutant strain T8 was highly cross-resistant to LiCland highly sensitive to AICI. In the absence of NaCl stress, T8 strain had significantly higher
trehalose and glycogen levels compared to the reference strain. Global transcriptome analysis by means of DNA microarrays showed that the
genes related to stress response, carbohydrate transport, glycogen and trehalose biosynthesis, as well as biofilm formation, were upregulated.
According to gene set enrichment analysis, 548 genes were upregulated and 22 downregulated in T8 strain, compared to the reference strain.
Among the 548 upregulated genes, the highest upregulation was observed for the FLO11 (MUC1) gene (92-fold that of the reference strain).
Overall, evolutionary engineering by chemical mutagenesis and increasing NaCl concentrations is a promising approach in developing indus-

trial strains for biotechnological applications.
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INTRODUCTION toxicity and osmotic stress in yeast cells [3], and has multiple
effects on other cellular processes. High-salinity stress leads

Maintaining alkali cation homeostasis in cells is crucial for ~ to high osmotic pressure that increases the flow of water out
many organisms, including yeasts. Yeast cells are exposed to  of the cell, resulting in lower internal pressure. Furthermore,
stress in different industrial fermentation processes, such as  high-salinity stress disrupts the membrane potential, which in

baking, brewing, and winemaking. Improvement of salt tol-  turn affects the activity of membrane transporters and stabil-
erance in yeast would be beneficial for many industrial pro- ity ofions and pH in the cell, leading to the generation of reac-
cesses, eg. the production of yeast biomass and baking [1].  tive oxygen species and misfolding of proteins [4].

Moreover, understanding molecular mechanisms of salt-toler- The yeast Saccharonyces cerevisiae (S. cerevisiae) has rela-

ant yeasts can be useful for engineering salt-tolerant fungiand ~ tively high concentrations of K" in the cytoplasm and low con-
crop plants, since many Comp()nents of their stress response centrations of Na*. K*is involved in many cell functions and

systems are similar to those in yeasts [2]. Salt stress inducesion  is the most abundant cation in S. cerevisiae, even though K*
concentration is low in most of the natural habitats of yeast. In
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cations [5]. Yeast cells use several mechanisms for transferring
ions through the cell membrane, including passive transport
through ion channels, active transport by carrier proteins, pro-
ton countertransport, and transport mediated by adenosine
5-triphosphatases (ATPases) [6]. S. cerevisiae has three differ-
ent sodium transport systems: Nhxip, Enai-4p, and Nhaip.
Nhxip is an endosomal/prevacuolar Na‘'/H' antiporter/
exchanger, encoded by the NHX1 gene, and it increases the
salt tolerance by moving Na'and K to intracellular compart-
ments, such as secretory organelles. Nhaip antiporter, local-
ized in the plasma membrane, is encoded by the NHA1 gene
and has substrate specificity for at least four cations, i.e., K,
Li", Na’, and Rb". Enai-4p belongs to P-type Ena ATPases, it is
located in the plasma membrane and also promotes the eftlux
of Na’, Li", and K at high pH [7,8]. Moreover, the homeostasis
of Na, Li*, and K* is maintained by all the three sodium trans-
porters [9].

Yeast cells subjected to salt stress show dehydration, phys-
iological and biochemical changes, and altered regulation
of gene expression [10]. The cells develop tolerance to Na*
stress through ion homeostasis achieved by ion transport and
detoxification mechanisms and through osmotic adjustment
achieved by accumulating solutes inside the cell [2,11].

In this study, we performed a physiological and transcrip-
tomic analysis of a salt-resistant S. cerevisiae mutant strain
generated by evolutionary engineering. Evolutionary engi-
neering is an inverse metabolic engineering approach for cre-
ating or improving the microbial phenotypes of interest [12].
Strains with specific characteristics and/or complex pheno-
types can be obtained by evolutionary engineering, which is
followed by high-throughput characterization and genome-
wide microarray analysis. Evolutionary engineering strategies
have been successfully applied in biofuel research [13] or for
studying molecular mechanisms underlying stress resistance
in different organisms [14-17].

We obtained NaCl-resistant S. cerevisiae strains by ethyl
methanesulfonate (EMS) mutagenesis followed by successive
batch cultivations in the presence of gradually increasing NaCl
concentrations [18,19]. Yeast resistance to NaCl stress, at the
physiological and transcriptomic level, was investigated in
the mutant strain with the highest resistance to salt stress and
compared to the reference strain.

MATERIALS AND METHODS

Yeast strain, culture reagents and conditions

S. cerevisiae strain CEN.PK113-7D (MATa, MAL2-8¢, and
SUC2) was used in this study [20]. Yeast extract peptone dex-
trose (1% w/v peptone, 1% w/v yeast extract, and 2% w/v glu-
cose) and yeast minimal medium [YMM] (2% w/v glucose,
0.67% w/v yeast nitrogen base without amino acids [Difco,
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USA]) were used for cultivations. Yeast cultures were grown
at 30°C and the growth was monitored with optical density
measurements at 600 nm (OD_ ) usinga Shimadzu UV-1700
spectrophotometer (Japan). The culture stocks were prepared
in YMM containing 30% (v/v) glycerol and kept at -80°C.

Evolutionary engineering strategy for selecting
NaCl-resistant S. cerevisiae mutant strains

S. cerevisiae CEN.PK 113-7D was used as the reference
strain and subjected to EMS mutagenesis to obtain a geneti-
cally diverse population for selection. Successive batch cultures
in the presence of gradually increasing NaCl concentrations
were used to obtain NaCl-stress resistant S. cerevisiae
mutants. To determine the initial NaCl concentration, both
the reference strain and EMS-induced mutant population
were screened at NaCl concentration in the range 0.17-1.7
M in YMM, during batch growth for 48 hours. The selection
of cultures was started at 1% w/v of NaCl and increased up
to 8.5% w/v (1.45 M). The isolation of mutant colonies in the
selected NaCl-resistant population was performed on solid
YMM with appropriate culture dilutions, followed by random
isolation of mutant colonies after 48 hours of incubation at
30°C, as described previously [18].

Estimation of stress resistance

Yeast resistance to NaCl and other stress conditions was
determined using spot test and most probable number (MPN)
method [21]. For spot analysis, the cells were cultured in 10-ml
liquid YMM and placed in 50-ml culture tubes at 30°C, until
the logarithmic phase of growth was reached. Equal numbers
of yeast cells corresponding to 4 OD_ units in 1-ml volume
were harvested by centrifugation at 10,000 g for s minutes, and
the supernatant was removed. The pellets were resuspended
in 100 pl water and diluted serially from 10 to 10* in 96-well
plates. Next, 2 pl of the diluted suspensions were placed on
solid YMM plates (control) and YMM plates containing 0.7
M NaCl (Carlo Erba, Italy), 5 mM LiCl (Sigma, USA), 1 M
KCI (Merck, Germany), 3 mM CoCl (Fluka, USA), 20 mM
MnCl ~(Sigma, USA), 10 mM ZnCl (Sigma ALDRICH,
USA), 015 mM CuCl, (Sigma ALDRICH, USA), 1 mM H O,
(Merck, Germany), 8% (v/v) ethanol (].T. Baker, Netherlands),
2> mM CrCl3 (Acros Organics, USA) and 7.5 M AlCl3 (Merck,
Germany), and incubated at 30°C for 48 hours.

For MPN analysis (Russek and Colwell, 1983), viable cell
counts were made by serial dilutions in 96-well plates. Each
well contained 180 pl YMM and 20 pl of cells. Dilutions were
made in the range of 10 * to 10 ® for five biological repeats. The
published MPN tables (http://www.jlindquist.net/generalmi-
cro/102dil3.html) were used to estimate the MPN of the cells,
based on their growth ability at higher dilutions. The survival
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rate was assessed by dividing the number of viable cells in
the presence of NaCl by the number of cells in the absence
of NaCl. The S. cerevisiae reference strain and NaCl-resistant
mutant were screened in different stress conditions, includ-
ing: 0.7 M NaCl, s mM LiCl, .5 M KCl, 4 mM COCIZ, 15 mM
MnCl, 10 mM ZnCl, 0.1 mM CuCl, 0.8 mM H O, 6% (v/v)
ethanol, 2 mM CrClE, and 10 mM AlClS.

High-performance liquid chromatography (HPLC)
analysis of glucose, ethanol, acetate and glycerol

The reference and NaCl-resistant mutant strain were inoc-
ulated into 10 ml of YMM in 50-ml culture tubes to an OD

600

of 0.05. After overnight incubation at 30°C, OD_ measure-

600

ments were made using a spectrophotometer, and the cultures
were inoculated into 100 ml fresh YMM in s00-ml flasks to
an initial OD, of 0.25. One control flask with YMM and two
other flasks, one supplemented with 0.5 M NaCl in YMM and
the other with 5 mM LiCl in YMM, were incubated at 30°C
for 24 hours.

The experiments were performed in triplicate. OD,
values were measured at 1.5-hour intervals. From all cul-
tures, 1 ml of samples was placed into microfuge tubes with
known weight (for cell dry weight experiment) at 1.5-hour
time intervals. After centrifugation (10,000 g for 5 minutes),
the supernatants were filtered using a 0.2-pum pore filter (TPP
Techno Plastic Products, Switzerland) and analyzed by HPLC
(Shimadzu, Japan). Metabolite analysis by HPLC was per-
formed using the Aminex® HPX-87H (Bio-Rad, USA) column
eluted with HZSO4 (5 mM) at a flow rate of 0.6 ml/minute at

60°C, as described previously [16].

Enzymatic determination of glycogen and
trehalose content

Glycogen and trehalose content of cultures were deter-
mined using an enzymatic method, as described by Parrou
and Frangois [22]. The glucose amount released from treha-
lose and glycogen was determined using the glucose oxidase/
peroxidase method [23]. The glycogen and trehalose contents
were quantitatively determined in the presence and absence of
Naand Li, in triplicate. Briefly, the cell pellet (obtained from
25 OD,  units of culture) was resuspended in 250 pl 0.25 M
Na,CO, in a screw top microcentrifuge tube (Corning, USA)
and heated at 95°C for 4 hours. Afterward, 150 pl of 1 M acetic
acid and subsequently 600 pl of 0.2 M sodium acetate buffer
(pH 5.2) were added to the cell suspension. Half of this mixture
was incubated overnight at 57°C in the presence of 100 mg
of amyloglucosidase (Roche, Switzerland) in a hybridization
chamber. The second half of the mixture (500 pl) was incu-
bated overnight at 37°C in the presence of trehalase (Sigma,
USA). The suspensions were centrifuged for 2 minutes at
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5000 g. Then, 200 pl of glucose oxidase/peroxidase reagent
(Sigma, USA) and 20 pl of supernatant was added to the wells
of the 96-well plate. Following 30-minute incubation at 37°C,
the absorbance of the samples was measured at 420/490 nm

using a Benchmark Plus microplate reader (Bio-Rad, USA).

Whole genome transcriptome analysis of NaCl-
resistant mutant and reference strain

The reference and NaCl-resistant mutant strains were
grown in 500-ml flasks containing 100 ml YMM, at 30°C, until
their OD_ values reached ~1 (5 x 107 cells/ml). Total RNA was
extracted from the cultures using RNeasy Mini Kit (Qiagen,
USA) according to the protocol described by the manufac-
turer, and stored at -80°C. The concentrations of extracted
RNA were analyzed with a ultraviolet-visible (UV/VIS)
spectrophotometer (NanoDrop 2000), and the quality of
the extracted RNA was assessed using RNA 6000 Nano Kit
(Agilent, USA) and BioAnalyzer 2100 (Agilent, USA). RNA
samples with RNA integrity number (RIN) >8 were used in
the transcriptome analysis. DNA microarray analysis was
performed for the reference and mutant strain using Agilent
DNA microarray systems (USA), in triplicate. One-color
RNA spike-in kit (Agilent, USA) was used to provide inter-
nal controls with known concentrations. The total RNA sam-
ples were then mixed with diluted RNA spike-in controls and
labeled with cyanine 3 (Cy3) using the Low-Input QuickAmp
Labeling Kit (Agilent, USA). The Cys-labelled samples were
purified using the Absolutely RNA Nanoprep Kit (Agilent,
USA), applied to the microarray slides (RNA 6000 Nano
LabChip’ Kit, Agilent, USA), and incubated. The microarray
slides were transferred to a microarray hybridization chamber
(Agilent, USA) for hybridization process at 65°C for 17 hous.
The slides were then washed and scanned, according to the
manufacturer’s instructions. Transcriptome data analysis
was performed using GeneSpring GX software, version 12.5
(Agilent, USA). Reliability of the gene expression data was
assessed by Student’s ¢-test and Benjamini and Hochberg [24]
false discovery rate (FDR) correction. Significant differences
in the gene expression were determined for the results with
corrected p values that were <0.05. Cluster analysis was per-
formed for genes exhibiting at least 2-fold change (increase
and decrease) in the expression and having a p < o.01. The
genes whose expression changed more than 2-fold were clas-
sified into clusters and functional categories using FunSpec
online software [25] and FunCat database (http://mips.gst.de/
funcatDB/) [26].

This work is fully MIAME (Minimum Information About
a Microarray Experiment)-compliant and has been deposited
at GEO with the accession number GSE 61903 (http://www.
ncbinlm.nih.gov/geo/query/acc.cgi?acc=GSE61903).
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RESULTS

Selection of NaCl-resistant population by
evolutionary engineering strategy

Initially, the EMS-induced mutant population and the ref-
erence strain were exposed to concentrations of NaCl in the
range 0.1-1.7 M to determine the starting concentration of NaCl
for the selection of salt-resistant strains. Based on the survival
rates of the yeasts, the initial NaCl concentration was selected
as 1% w/v (data not shown). The EMS-induced population was
exposed to gradually increasing concentrations of NaCl in suc-
cessive batch cultures. NaCl was present in the culture medium
during the entire cultivation period, as a continuously applied
stress factor. Forty passages of cells (about 160 generations) were
obtained up to the final NaCl concentration of 8.5% w/v, corre-
sponding to 1.45 M NaCl, as described previously [18].

A total of 23 individual mutant colonies were then randomly
isolated on solid YMM plates, from the mutant population that
was resistant to 8.5% w/v of NaCl. The 23 mutant colonies were
initially tested on YMM plates containing 8% w/v of NaCl, and
10/23 colonies, named T4, T8, T10, T11, T12, T13, T15, T19, T20,
and T23, had a higher resistance to NaCl (data not shown).
The levels of resistance to NaCl in the 10 colonies were deter-
mined quantitatively using the MPN method, in the presence
of 8% w/v of NaCl. The MPN results revealed that T8 mutant
strain had the highest NaCl resistance, approximately 700-fold
that of the reference strain (Figure 1). T8 was also genetically
stable, based on 10 successive batch cultivations under non-se-
lective culture conditions and according to the NaCl-resistance
analysis after each cultivation (data not shown).

Cross-resistance analysis of NaCl-resistant mutant
strain

To test whether T8 mutant strain was cross-resistant to
other stress factors, it was grown on solid media in different

800

Survival Rate normalized to reference

T12 T23 T4 T3 TI19 T20 T8

Salt-resistant Mutants

Ti5 Ti0 TI1 I

FIGURE 1. Survival rates of salt-resistant yeast mutant strains as
determined by 5-tube most probable number method at the
72" hour of incubation in yeast minimal medium containing
8% wy/v of NaCl."I"indicates an arithmetic average of the survival
rates in mutant strains. Among salt resistant mutants, T8 yeast
mutant strain had the highest survival rate.
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stress conditions. The results of spot assay revealed that T8
was also highly resistant to 5 mM LiCl, but highly sensitive to
7.5 mM AlClS, compared to the reference strain. Moreover, T8
was slightly more resistant to 1 mM H O and 10 mM ZnCl,
compared to the reference strain (Figure 2). The cross-resis-
tance levels of T8 and the reference strain were then quantified
by MPN method and these results confirmed data obtained
with the spot assay as follows (Figure 3): T8 was hyper-resis-
tant to 5 mM LiCl, with a survival rate of about 24,000-fold
of the reference strain survival rate. It was also cross-resistant
to 10 mM ZnCl, 0.8 mM H O, 4 mM CoCl , 1 M KCI, and
6% v/v ethanol. Furthermore, T8 was hypersensitive to 10
mM AICI,, and slightly sensitive to 15 mM MnCl, and 2 mM
CrClg. The MPN and spot test results for 1 M KCland 0.15 mM
CuCl, were identical for the reference strain and T8. Overall,
the MPN results were in accordance with the spot test results
(Figure 3).

Metabolite profiles during batch cultivation

The cell growth of T8 in the presence of NaCl and LiCl was
significantly improved compared to the reference strain [19].
The glucose consumption, ethanol, glycerol and acetate pro-
duction were monitored and shown in Figure 4.

The growth analysis of T8 and the reference strain
revealed that under 0.5 M NaCl the maximum specific growth
rate (g, ) of the reference strain significantly decreased from
0.41 to 0.18 h™*. However, the oo value of T8 decreased from
0.36 h'under control conditions to 0.28 h™" under 0.5 M NaCl
stress.

Interestingly, a significantly higher difference inthe i val-
ues was observed between the reference strain and T8 under 5
mM LiCl stress. T8 had a i value of 0.38 h™', whereas the ref-
erence strain had 0.09 h™, indicating that T8 was not inhibited
by 5 mM LiCl, despite the stronger inhibition of the reference
strain by the LiCl compared to NaCl stress conditions. The
glucose consumption of T8 was slightly higher compared to
the reference strain, in the presence of 0.5 M NaCl (Figure 4).
The presence of 0.5 M NaCl significantly decreased the etha-
nol production in both strains. Moreover, under the control
conditions, T8 had lower ethanol production compared with
the reference strain (Figure 4). In general, glycerol production
was higher in T8 compared to the reference strain, in the pres-
ence and absence of NaCl stress; the highest glycerol levels in
T8 were observed under NaCl stress (Figure 4). The presence
of 0.5 M NaCl stress increased acetate production in both
T8 and the reference strain, with higher levels of acetate pro-
duced by T8 compared to the reference strain. In the absence
of NaCl, the reference strain had higher acetate production
levels than T8 (Figure 4). The acetate production in T8 was the
same under LiCl stress and control conditions. T8 reached the
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Dilutions
104 103 102 107 104 102 102 10"  10¢ 103 102 10 10 10° 102 10"
Ref
T8
Control(YMM) 5mM LiCl 8% (v/v) Ethanol 0.15mM CuCl,
104 102 102 10" 10% 103 102 10" 10 102 102 10" 10+ 102102 107
Ref
T8
3mM CoCl, 10 mM ZnCl,
104 103 102 101 10+ 103 102 10 L
Ref
T8
7.5mMAICI, 20mM MnCl, 2mM CrCl, 0.7 M NaCl

FIGURE 2. Analysis of cross-resistance in T8 mutant yeast strain at 48 hours of incubation on solid yeast minimal medium plates with
stress factors diluted at different concentrations, as indicated in the figure. Ref represents the reference strain. T8 mutant yeast strain
showed high resistance to NaCl and LiCl and high sensitivity to AICI..

SurvivalRate (72 h, MPN) Survival Rates (72 h, MPN)
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5 Stress 5 Stress
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Survival Rate (72 h, MPN) Survival Rates (72 h, MPN)
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FIGURE 3. Survival rates of T8 mutant yeast strain normalized to those of the reference strain under stress conditions as follows: 5 mM
LiCl, 0.7 M NaCl, 10 mM ZnCl, 0.8 mM H.O,, 4 mM CoCl,, 1 M KCl, 6% (v/v) ethanol, 0.1 mM CuCl,, 15 mM MnCl, 2 mM CrCl, and 10 mM
AICI.. The survival rates were determined using the most probable number (MPN) method, at 72 hours of incubation in yeast minimal
medium containing the stress factors. T8 was hyper-resistant to 5 mM LiCl and also cross-resistant to 10 mM ZnCl,, 0.8 mM H,0,, 4 mM
CoCl,, 1 MKCl, and 6% v/v ethanol. The MPN results were in accordance with the spot test results.
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FIGURE 4. Growth behavior and metabolite profiles of the reference strain and T8 mutant yeast strain in yeast minimal medium, in the
absence and presence of 0.5 M NaCl. (A) Growth behavior was monitored using optical density (OD) measurements at 600 nm, (B) glu-
cose consumption (g/L), (C) ethanol production (g/L), (D) glycerol production (g/L), and (E) acetate production (g/L). The metabolite
analyses were performed using high-performance liquid chromatography. “Filled diamond” represents reference strain, “filled square”
represents reference strain in the presence of 0.5 M NaCl, “filled triangle” represents T8, and “filled circle” represents T8 in the presence of
0.5 M NaCl. T8 mutant yeast strain showed high growth rate in yeast minimal medium in the absence and presence of NaCl.

maximum acetate levels at 10 hours of growth, when glucose
was depleted. After that, the acetate levels started to decrease
in T8, both in the presence and absence of LiCl (Figure 5).

Production of storage carbohydrates

Storage carbohydrate (trehalose and glycogen) levels
were also determined in T8 and the reference strain, grown
in the presence and absence of 0.5 M NaCl. In the absence of
stress conditions, T8 had significantly higher trehalose levels
(0.23 mg/mg) compared to the reference strain (0.01 mg/mg).
The glycogen levels in T8 were also higher (0.09 mg/mg)
under control conditions in relation to that of the reference
strain (0.02 mg/mg). The presence of both NaCl and LiCl
stress significantly increased glycogen and trehalose levels in
the reference strain, and this was not observed in T8.

Whole genome transcriptome analysis

We performed the whole genome transcriptome analysis
of the reference strain and the salt-resistant mutant T8. The

60

statistical analyses showed that 548 genes were upregulated,
and 22 genes were downregulated in T8, with 2-fold expres-
sion change (logz[fold change] >2), t-test p < 0.05. Those
genes were classified into clusters and functional categories
by FunSpec online software [25] and FUNCAT database [26].
According to this classification, the genes related to carbohy-
drate transport, glycogen and trehalose biosynthesis, glycoly-
sis, phosphorylation, and biofilm formation were upregulated,
whereas genes related to protein synthesis and transcrip-
tion were downregulated in T8 (Table 1 and 2). The highest
upregulation (92-fold that of the reference strain) in T8 was
observed for the FLO11 (MUC1) gene, which encodes glycosyl-
phosphatidylinositol (GPI)-anchored cell surface glycoprotein
(flocculin, Flo11p). The Floi1p domain structure is similar to
that of adhesins in pathogenic fungi. Flo11p is localized to the
cell surface, and when cell—cell adhesion is induced, Flo11p is
necessary for invasive growth, biofilm formation, and pseudo-
hyphal development [27,28]. Hexokinase isoenzyme 1 (HXK1)
was also upregulated in T8 (approximately 9o-fold). Similarly,
other highly upregulated genes (approximately 30-fold) were
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FIGURE 5. Growth behavior and metabolite profiles of the reference yeast and mutant T8 strain in yeast minimal medium, in the
absence and presence of 5 mM LiCl. (A) Growth behavior was monitored using optical density measurements at 600 nm, (B) glucose
consumption (g/L), (C) ethanol production (g/L), (D) glycerol production (g/L), and (E) acetate production (g/L). Metabolite analyses were
performed using high-performance liquid chromatography.“Filled diamond"represents the reference strain, “filled square”represents the
reference strain in the presence of 5 mM LiCl,“filled triangle”represents T8, and “filled circle”represents T8 in the presence of 5 mM LiCl. T8
mutant yeast strain showed an increase in growth rate with LiCl despite the stronger inhibition of the reference strain by LiCl.

related to hexose transport. Furthermore, the GPDr gene
(glycerol synthesis) and TSLi, TPS1, TPS3, TPS2, and NTH1
(all related to trehalose synthesis) along with acid trehalose
gene (ATH1) were upregulated in T8 by more than 2-fold.

Different signaling pathways may be involved in the reg-
ulation of the response to osmotic stress, including the ENA:
and GPDr1 genes. The vacuolar-type H'-ATPase (V-ATPase)
subunit genes (e.g, VMA6, VPH1, VMA7, VMAs, and TFP:
[VMA1]), involved in sequestration of sodium into the vac-
uole, were not upregulated in T8. The genes involved in the
synthesis and degradation of glycogen, such as L/GP1, GAC1,
GPH1, GSY1, GLC3, and GLG1, were upregulated in T8 by at
least 4-fold under NaCl stress.

DISCUSSION

Evolutionary engineering is a promising and powerful
strategy for the development of yeast strains. Based on a previ-
ous study [18], we obtained NaCl-resistant S. cerevisiae strains
by EMS mutagenesis followed by successive batch cultivations
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in the presence of gradually increasing NaCl concentrations,
up to 8.5% w/v of NaCl (1.45 M). The NaCl-resistant strain
T8 could tolerate the highest, 1.45 M, concentration of NaCl;
its resistance to NaCl was 7oo-fold that of the reference
strain [18]. Yeast strains have been improved based on a long-
term adaptation of yeast to environmental or metabolic con-
straints [2,16,17,29-33]. Among those studies, Gerstein et al.
[28] and Dhar et al. [2] also included experimental evolution
experiments with NaCl. Gerstein et al. [28] showed conver-
gent evolution toward diploidy, in initially haploid and tetra-
ploid lines of S. cerevisiae, under both unstressful and stressful
conditions (0.6 M NaCl). Dhar et al. [2] evolved three repli-
cate lines of S. cerevisiae BY 4741 strain under continuous NaCl
stress (0.5 M), and showed that the adaptation of yeast to salt
stress is associated with genome size increase and moderate
changes in the expression of several genes [2].

Our analysis of cross-resistance revealed that T8 mutant
strain was highly cross-resistant to 5 mM LiCl and moderately
cross-resistant to ZnCl, H O,, CoCl, KCI, and EtOH stress.
Moreover, T8 was highly sensitive to AICL. The sensitivity of
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TABLE 1. Upregulated genes in NaCl-resistant T8 yeast mutant
strain (5-fold and higher compared to the reference strain)

ORF name Gene name Fold change
Response to stress
YBRO72W HSP26 11.53
YDR258C HSP78 6.02
YFLO14W HSP12 19.32
YGRO88W CTTI 13.31
YGR243W FMP43 (MPC3) 7.61
YIL101C XBPI1 9.67
YOL052C-A DDR2 7.93
YOR049C RSBI1 8.90
Carbohydrate transport
YDL245C HXT15 38.07
YDR342C HXT7 3528
YDR343C HXT6 3528
YDR536W STLI 9.78
YGR289C MALILL 11.71
YHR096C HXT5 5.02
YJR158W HXT16 3213
YMRO11W HXT2 14.34
YNRO72W HXT17 14.65
Glycogen biosynthetic process
YELOI1W GLC3 12.09
YFRO15C GSY1 1375
YLR258W GSY2 6.84
YOR178C GACI 7.77
YPR184W GDBI 5.44
Trehalose biosynthetic process
YDRO74W 1PS2 6.69
YML100W 1SL1 3042
YMR105C PGM?2 2873
Glycolysis
YCLO40W GLK1 551
YDLO21W GPM2 6.96
YDR516C EMI2 1322
YFR053C HXK1 87.64
Cellular response to oxidative stress
YBL064C PRX1 5.03
YFLO14W HSPI2 19.32
YMR250W GADI 10.80
Phosphorylation
YDL079C MRK1 11.25
YGR194C XKS1 5.14
YJL164C TPK1 6.75
YDL214C PRR2 5.02
Ethanol metabolic process
YOR374W ALD4 9.75
Pentose-phosphate shunt
YBR117C TKL2 10.08
YGR248W SOL4 1535
Amino acid transport
YLLO55W YCT1 6.51
YOR348C PUT4 797
YPL265W DIP5 10.83
Oligopeptide transport
YJL212C orTi 520
YPR194C orr2 1043
Biofilm formation
YIR019C MUCI (FLO11) 92.85
NADH oxidation
(Contd...)
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TABLE 1. (Continued)

ORF name Gene name Fold change
YIL155C GUT2 5.62
Maltose catabolic process
YBR299W MAL32 25.63
Regulation of proteolysis
YLR178C TFS1 6.36
Ascospore formation
YDL222C FMP45 8.88
YILO99W SGAL 10.11
YNL194C YNL194C 22.50

ORF: Open reading frame; NADH: Nicotinamide adenine dinucleotide

T8 to aluminum is an example of trade-oft in evolutionary
engineering, where gaining a new trait may cause the loss or
weakening of another trait, as explained previously [32]. In a
previous study, S. cerevisiae FY73 strain which was transformed
with the YEpGALR1 (+ALR1) or YEpGALR2 (+ALR2) overex-
pression construct had increased tolerance to Al*and Ga* but
also showed increased sensitivity to Zn'>, Mn'2, Ni'2, Cu*?, Ca®,
and La” [33]. This is in agreement with our results, as T8 was
moderately cross-resistant to Co™ Ni*?, Zn™and sensitive to
Mn>and Al'3. It was also shown that NaCl improves zinc toler-
ance in S. cerevisiae and Zygosaccharonyces rouxii [34], which
correlates with our results, as T8 was cross-resistant to ZnCl .

The homeostasis of Li*and Na* in yeast is maintained by
the same multiple transport pathways [35]. While high con-
centrations of Li* cause cation toxicity and high K* concentra-
tions cause hyperosmotic stress, high NaCl stress leads to both
cation toxicity and hyperosmotic stress. Na' is less toxic than
Li*, however more toxic than K [36,37]. The high resistance
of T8 to Na* and Li* in our experiments, suggests that T8 had
resistance to cation toxicity rather than to osmotic stress.

The CEN.PK family is more hypersensitive to Na'and Li*
compared to other S. cerevisiae strains [38,39]. Daran-Lapujade
et al. [40] indicated that the PMR2 locus in CEN.PK113-7D
harbours a single gene (ENA6), which encodes plasma mem-
brane sodium AT Pase. The ENAG6 is similar to ENAz, 2 and 5 in
other yeast strains. The authors concluded that the hypersen-
sitivity of CEN.PK113-7D to Na"and Li* is associated with the
role of Ena6 as the major exporter of those cations. When the
ENA6 was overexpressed, the tolerance of CEN.PK113-7D to
Na*and Li* was restored. Moreover, while CEN.PK113-7D was
sensitive to 10 mM LiCl and 500 mM NaCl, our T8 mutant
strain was resistant to those stress conditions.

Glycogen and trehalose are two important storage metab-
olites in S. cerevisiae and their production changes in response
to a number of environmental stress conditions [11]. S. cere-
visiae responds to salt stress by accumulating the disaccha-
ride trehalose. The expression of the enzymes required for
trehalose synthesis, from trehalose-6-phosphate synthase to
trehalase, is induced under salt stress, resulting in increased
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TABLE 2. Downregulated genes in NaCl-resistant T8 yeast mutant strain (2-fold and higher compared to the reference strain)

Functional category ORFname  Gene name Fold change  Description
Transmembrane transport YMLI23C  PHO84 -5.82 High-affinity inorganic phosphate (Pi) transporter
YGL255W  ZRT1 -246 High-affinity zinc transporter of the plasma membrane
Hexose transport YDRMSC  HXT3 397 ];ngr?ﬁ?:l?’ glucose transporter of the major facilitator
Carbohydrate metabolic process YGL209W  MIG2 -2.73 Zinc finger transcriptional repressor
Nucleotide metabolic process YNL141W  AAHI -2.44 Adenine deaminase
Biological process YPL165C SET6 -2.37 SET domain protein of unknown function
YNLO24C YNLO24C (EEM6) 910 Putative S»adenosylmethionine»dependent lysine
methyltransferase
YCLO36W  GFD2 -2.01 Protein of unknown function
Ribosome biogenesis YNL112W  DBP2 -2.29 ATP-dependent RNA helicase of the DEAD-box, protein family
YKR024C DBP7 -2.22 Putative ATP-dependent RNA helicase of the DEAD-box family
YIL122W ALBI 990 ISa};;tii:é;upnrictbOS factor; involved in the biogenesis of ribosomal
YKLO7SW  DHR2 209 Pre.dominantly nucleolar DEAH-box ATP-dependent RNA
helicase
YOR004W  UTP23 -2.09 Component of the small subunit processome
YNL182C IPI3 -2.06 Component of the Rix1 complex and pre-replicative complexes
YLROOOW  RLP24 -2.02 Essential protein required for ribosomal large subunit biogenesis
Methylation YBROZAC HMT] 918 Nuclear SAM-dependent mono- and asymmetric
methyltransferase
rRNA processing YOLO080C REX4 -2.17 Putative RNA exonuclease
Response to temperature stimulus ~~ YHR136C ~— SPL2 -2.04 Protein with similarity to cyclin-dependent kinase inhibitors
Budding cell bud growth YBR267W  REIlI -2.00 Cytoplasmic pre-60S factor

ORF: Open reading frame; ATP: Adenosine 5-triphosphatase; SAM: S-adenosyl-I-methionine

production of trehalose. For example, the 7PS: gene encod-
ing trehalose-6-phosphate synthase was highly upregulated
in yeast under salt stress [41]. On the contrary, our transcrip-
tome analysis did not show the upregulation of TPSz in T8,
but other genes involved in trehalose synthesis, such as 7PSz,
TSL1, PGMz2, UGP1, GLK: and ATH1, were upregulated in
T8 under salt stress. Moreover, the glycogen and trehalose
content was significantly higher in T8 compared to the ref-
erence strain, even in the absence of NaCl stress. Our results
also revealed that Li* triggered higher accumulation of gly-
cogen and trehalose compared to Na‘, which may be due to
the higher toxicity of Li*. The accumulation of trehalose was
higher than the accumulation of glycogen in T8, both in the
presence and absence of Na'and Li". In general, high tolerance
to Li* may be due to effective efflux of Li*, and the Ena AT Pase
is the most powerful system for the export of alkali metal cat-
ions [42]. In our study, the ENA6 was upregulated in T8 by
approximately 8-fold.

High-osmolarity glycerol (HOG) signaling pathway is cru-
cial in global stress response. However, the HOGI gene was
not upregulated in our T8 mutant strain. The HOG signaling
pathway is important in the transcriptional response of most
salt-responsive genes but other signaling pathways may also
be involved [43].

Dhar et al. [2] demonstrated changes in the expression of
a number of well-known stress-response genes, such as the
CTT1, MSNg4, and HLR:. They showed that the basal expres-

sion of CT71 in S. cerevisiae BY 4741 mutant strain increased
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by 1.6-fold under NaCl stress, compared to the reference strain.
The authors indicated that the adaptation of S. cerevisiae to
NaCl stress was associated with changes in the expression of
several genes [2]. Our transcriptome analysis of NaCl-resistant
mutant T8 also revealed significant upregulation of CT77,
approximately 13-fold that of the reference strain, as well as of
several other genes related to the stress response. However, no
differences were observed between T8 and the reference strain
in the expression levels of MSNyz and HLRi. Hyperosmotic
stress has been shown to induce an oxidative stress response.
Namely, the expression of the cytosolic catalase T gene C777
is known to increase along with the expression of multicopy
suppressor of SNF1 mutation transcription factors Msnz2, Msn4.
and Msn1 in S. cerevisiae after the exposure to osmotic shock.
The MSN2 and MSN4 genes are activated in various stress con-
ditions [36,4.4]. In response to osmotic stress, Msn2 and Msn4.
enter the nucleus and bind to the CT77 promoter. Through the
interaction with Msn2 and Msn4, Hog1 binds to DNA and acti-
vates the expression of CTT1 [45]. Consistent with the previous
statements, we demonstrated a higher C777 expression in our
NaCl-resistant mutant strain T8, compared to the reference
strain. The highest upregulation was observed for the FLOu
(MUC1) gene (92-fold that of the reference strain). The FLO1u
gene encodes flocculin which is responsible for the attachment
ofyeast cell to the surface or another cell, by binding to an amino
acid or glucose molecule present on the cell surface [46]. Many
of the HXT genes (ie. HXT2, HXT6, HXT7, HXTis, HXTi6,
and HXTiy), which are related to hexose transport, were highly
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upregulated in our T8 mutant strain; in addition, the HXK1 gene
was the second highest upregulated gene in T8 (approximately
88-fold that of the reference strain). Specific genes that control
the growth rate of S. cerevisiae help the organism to adapt to
diverse environmental conditions [47]. Our T8 mutant strain
probably responded to carbon limitation and controlled its
growth by the upregulation of HXKi1, GLK1, HXT6, and HXT7
gene (Table 1). The ADR1, CATS, USV1, and MTH1 were also
upregulated in T8, possibly in response to carbon metabolism
regulation. On the contrary, we observed downregulation of
low-aftinity glucose transporter genes HX 71 and HXT3 in T8.
Finally, the upregulation of genes related to the biosynthesis
and degradation of trehalose, in the environment with limited
carbon, was associated with an improved growth rate in T8.
The described results are compatible with those reported by
Gutteridge et al. [48]. The TPK2 and VHS3 genes were upregu-
lated in T8 by more than 2-fold, as well as the PPZ2 (an isoform
of PPZ1), but there were no differences in the expression levels
of TRK1, TRK2, and PPZ1 compared to our reference strain.
Overall, evolutionary engineering by chemical muta-
genesis and increasing NaCl concentrations is a promising
approach in developing industrial strains for biotechnological
applications. Because of various stress conditions in indus-
trial processes, increasing the performance of yeast strains is
necessary. With this regard, it is important to understand the
molecular mechanisms of salt stress in yeast, as well as its rela-
tionship with other stress factors. The productivity of biotech-
nological processes involving yeast may be improved using

salt-tolerant mutant strains.
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