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Yaminobutyric acid (GABA) is an important non-
protein amino acid involved in the response to vari-
ous environmental stresses in plant cells. The ob-
jectives of this study was to test the hypothesis that
intracellular accumulation of GABA improves os-
motic tolerance in the unconventional yeast Can-
dida glycerinogenes. In C. glycerinogenes, the ex-
pression of UGA4 encoding GABA-specific per-
mease is highly induced by hyperosmotic stress.
Exogenous GABA application enhanced intracel-
lular GABA accumulation and promoted cell
growth under hyperosmotic conditions.
Overexpression of the glutamate decarboxylase
gene GADI resulted in an increased intracellular
GABA and improvement in cell growth under
hyperosmotic conditions. These results indicated
that improving intracellular GABA accumulation
of C. glycerinogenes, either through exogenous ap-
plication or cellular synthesis, is available for im-
proving the tolerance to hyperosmotic stress. We
demonstrate that GABA accumulation plays an
important role in osmotic stress resistance of the
unconventional yeast C. glycerinogenes.
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Introduction

The nonconventional yeast Candida glycerinogenes is
proposed as a potential biotechnological host due to sev-

eral convenient properties, such as its high tolerance to
osmotic stress, low pH, and elevated temperature. It has
been successfully used for glycerol production in a com-
mercial scale because of a high yield (more than 120 g/L)
and consumption rate of glucose (64.5%) (Zhuge et al.,
2001). Since C. glycerinogenes produces large amounts
of glycerol, its major strategy for survival under
hyperosmotic conditions seems to be to accumulate glyc-
erol as a compatible osmolyte to maintain the water bal-
ance and reestablish the turgor of the cells (Saito and Posas,
2012). In the model yeast Saccharomyces cerevisiae, glyc-
erol serves as the major compatible osmolyte during the
osmotic adaptation, and the enzymes glycerol-3-phpsphate
dehydrogenase (Gpd1l) and glycerol-3-phosphatases (Gpp1
and Gpp2) responsible for the synthesis of glycerol, are
upregulated upon osmotic stress (Parmar et al., 2011;
Remize et al., 2003; Rep et al., 1999). In addition, some
other mechanisms and molecules involved in the os-
moregulation have also been discovered (Saxena and
Sitaraman, 2016).

Besides glycerol, a number of compatible osmolytes,
such as carbohydrates, amino acids and betaines, were
reported to contribute to the osmoadaptation (Saito and
Posas, 2012). Proline, a major osmolyte in plants that ac-
cumulates in response to osmotic stress, also acts as an
osmoprotectant in various yeasts (Matsuura and Takagi,
2005; Takagi, 2008; Xu et al., 2010). The global gene ex-
pression analysis of S. cerevisiae revealed that the expres-
sion of PUT4 encoding a high-affinity proline permease
is upregulated under hyperosmotic stress conditions (Rep,
2000), and the proline levels are due primarily to the in-
crease in proline uptake from a nutrient medium (Kaino
and Takagi, 2008). Xu et al. (2011) demonstrated that ar-
ginine was a better osmoprotectant than proline in terms
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of promoting cell growth under hyperosmotic conditions
in Candida glabrata. The growth of C. glabrata was en-
hanced upon either the application of arginine, or the
overexpression of the key enzymes of the arginine syn-
thesis pathway (Guan et al., 2017; Xu et al., 2011).

Recently, y-aminobutyric acid (GABA) was found to
exhibit important physiological functions involved in
stress tolerance (Karatzas et al., 2010; Wang et al., 2017).
Earlier studies showed that GABA levels of some plant
cells increased when exposed to different stress conditions
(Kinnersley and Turano, 2000). In particular, application
of y-aminobutyric acid (GABA) induces an enhanced
defense response towards osmotic stress. Exogenous
GABA application could alleviate damage to membrane,
result in an increase in proline and soluble sugar content,
and reduce water loss during osmotic stress. These effects
reduce the damage to the photosynthetic system and im-
prove the chlorophyll fluorescence parameters of plant
cells (Vijayakumari and Puthur, 2015; Wang et al., 2017).
Although there is no direct evidence that the intracellular
GABA affects the osmotic tolerance of yeast, a
metabolomics analysis in S. cerevisiae revealed the cru-
cial role of a GABA shunt for the resistance to multiple
inhibitors such as furfural, acetic acid and phenol (Wang
et al., 2013). A prior study also showed that the GABA-
producing enzyme glutamate decarboxylase (GAD) was
required for the normal oxidative stress tolerance. Genetic
elimination of GAD! induced a hypersensitivity to oxi-
dants, and increasing the gene dosage of GADI produced
an increased tolerance to the oxidative agents H,0, and
diamide (Coleman et al., 2001). Further study suggested
that a GABA shunt pathway involving GAD, GABA ami-
notransferase, and succinate semialdehyde dehydrogenase,
plays a crucial role in restricting ROI production (Cao et
al., 2013). In the present study, the intracellular accumu-
lation of GABA is hypothesized to improve the osmotic
tolerance of the non-conventional yeast C. glycerinogenes,
as it does in plant cells. We demonstrated for the first time
that accumulation of intracellular GABA under
hyperosmotic stress could be an alternative way to im-
prove the osmotic tolerance of C. glycerinogenes.

Materials and Methods

Strains, media and growth conditions. C. glycerinogenes
UAS and the GPDI-deleting mutant S23 were cultured at
37°C in YPD medium (20 g glucose 1!, 20 g peptone 17!,
and 10 g yeast extract I™!) or synthetic dextrose (SD) me-
dium (6.7 g yeast nitrogen base without amino acids 17,
and 20 g glucose I™!). For a growth test, 0.5 M or 1 M
NaCl was added into the medium supplemented with, or
without, 0.5 mM GABA. Escherichia coli IM109 was
cultured in LB medium (10 peptone 1"}, 5 g yeast extract
I"!, and 10 g NaCl I"!) containing 100 g ampicillin m1™!
at 37°C for plasmid propagation.

Construction of GADI overexpression yeast strain. For
an overexpressing of the glutamate decarboxylase gene
(GADI)in C. glycerinogenes UAS, the integration expres-
sion vector pURGAPU was used in this study (Ji et al.,
2017). GADI was amplified using primers GAD-F and
GAD-R and then inserted into pURGAPU after being di-

Table 1.  Primers used for cloning GADI and qRT-PCR.

Primer name  Sequence (5" to 3)

GAD-Bam CGCGGATCCATGACACTTTCCAGCCATGT
GAD-Kpn CTTGGTACCTTAACAAATAACTTTTGCATTTGAG
RT-ACTr CATTGTTATGTCTGGTGGTA

RT-ACTf TTGGAAGGTGGATAGAGAT

RT-GPDr GTCCATGTATGTTGTCCTCC

RT-GPDf ATTGTGAGAGGTGGCAAGGA

RT-GADr CTTGGAAGAATCTGGTTAC

RT-GADf GTCGTGCTCATCTATAATC

RT-UGAr CATTAGCCTCACCTATTAG

RT-UGAf AATCGTCTCATCAATTCC

RT-GAPr ATCATACAACGAGAAGGA

RT-GAPf AATATCAGTGAGGTTAGGA

RT-PUTr CTGATGGTAATACTGGAA

RT-PUTf GTAGATTGACTCTTGGAT

Underlined nucleotide sequences represent restriction sites introduced
into the primer sequence.

gested with the restriction enzymes BamH 1 and Kpn 1.
The recombinant plasmid was then linearized using the
restriction enzyme Sac I for transformation. The resulting
recombinant strain was designated as UA5-GADI1.

DNA transformation of C. glycerinogenes. C.
glycerinogenes UAS5 was pre-cultured in YPD for 16 h
and then inoculated into fresh medium at 30°C for 4 h.
Cells were collected by centrifugation at 5,000 g for 5 min,
washed twice with sterile water, and then resuspended in
360 ul of transformation buffer containing 240 ul of 50%
PEG3350 (w/v), 36 ul of 1 M lithium acetate, 10 ul of 5
g/l ssDNA, deionized water and approximately 5 ug
linearized plasmids DNA. The suspension was mixed thor-
oughly and then subjected to heat shock for 60 min at 42°C.
Cells were then collected by centrifugation at 5,000 g for
5 min, washed twice with sterile water and then spread on
the selective plates.

RNA extractions and real time PCR. C. glycerinogenes
UAS was grown up to the exponential phase in YPD me-
dium at 30°C for 16 h, and then collected for stress treat-
ment. After incubation, the cells were collected by cen-
trifugation for total RNA extraction and the synthesis of
cDNA, as previously described (Ji et al., 2016). Real-time
PCR was performed in a Bio-Rad CFX96 Real-Time PCR
system. Each reaction mixture contained cDNA (10 ng), 2
x UltraSYBR Mixture with ROX (CWbiotech™, 25 ub,
10 uM forward and reverse primers (1 ul), and RNase-
Free water (up to 50 ul). ACTI was used as an endog-
enous reference with the primers ACTr and ACTf. The
relative transcription levels were calculated using the
272ACt method (Livak and Schmittgen, 2001). The gene
sequences were obtained from the genome sequence of
Pichia kudriavzevii (synonym for C. glycerinogenes,
GCA_001983325.1) present in GenBank. All the primers
are listed in Table 1.

Extraction of intracellular GABA. Culture samples were
harvested by centrifugation at 8,000 g and washed twice
with 0.9% NaCl and then suspended in 1 ml distilled wa-
ter. The microcentrifuge tube containing suspended cells
was transferred to a boiling water bath, and intracellular
GABA was extracted by boiling for 10 min (Takagi et al.,
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Fig. 1. Growth phenotype of C. glycerinogenes under hyperosmotic stress.

Yeast strains were grown in YPD medium to mid log phase, and the cells were collected after centrifugation at
6,000 g, and then serially diluted, spotted on YPD plates supplemented with, or without, 1 M NaCl. The plates

were incubated at 37°C for 2 d and then photographed.
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Fig. 2. Relative expression levels of GABA transport and synthesis
related genes in C. glycerinogenes.

Yeast cells were grown to mid log phase in SD medium for 16 h at 37°C
and then exposed to NaCl or GABA for 30 min. The relative expression
levels were represented as the multiple of the expression without treat-
ment. The value of each gene was normalized to the value of the inter-
nal control gene ACT]. All the values were the means of three biologi-
cal replicates * standard deviation. Letters indicate significant differ-
ences (p < 0.05, Duncan’s multiple range test).

2016). After centrifugation for 5 min at 10,000 X g, the
supernatant was collected for measurement of intracellu-
lar GABA content.

Analytical methods. Biomass was measured as optical
density at 600 nm after appropriate dilutions. The value
of OD600 was calibrated to the drying cell weight (DCW)
using the equation 1 OD600 = 0.33 g DCW I"!. GABA
concentration was quantified with a specific amino acid
analyzer performed by the method as Xu et al. (2010) de-
scribed.

Results and Discussion

Cell growth of C. glycerinogenes under hyperosmotic
stress

C. glycerinogenes UAS and the GPD1 deletion mutant
S23 were cultured in the YPD medium supplemented with,
or without, 1 M NaCl to examine the effect of
hyperosmotic stress on cell growth. Since C.
glycerinogenes possesses only a single copy of the GPD1
gene in the genomic DNA (Chen et al., 2008), the glyc-
erol production of the GPDI deletion mutant S23 was
eliminated (data not shown). Under non-stress conditions,
there was no significant difference in cell growth between
UADS and S23; however, a slightly impaired growth of the
GPD] deletion mutant S23 was observed in the presence

®5 mM GABA

wn
(=3

00 mM GABA

N
S
T

W
S
T

Intracellular GABA
%)
S

content (mg/g DCW)

Il S

YPD 0.5M NaCl 1M NaCl

—_—
S

Fig. 3. Intracellular GABA accumulation of C. glycerinogenes.

The C. glycerinogenes cells were cultured in the SD medium under os-
motic stress conditions with, or without, 5 mM GABA application for
16 h at 37°C. All the values are the means of three biological replicates
+ standard deviation. Letters indicate significant differences (p < 0.05,
Duncan’s multiple range test).

of 1 M NaCl (Fig. 1), which highlighted the conservative
osmoprotectant role of glycerol (Saxena and Sitaraman,
2016; Siderius et al., 2000). In S. cerevisiae, producing
and accumulating glycerol is the major strategy for sur-
vival under hyperosmotic stress, although there are a
number of mechanisms that contribute differently to the
osmoadaptation (Hohmann, 2002; Saxena and Sitaraman,
2016). In the present study, we consider that exogenous
amino acid in the YPD medium might enter the cells
through amino acid permease to operate the osmotic tol-
erance of C. glycerinogenes S23, and the intracellular ac-
cumulation of GABA is hypothesized to improve osmotic
tolerance in C. glycerinogenes cells, as it does in plant
cells (Bouche and Fromm, 2004; Kinnersley and Turano,
2000).

Expression of GABA permease genes are highly induced
by hyperosmotic stress

To clarify the potential functions of GABA in C.
glycerinogenes, the expression patterns of general amino
acid permease gene GAPI, proline-specific permease
PUT4 and GABA-specific permease UGA4 involving in
GABA transport, as well as the glutamate decarboxylase
gene GAD/ involving in GABA synthesis were analyzed
by using QRT-PCR. Transcription analyze carried out with
the cells incubated for 30 min in SD medium in the pres-
ence of NaCl revealed that PUT4 was constitutively ex-
pressed in C. glycerinogenes, unlike that in S. cerevisiae
(Rep, 2000). In contrast, the expression of GAP/ and
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Fig. 4. Effect of GABA application on cell growth.

C. glycerinogenes UAS was cultured in SD medium with, or without, 1
M NaCl for 16 h at 37°C. Filled circle, 5 mM GAGA application; Open
circle, control. All the values are the means of three biological repli-
cates * standard deviation. Letters indicate significant differences (p <
0.05, Duncan’s multiple range test).

UGA4 was highly induced by the increasing osmolarity
(Fig. 2), a finding has not been reported in other yeasts.
Unlike the GABA permease genes, the expression of
GABA synthesis gene GADI was not induced by osmotic
stress. In YPD medium, similar expression profiles were
observed for GABA permease and synthesis genes (Fig.
S1). Since Gapl is not a specific GABA permease, but
has multiple roles in transmembrane transport of amino
acid such as the osmolytes proline, the upregulation of
GAPI1 could also have implications for the uptake of pro-
line (Matsuura and Takagi, 2005).

Extracellular addition of GABA promotes cell growth of
C. glycerinogenes under hyperosmotic stress

To verify if the GABA accumulates intracellularly un-
der hyperosmotic stress, C. glycerinogenes cells were cul-
tured in the SD medium containing NaCl, with, or with-
out, exogenous 5 mM GABA application. The intracellu-
lar GABA contents were significantly enhanced with in-

6
5 B UA5O0OUAS5-GADI1
b
T
4 a b
— —T
00
N a
2 ]
A2 a
0
Control 1M 1.5M 2M

Fig. 5. Cell growth of C. glycerinogenes UAS and UAS overexpressing
GADI (UA5-GADI1) under hyperosmotic conditions.

Yeast cells were cultured in YPD medium supplemented with various
concentrations of NaCl for 48 h at 37°C. All the values were the means
of three biological replicates + standard deviation. Letters indicate sig-
nificant differences of different strains (p < 0.05, Duncan’s multiple
range test).

creasing osmolarity (Fig. 3), confirming that the GABA
accumulation was induced by osmotic stress, in accord-
ance with the upregulated expression of GABA permeases
genes. Cells exposed to the same cultures without GABA
addition were found to contain trace amounts of intracel-
lular GABA (Fig. 3). These results suggested that the ac-
cumulation of high GABA levels does occur in C.
glycerinogenes under hyperosmotic conditions, when there
is available GABA in the environment.

To clarify the effect of exogenous GABA application
on cell growth, 5 mM GABA was added into the SD me-
dium with, or without, 1 M NaCl (Fig. 4). In the absence
of NaCl, the application of GABA had no effect on the
cell growth of C. glycerinogenes. However, a significant
improvement of cell growth was observed under
hyperosmotic conditions, highlighting the role of GABA
to protect C. glycerinogenes cells from hyperosmotic
stress. A similar study in black pepper plants proved that
pretreatment with 2 mM GABA has a priming effect in
inducing osmotic stress tolerance, however no prior re-
lated studies were performed in yeasts (Vijayakumari and
Puthur, 2015). It has also been shown that a large propor-
tion of GABA was stored within yeast cells, indicating a
possible role in stress tolerance mechanism, similar to that
of arginine and proline (Bach et al., 2009; Matsuura and
Takagi, 2005). Our results verifies the hypothesis that
GABA application increases the intracellular GABA ac-
cumulation and improves the osmotic tolerance in C.
glycerinogenes cells, as it does in plant cells.

Overexpression of GADI enhances the cell growth un-
der hyperosmotic stress

In addition to exogenous GABA application, enhancing
GABA synthesis by the overexpression of the key enzyme
gene GADI encoding glutamate decarboxylase is an al-
ternative procedure to improve cell growth under
hyperosmotic conditions. In the present study, the endog-
enous GAD1 gene was overexpressed in C. glycerinogenes
under a strong glyceraldehyde-3-phosphate dehydrogenase
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promoter. As expected, the intracellular GABA was in-
creased by 75.9% (Table S1), and the recombinant UAS-
GADI1 showed better growth performance under
hyperosmotic conditions (Fig. 5). The DCW values of
UAS5-GADI1 were increased by 20% (YPD supplemented
with 1 M NaCl) and 28.6% (YPD supplemented with 1.5
M NaCl) compared with the wild strain UAS under the
same conditions. However, when encountered with ex-
tremely hyperosmotic conditions (2 M NaCl), there was
no detectable enhancement of cell growth. These results
confirm that GABA accumulation plays an important role
for C. glycerinogenes in hyperosmotic stress tolerance.
Rice plant cells overexpressing the glutamate decarboxy-
lase gene also was reported to accumulate extremely high
amounts of GABA (Akama and Takaiwa, 2007). The ac-
cumulation of GABA under hyperosmotic stress might be
associated with an enhanced GABA shunt and acid me-
tabolism in plants (Akcay et al., 2012; Li et al., 2017). In
addition, exogenous GABA application could reduce the
accumulation of harmful substances, increase antioxidant
enzyme activity, and upregulate osmoprotectants such as
proline and soluble sugar under salt stress (Wang et al.,
2017).

In plant cells, high levels of GABA accumulate in re-
sponse to various environmental stresses including osmotic
stress. However, no similar physiological phenomenon has
been reported in yeasts. Our study provides the first dem-
onstration of the function of GABA accumulation in os-
motic stress resistance of the unconventional yeast C.
glycerinogenes. Improvement of intracellular GABA ac-
cumulation, either through exogenous application or cel-
lular synthesis, is available for enhancing the cell growth
of C. glycerinogenes under hyperosmotic conditions.
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