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ABSTRACT

The asexual facultative aerobic haploid yeast Candida glabrata is widely used in the industrial production of various organic
acids. To elucidate the physiological function of the C. glabrata transcription factor Crzlp (CgCrzlp) and its role in tolerance to
acid stress, we deleted or overexpressed the corresponding gene, C¢CRZ]I. Deletion of CgCRZ]1 resulted in a 60% decrease in the
dry weight of cells (DCW) and a 50% drop in cell viability compared with those of the wild type at pH 2.0. Expression of lipid
metabolism-associated genes was also significantly downregulated. Consequently, the proportion of C, 5, fatty acids, the ratio of
unsaturated to saturated fatty acids, and the ergosterol content decreased by 30%, 46%, and 30%, respectively. Additionally,
membrane integrity, fluidity, and H*-ATPase activity were reduced by 45%, 9%, and 50%, respectively. In contrast, overexpres-
sion of CgCrzlp increased C, g, and ergosterol contents by 16% and 40%, respectively. Overexpression also enhanced membrane
integrity, fluidity, and H*-ATPase activity by 31%, 6%, and 20%, respectively. Moreover, in the absence of pH buffering, the
DCW and pyruvate titers increased by 48% and 60%, respectively, compared to that of the wild type. Together, these results sug-
gest that CgCrz1p regulates tolerance to acidic conditions by altering membrane lipid composition in C. glabrata.

IMPORTANCE

This study provides insight into the metabolism of Candida glabrata under acidic conditions, such as those encountered during

the industrial production of organic acids. We found that overexpression of the transcription factor CgCrz1p improved viability,
biomass, and pyruvate yields at a low pH. Analysis of plasma membrane lipid composition indicated that CgCrz1p might play an
important role in its integrity and fluidity and that it enhanced the pumping of protons in acidic environments. We propose that
altering the structure of the cell membrane may provide a successful strategy for increasing C. glabrata productivity at a low pH.

he asexual facultative aerobic haploid yeast Candida glabrata is

the only microorganism used for the industrial production of
pyruvic (1), fumaric (2), malic (3), and a-ketoglutaric (4) acids.
However, the accumulation of extracellular acid causes a signifi-
cant reduction in the pH of the fermentation broth, thereby in-
hibiting cell growth and decreasing the synthesis of the target
compound (5). To maintain the culture medium at a suitable pH,
alkaline reagents, such as NaOH, Na,COj, and CaCOs, are added,
although this can result in increased osmotic stress (6). Improving
the tolerance of C. glabrata to low-pH conditions should boost the
economic efficiency of organic acid production. Various ap-
proaches have been attempted in this sense, including the addition
of exogenous auxiliary energy substrates (7), chemical mutagen-
esis of microorganisms (8), rational genetic engineering (9), and
adaptive evolution (10). Such approaches have achieved improve-
ments in the titer and yield of some target organic acids (11).

Several transcription factors are known to be involved in the
response to environmental stresses (12); when they are overex-
pressed, the resultant mutants display enhanced resistance to par-
ticular stress conditions (13-16). We previously showed that C.
glabrata transcription factors Asglp and Hal9p (CgAsglp and
CgHal9p, respectively) regulate the membrane proton pump
Pmalp, which is responsible for maintaining pH homeostasis un-
der acidic conditions (17). Manipulation of the transcription fac-
tors involved in acid stress tolerance might represent a new strat-
egy for expanding the industrial application of C. glabrata.

The transcription factor Crzlp is a well-studied calcineurin
target common to filamentous fungi and yeast and capable of
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responding to various external stimuli (18). In Saccharomyces
cerevisiae, Crzlp (ScCrzlp) is involved in metal ion resistance
(19), cell wall biogenesis (20), regulation of the transcriptional
response to alkaline pH (21) or acid stress (22), and tolerance to
ethanol (23). In Candida albicans, Crz1p (CaCrzlp) is implicated
in antifungal susceptibility (24), virulence, lithium ion resistance,
filamentation, and the regulation of pH homeostasis under alka-
line and acidic conditions (24, 25). On the basis of BLAST searches,
C. glabrata CRZ1 (CAGLOMO06831g) shares 77% and 39.4% se-
quence identity with ScCRZ1 and CaCRZ]1, respectively. CgCrzlp
is required for virulence (26), cell wall biosynthesis, heat shock
response, and calcineurin function (27). In this study, we assessed
the contribution of CgCrz1p to acid stress tolerance and whether
its overexpression improved cell growth at a low pH. To this end,
we constructed and characterized CgerzIA deletion and CgcrzIA/
CgCRZI overexpression strains.
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MATERIALS AND METHODS

Strains, media, and growth conditions. Strains used in this study are
listed in Table S1 in the supplemental material. Unless stated otherwise,
strains were grown in synthetically defined yeast nitrogen base (YNB;
0.67% yeast nitrogen base, 2% glucose, pH 6.0) medium supplemented
with essential nutrients, whereas yeast peptone dextrose (1% yeast nitro-
gen base, 2% tryptone, 2% glucose) medium was used to determine cell
viability. To achieve the desired pH, the medium was buffered with 2-(4-
[2-hydroxyethyl] piperazin-1-yl) ethanesulfonic acid to a final concentra-
tion of 100 mM with HCl or NaOH as required. All strains were grown at
30°C with shaking at 200 rpm.

The CgcrzI A mutant was obtained by genomic integration of a HIS3
marker in the CgCRZI locus. The CgHIS3 marker gene was amplified
from the C. glabrata strain ATCC 2001 (a gift from Karl Kuchler) genome
by PCR with 5’ and 3’ flanking regions corresponding to CgCRZI. PCR
products were transformed in C. glabrata ATCC 55 as described previ-
ously (28). CgCRZI deletion by homologous recombination of CgHIS3
was confirmed by genomic PCR and DNA sequencing.

CgCRZ1 was amplified from the genome of C. glabrata ATCC 2001
and was flanked by BamHI and Stul restriction sites. The fragment was
inserted in the pY26 vector under the control of the glycerol-3-phosphate
dehydrogenase promoter following digestion with BamHI and Stul and
ligation with T4 ligase. Primer sequences and DNA sequencing are shown
in Tables S2 to S4 and Fig. S1 in the supplemental material. The pY26-
CgCRZI construct was then transformed into the Cgerzl A mutant to gen-
erate the CgcrzIA/CgCRZI overexpression strain according to the steps
mentioned above.

Spot assays. A C. glabrata culture in logarithmic phase was diluted to
an absorbance at 600 nm (Ag,) of 1.0 in phosphate-buffered saline. Ali-
quots (4 wl) of 10-fold serial dilutions were spotted onto YNB agar plates
at different pH values. Growth was assessed after incubation for 4 days.

Growth and CFU counts. To analyze the growth of C. glabrata strains
at a low pH, cells were grown to logarithmic phase in YNB and then
diluted in fresh medium at pH 6.0 or pH 2.0 to an initial A4y, of 0.1. A,
was recorded at regular intervals. To analyze cell viability, appropriate
dilutions of YNB pH 2.0 cultures were plated onto yeast peptone dextrose
agar at various time points. Total CFU values were calculated by counting
the number of viable colonies that had grown after incubation for 2 days.
Data are presented as histograms to illustrate cell survival over time.

Pyruvate production. The wild-type, CgcrzIA, and Cgerz1A/CgCRZ1
strains were cultivated in 250-ml flasks containing 25 ml medium A (30
g/liter glucose, 10 g/liter peptone, 1 g/liter KH,PO,, 0.5 g/liter MgSO ;-
7H,0) for 24 h. Following centrifugation, pellets were resuspended in
distilled water and cell suspensions were inoculated into flasks containing
50 ml medium B (100 g/liter glucose, 3 g/liter KH,PO,, 0.8 g/liter
MgSO,-7H,0, 3 g/liter sodium acetate, 18 pg/liter thiamine-HCI, 4 mg/
liter biotin, 0.04 g/liter pyridoxine-HCI, 0.8 g/liter nicotinic acid) at an
initial biomass dry weight of 0.5 g/liter. Fermentation was performed over
48 h in a 500-ml flask containing 50 ml medium B alone or medium B
buffered with 40 g/liter CaCO,,.

Analytical methods. A, was converted to dry weight of cells (DCW)
according to the standard curve reported in reference 29 and the following
formula: Ag4(/DCW = 1/0.23 g/liter.

The concentration of pyruvate was determined by high-performance
liquid chromatography (Dionex, Shanghai, China) as described previ-
ously (30) and extracellular pH was measured with a pH meter (Dionex).

Genome-wide transcription analysis. The wild-type and CgcrzIA
strains were cultured to logarithmic phase and then reinoculated into
YNB medium at pH 6.0 or pH 2.0 at an initial A4, of 1.0. After incubation
for 6 h, cells were harvested and washed twice with phosphate-buffered
saline by resuspension and centrifugation at 5,000 X g for 4 min at 4°C.
Total RNA was isolated using the MiniBEST universal RNA extraction kit
(TaKaRa Bio, Shiga, Japan). The concentration and quality of total RNA
were determined by microspectrophotometry using an Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA). Frozen samples were
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sent to the Beijing Genomics Institute (http://www.genomics.cn/index;
Beijing, China) for global gene analysis. The NEBNext poly(A) mRNA
magnetic isolation module (E7490; New England BioLabs, Ipswich, MA,
USA) was used to remove rRNA and enrich for mRNA. The NEBNext
mRNA library prep master mix set for Illumina (E6110) and NEBNext
multiplex oligonucleotides for Illumina (E7500) were used to construct
the libraries. The qualified libraries generated clusters on an Illumina cBot
(Ilumina, San Diego, CA, USA), and sequencing was performed on an
Mlumina HiSeq 2500. C. glabrata genes were annotated on the basis of
their sequence similarity to putative orthologs in other yeast species.

qRT-PCR. C. glabrata cells in logarithmic phase were inoculated into
YNB at pH 6.0 or pH 2.0 at an initial A4, of 1.0 and cultured for 6 h. Total
RNA was extracted using the MiniBEST universal RNA extraction kit, and
1 pg was used to synthesize cDNA with the PrimeScript II 1st-strand
cDNA synthesis kit (TaKaRa Bio). The cDNA mixture was diluted to
~100 ng/pl and used for quantitative reverse transcription-PCR (qRT-
PCR) with SYBR Premix ExTaq (Takara Bio) on an iQ5 continuous flu-
orescence detector system (Bio-Rad, Hercules, CA). Data were normal-
ized to the actin gene. The primers used for qRT-PCR verification are
given in Table S8 in the supplemental material.

Membrane fatty acid measurement. C. glabrata cells were cultured in
YNB at pH 6.0 or pH 2.0 for 6 to 8 h, harvested, and washed twice with
distilled water by resuspension and centrifugation at 5,000 X g for 4 min
at 4°C. Pellets of similar weights (50 mg) were freeze-dried and samples
were used for extraction and methylation of total lipids as previously
described (31). For gas chromatography, components were separated by
passage through a polyethylene glycol capillary column as previously de-
scribed (32).

Sterol measurement. Freeze-dried samples, collected as described
above, were saponified by adding 40 pl cholesterol (0.5 mg/ml), which
was used as an internal standard sterol. Saponified samples were resus-
pended in 1.0 ml hexane and mixed by vortexing them for 5 min. After
low-speed centrifugation at 1,000 X g for 5 min, the organic phase was
collected and hexane was removed by evaporation under a flow of nitro-
gen gas. The resulting mixture of sterol esters was dissolved in hexameth-
yldisilazane and trimethylchlorosilane in anhydrous pyridine and then
derivatized at 30°C for 30 min prior to gas chromatography. Finally, the
organic reagent was evaporated under a flow of nitrogen gas, and the
resulting material was suspended in hexane.

Samples were analyzed with a gas chromatograph-mass spectrometer
(Waters, Santa Clara, MA) as previously described (33). Column dimen-
sions were 30 m by 0.25 mm, and film thickness was 0.25 pm (DB-5MS
stationary phase; J&W Scientific, Folsom, CA, USA).

Plasma membrane H*-ATPase activity assay. C. glabrata cells in log-
arithmic phase were inoculated into YNB at pH 6.0 or pH 2.0 at an initial
Agoo of 1.0 and incubated for 6 to 8 h. Total membrane fractions were
prepared as described previously (34). Plasma membrane ATPase activity
was determined on the basis of the amount of phosphate released by
hydrolysis of ATP in the reaction mixture as described previously (35).
The membrane fraction (5 g) was incubated at 30°C for 30 min in 120 wl
of assay mixture [5 mM ATP, 10 mM MgSO,, 50 mM KCl in 50 mM
2-(N-morpholino)ethanesulfonic acid, pH 6.0]. To eliminate any non-
plasma membrane ATPase activity, KNO,, NaN;, and ammonium mo-
lybdate were added to final concentrations of 50 mM, 5 mM, and 0.2 mM,
respectively. After incubation at 30°C for 30 min, the reaction was stopped
by adding 130 pl of 1% (wt/vol) SDS, 0.6 M H,SO,, 1.2% (wt/vol) am-
monium molybdate, and 1.6% (wt/vol) ascorbic acid. The amount of
inorganic phosphate released was calculated from the A, value after
incubation at room temperature for 10 min. Plasma membrane ATPase
activity was expressed in micromoles of inorganic phosphate released per
minute per milligram of total membrane protein.

Cell membrane integrity assay. Propidium iodide (PI) staining was
used to monitor the membrane integrity of C. glabrata cells growing log-
arithmically in YNB at pH 6.0 or pH 2.0 for 6 to 8 h (36). Samples (500 1)
of cultures at an initial A, of 1.0 were incubated with 3 ul PI stock
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FIG 1 Growth profiles of the wild-type (wt), CgcrzIA, and Cgcrz1A/CgCRZI strains grown on YNB medium at different pH levels.

solution (1 mg/ml; Sigma, Shanghai City, China) and kept in the dark for
5 min at 30°C prior to flow cytometry analysis.

Flow cytometry was performed using a FACSCalibur instrument (BD
Biosciences, Shanghai, China). The fluorescence emission of PI-labeled
cells was measured through a 660/16-nm band-pass filter. At least 20,000
events were analyzed for each sample at a low flow rate. CellQuest soft-
ware (37) was used for data acquisition and analysis.

Measurement of fluorescence anisotropy. The membrane fluidity of
C. glabrata cells grown in logarithmic phase in YNB at pH 6.0 or pH 2.0 for
6 to 8 h was determined by measuring fluorescence anisotropy using 1,6-
diphenyl-1,3,5-hexatriene as a probe. Steady-state fluorescence anisot-
ropy was measured with a spectrofluorimeter (Photon Technology Inter-
national, Princeton, NJ, USA) with excitation at 360 nm and emission
at 450 nm. The fluorescence anisotropy value (r) was calculated as r =
(Iyy — Glyy)/(Iyy + Glyy), where G (G = Ijyy/Iyy) is the correlation
factor for instrument polarization, I is the fluorescence intensity, VV in-
dicates a measurement with both polarizers positioned vertically, VH in-
dicates a measurement with the excitation and emission polarizers in the
vertical and horizontal positions, respectively, and HV and HH indicate
that polarizer positions are the opposite of those of VH and VV, respec-
tively. Fluorescence anisotropy values and membrane fluidity showed a
negative correlation, and all analyses were performed in triplicate.

Accession number(s). Raw reads (Sequence Read Archive [SRA] en-
tries SRX1542155, SRX1542171, SRX1542172, and SRX1542173) were
submitted to NCBI under BioProject number PRJNA309480 and SRA
study number SRP068794.

RESULTS

CgCrzlp is required for growth at pH 2.0. First, we checked
whether CgCrz1p was necessary for growth at alow pH. The wild-
type, CgcrzIA, and CgcrzIA/CgCRZI strains were spotted and
grown on YNB at pH values ranging from 2.0 to 8.0. Deletion of

CgCRZ]I caused a significant growth defect at pH 2.0, whereas
overexpression enhanced growth with respect to that of the wild
type (Fig. 1). Growth curves for all three strains were determined
at pH 6.0 and pH 2.0 (Fig. 2). Whereas the final biomasses of the
wild-type and Cgerz1 A strains were similar, that of the overexpres-
sion strain increased by 100% at pH 6.0 (Fig. 2A). At pH 2.0,
growth of the CgcrzIA strain decreased by 60% and that of the
CgcrzIA/CgCRZI strain increased by 125% compared to that of
the wild type (Fig. 2B). The viability of C. glabrata at pH 2.0 was
determined by counting CFU. After 12 h of incubation, the
CgcrzI A strain displayed a 50% reduction in viability compared to
that of wild-type cells, while the Cgcrz1 A/CgCRZ1 strain exhibited
a 7-fold increase (Fig. 2C; see also Table S5 in the supplemental
material). These results strongly suggest that CgCrz1p has a vital
role in the growth of C. glabrata at pH 2.0.

Time course measurements of pyruvate production were per-
formed both with and without pH buffering with CaCO; (Fig. 3).
Upon addition of CaCOj, the pHs of the media were comparable
between the mutants and the wild type (Fig. 3). The DCW and
pyruvate titer were decreased by 5% and 18%, respectively, in the
CgcrzI A strain compared to those in the wild type. In contrast, in
the CgcrzIA/CgCRZI strain, the DCW and pyruvate titer were
increased by 47% and 16%, respectively (Fig. 3). In nonbuffered
cultures, the DCW and pyruvate titer were decreased by 15% and
30%, respectively, in the CgcrzI A strain but were increased by 48%
and 60%, respectively, in the CgcrzI A/CgCRZ1 strain compared to
those of the wild type. The pH dropped by 0.2 in the CgcrzIA
strain but rose by 0.8 in the Cgcrz1 A/CgCRZ1 strain (Fig. 3; see Fig.
S2 in the supplemental material). These results suggest that over-
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FIG 2 CgCRZI is essential for the growth of C. glabrata under low-pH conditions, namely, pH 6.0 (A) and pH 2.0 (B). (C) Cell viability of the CgcrzIA and
CgcrzIA/CgCRZ1 mutants at pH 2.0. All data are presented as mean values of three independent experiments.

6922 aem.asm.org

Applied and Environmental Microbiology

December 2016 Volume 82 Number 23


http://www.ncbi.nlm.nih.gov/nuccore?term=SRX1542155
http://www.ncbi.nlm.nih.gov/nuccore?term=SRX1542171
http://www.ncbi.nlm.nih.gov/nuccore?term=SRX1542172
http://www.ncbi.nlm.nih.gov/nuccore?term=SRX1542173
http://www.ncbi.nlm.nih.gov/bioproject/PRJNA309480
http://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP068794
http://aem.asm.org

CgCrz1p Regulates pH Homeostasis in C. glabrata

A B C
-+ CaCO3 10 Hl+ CaCO3 Hl+ CaCO3
- CaCco3 5 13- cacos - CaCo3
. 6.04
=} =
4.5 " g 244 =
-~ - 5
d =] —
5 & 18- £ 45
; 3.04 ) 3
< [
Q > =
a E 12 5
> .0
1.5 s 3.0
64
*
0.0+ ry 0 . 1.5+ u
A & & ¢ L Czﬁ
IS ] (V) b (V) &
A> A> AP
o o R
(% (%3 V3

FIG 3 Pyruvate production by the wild-type, CgcrzlA, and Cgcrz1A/CgCRZI strains. Cell growth (A), pyruvate production (B), and extracellular pH (C) were
determined after 64 h of culturing. Error bars represent the standard deviations (*, P < 0.05 compared with wild-type cells, as determined by the ¢ test).

expression of CgCrz1p may enhance pyruvate production under
acidic stress conditions.

Global transcriptome analysis of the Cgcrz1A and wild-type
strains at pH 2.0. To further elucidate the physiological role of
CgCrzlp in C. glabrata, we performed transcriptome sequencing
(RNA-seq) analysis of gene expression in both the wild-type and
CgcrzIA strains. We first compared wild-type cells growing loga-
rithmically at pH 6.0 and pH 2.0. Transcriptional profiling analy-
sis revealed 429 genes whose expression was significantly modified
(>3.0-fold change, with a P of =0.05): 193 were upregulated and
236 were downregulated. In the CgcrzIA strain, 1,466 genes dis-
played a significant change in expression; of these, 1,411 were
upregulated and 55 were downregulated. Specifically, a subset of
98 upregulated and 22 downregulated genes were common to
both the wild-type and CgcrzIA strains (Fig. 4A and B), indicating
a significant overlap. Gene Ontology (GO) analysis of commonly
upregulated genes included fatty acid biosynthesis (GO:0005835),
arginine metabolism (GO:0006525), inositol phosphate metabo-
lism (GO:0043647), and glycerophospholipid metabolism (GO:
0006650) terms, whereas downregulated gene sets encompassed
membrane proteins, stress proteins, and cell wall proteins (see
Data Sets S1 and S2 in the supplemental material).

Transcriptional profiling of cells grown in YNB at pH 6.0 un-
covered 139 and 1,698 genes that were up- and downregulated,
respectively, in the deletion mutant compared to their level of
expression in the wild type. The set of upregulated genes included
processes such as glycolysis (GO:0006096), ribosome biogenesis

Differently regulated genes in response to low pH
A up-regulation
CgerzIA

B down—regulation
CgerzIA

(GO:0042254), and rRNA processing (GO:0006364), whereas
downregulated genes were implicated in the cell cycle (GO:
0007049), a growth-related pathway (meiosis) (GO:0007067),
fatty acid biosynthesis (GO:0005835), sphingolipid metabolism
(GO:0006665), inositol phosphate metabolism (GO:0043647),
and glycosylphosphatidylinositol (GPI) anchor biosynthesis (GO:
0031225), among others. Furthermore, there were 166 up- and
441 downregulated genes at pH 2.0 in the CgcrzIA mutant com-
pared to their levels of expression in the wild type. Among those in
the CgcrzIA mutant were genes involved in the cell cycle (GO:
0007049), lysine biosynthesis (GO:0009085), and DNA repair
(GO:0006281). The set of repressed genes included those coding
for proteins implicated in fatty acid biosynthesis (GO:0005835),
fatty acid metabolism (GO:0006635), biosynthesis of unsaturated
fatty acids (UFA) (GO:0006636), glycerophospholipid metabo-
lism (GO:0006650), inositol phosphate metabolism (GO:0043647),
GPI anchor biosynthesis (GO:0031225), ether lipid metabolism (GO:
0046485), some amino acid biosynthesis processes (e.g., phenylala-
nine, tyrosine, and tryptophan biosynthesis), cofactor biosynthesis
processes (e.g., a-linolenic acid, pantothenate, coenzyme A, lipoic
acid, and biotin), a growth-related pathway (meiosis) (GO:0007067),
fungus-type cell wall assembly (GO:0071940), and mitogen-activated
protein kinase (MAPK) signal transduction (GO:0007165) (Fig. 4C
and D; see Data Sets S3 and S4 in the supplemental material).

On the basis of the above results, we concluded that lipid me-
tabolism, a growth-related pathway (meiosis), and translation
were the three most notable differentially regulated pathways (as

Differently regulated genes in the CgcrzIA mutant
D down-regulation

pH6.0 pH2.0

C up-regulation
pH6.0 pH2.0

FIG 4 Comparison of genome-wide expression levels in response to acid stress. The Venn diagrams depict the overlap between upregulated (A) and down-
regulated (B) genes in the wild-type and CgcrzIA strains at pH 2.0 compared with the corresponding strains at pH 6.0. Upregulated (=3-fold change) (C) and
downregulated (D) genes in the CgcrzI A mutant compared with their expression in the wild-type strain.
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FIG 5 Statistical analysis of the metabolic pathways in which the identified differentially regulated genes (up- or downregulated in the wild-type and CgcrzIA
strains at pH 2.0) are involved. (A) Statistical analysis of metabolic pathways based on KEGG databases (excludes pathways without maps in KEGG databases).
Heat maps of differentially regulated genes involved in lipid metabolism (B), growth-related pathway (meiosis) (C), and translation (D) are shown.

mapped in the KEGG database), accounting for 18.81%, 10.06%,
and 9.56%, respectively, of all distinctively regulated genes in the
Cgcrzl A mutant compared to those in the wild type at pH 2.0 (Fig.
5A; see also Data Set S5 in the supplemental material). The next
set corresponded to cell wall biogenesis, cell cycle, carbohy-
drate metabolism, and amino acid metabolism. Some stress
response pathways, signal transduction, DNA replication and
repair, and protein folding and degradation pathways were also
affected (Fig. 5A). Furthermore, heat maps of differentially
regulated genes associated particularly with lipid metabolism
but also with growth-related (meiosis) and translation path-
ways showed downregulation (Fig. 5B; Fig. S3). These results
suggest that lack of CgCrz1lp prominently affects membrane
lipid biosynthesis and metabolism in response to low-pH stress
(Fig. 6A; see also the detailed description in the supplemental
material).

Next, we compared the levels of expression of genes associated
with membrane lipid metabolism in the deletion mutant and wild
type (Fig. 6A and B; see Table S6 and Fig. S4 and S5 in the supple-
mental material). We observed the following: (i) a reduction in the
transcriptional level of genes involved in fatty acid biosynthesis,
such as ACC1, FAS1, FAS2, FabF, and FabG, and (ii) elongation of
long-chain fatty acids, such as ELO2 and ELO3. We observed an
upregulation of genes associated with ergosterol biogenesis, such
as CYP5, ERG3, ERG4, and ERG6, and a downregulation of those
involved in terpenoid and sterol biosynthesis (3). We also ob-
served a downregulation of CDSI, PSDI, PSD2, CHOI1, CHPT]I,
and PEMTI, which are involved in phospholipid metabolism,
while transcription of phosphatidylinositol biogenesis-associated
genes appeared to be unaffected (4). There was also a decrease in
the expression of the inositol synthesis genes INOI and INMI.
These results indicate that pathways influencing membrane com-
position, such as those for fatty acid synthesis and elongation, as
well as ergosterol, phospholipid, and inositol biosynthesis, were
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affected in the deletion mutant. As a consequence, CgCrz1p may
regulate cell membrane composition under acid stress conditions.

CgCrzlp regulates plasma membrane composition. On the
basis of the above results, we investigated the membrane compo-
sitions of the wild-type, CgcrzIA, and CgcrzIA/CgCRZI strains.
Compared to those in the wild type at pH 6.0, the proportions of
fatty acids in the CgcrzIA strain were 70% higher for C¢,, un-
changed for C,4., and 3% and 20% lower for C,¢,; and C,g.1,
respectively. In the CgcrzIA/CgCRZ]I strain, C, ., was 48% lower,
Ci6.1 Was 10% higher, C,5., was unchanged, and C, ., showed an
18% increase (Fig. 7A). At pH 2.0, all fatty acid ratios were sub-
stantially different from those in the wild type. In the CgcrzIA
strain, C,4,, showed an 80% decrease, C,4., showed a 10% in-
crease, C, 4.1 was up by 30%, and C, 4., was down by 30% compared
to those in the wild type. In the CgcrzIA/CgCRZ]I strain, C, ¢, and
C6:1 Were 30% and 15% lower, respectively, than in the wild type,
C,g.0 was unaffected, and C,4., was up 16% (Fig. 7A). Overall, at
pH 6.0 we observed a 31% decrease in the ratio of unsaturated to
saturated fatty acids (UFA/SFA) in the CgcrzIA strain and a 6%
increase in the Cgcrz1A/CgCRZ1 strain with respect to that in the
wild type (Fig. 7B). However, at pH 2.0, the ratio of UFA to SFA
decreased by 46% in the CgcrzIA strain and increased by 21% in
the Cgcrz1A/CgCRZI strain.

Yeast sterol content was measured to determine whether
CgCrzl1p could affect the biosynthesis of ergosterol (Fig. 8). At pH
6.0, deletion of CgCRZ]I resulted in a 74% increase in the amount
of squalene, while amounts of lanosterol and zymosterol de-
creased by 60% and 40%, respectively. At pH 2.0, levels of these
lipids decreased by 65%, 60%, and 40%, respectively, compared
with those in wild-type cells. In the CgcrzI A/CgCRZ1 strain at pH
6.0, levels of squalene, lanosterol, and zymosterol decreased by
13%, 12.7%, and 17%, respectively; at pH 2.0, their concentra-
tions increased by 30% and 40% and decreased by 10%, respec-
tively. In the CgcrzIA strain, the concentration of the ergosterol
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precursor, an important modulator of the response to environ-
mental variations, decreased by 36% at pH 6.0 and by 30% at pH
2.0 with respect to the levels in the wild type. In the CgcrzIA/
CgCRZI strain, we observed that the precursor level was 7% lower
at pH 6.0 and 40% higher at pH 2.0.

CgCrzlp affects plasma membrane integrity and fluidity.
Functional alterations of the plasma membrane can affect the abil-
ity of a cell to survive environmental stress. Thus, to investigate the
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role of CgCrzlp in membrane integrity and rigidity, C. glabrata
cells were subjected to acidic (pH 2.0) conditions for 8 h. While we
did not observe any differences in the numbers of PI-stained cells
atpH 6.0, at pH 2.0 we recorded a 49.7% increase in the number of
PI-positive cells in the CgcrzIA strain and a 35.1% decrease in the
CgcrzIA/CgCRZI strain compared to numbers in the wild type
(Fig. 9A; see Fig. S6 in the supplemental material). The membrane
fluidity of the CgcrzI A mutant was similar to that of the wild type

aem.asm.org 6925


http://aem.asm.org

Yan et al.

>

B

N
=
N

VZ
U,

CgcrzIA-pH2.0
CgcrzIA/CRZ1-pH2.0

-~
w0
1

173
=
I

N
N

*
AMMMDIDININ
AN

% of total fatty acids
i

%,
C16:1

15l pH6.0
= pH2.0

124

UFA/SFA ratio

RRHMLBDLBIIDV0DDNF

A4
C18:1

FIG 7 Effect of CgCrzlp on the proportion of fatty acids in the plasma membrane of C. glabrata. (A) Change in the proportion of fatty acids at pH 6.0 and pH
2.0; (B) change in the UFA/SFA ratio at pH 6.0 and pH 2.0. Error bars represent standard deviations. *, P < 0.05 compared to the corresponding wild-type cells,

as determined by the ¢ test.

at pH 6.0 but was 11% higher in the CgcrzIA/CgCRZ]I strain. In
contrast, at pH 2.0, membrane fluidity was 9% lower and 6%
higher in the CgcrzIA and CgcrzIA/CgCRZI strains, respectively,
than in the wild type (Fig. 9B). At pH 6.0, H"-ATPase activity was
decreased by 9% in the CgcrzIA strain, while it was increased by
13% in the overexpression strain compared to that in the wild
type. At pH 2.0, H"-ATPase activity was 52% lower and 20%
higher for the Cgcrz1A and Cgcrz1A/CgCRZ1 strains, respectively
(Fig. 9C). In conclusion, these results implicate CgCrzlp in the
maintenance of membrane integrity, the regulation of fluidity,
and the control of H-ATPase activity under acidic conditions.

DISCUSSION

The cell membrane is an important barrier that separates a cell from
its environment. Hence, changes in its composition and function
affect the ability of a microorganism to cope with variations in the
surrounding habitat. In this study, deletion of C¢CRZI, the gene en-
coding the zinc finger transcription factor Crzlp in C. glabrata, re-
sulted in defective growth and altered expression of genes involved in
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various fatty acid, sterol, and phospholipid biosynthetic pathways
when grown under highly acidic conditions. As a result, at pH 2.0, the
ergosterol content, the proportion of C,.;, and the UFA/SFA ratio
decreased in the CgcrzIA mutant, concomitant with changes in
membrane integrity, fluidity, and H*-ATPase activity. Conversely,
overexpression of CgCrz1p increased membrane integrity, fluidity,
and H" -ATPase activity, which led to enhanced pyruvate titers in
the absence of a pH-buffering agent (CaCOs). These results dem-
onstrate that CgCrzlp regulates the composition of membrane
lipids during adaptation to acid stress.

CgCrzlp appears to regulate pH homeostasis under acidic con-
ditions. The amino acid sequence of C. glabrata Crzlp shares
34.1% and 27.6% similarity with those of S. cerevisiae and C. albi-
cans, respectively. These orthologous proteins have been associ-
ated with various physiological functions. ScCrz1p participates in
the acidic and alkaline pH response through regulation of intra-
cellular Ca** (21, 22) and, in Na™/Li" hypertonic saline stress, by
increasing the activity of the Na*/Li*-ATPase proton pump (19).
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FIG 8 Effect of CgCrzlp on the sterol content of the plasma membrane of C. glabrata. Sterol analysis was performed at pH 6.0 and pH 2.0. (A) Squalene content;
(B) lanosterol content; (C) zymosterol content; (D) ergosterol content. Error bars represent standard deviations. *, P < 0.05 compared to the corresponding

wild-type cells, as determined by the ¢ test.

6926 aem.asm.org

Applied and Environmental Microbiology

December 2016 Volume 82 Number 23


http://aem.asm.org

CgCrz1p Regulates pH Homeostasis in C. glabrata

A B C
0.36 425
% 75{ElpH6.0 Il 6.0 o I pH6.0 *
S |[mEmpn20 EElpH2.0 § [ pH2.0
& 0.334 S 340-
3 iz
£
20 £ 0.30- £ & 255
‘= 454 £ * - T
a s < ¢
- * ‘= A £ = *
2 30- < 027 £ 5 1707
a Z
= % z
2 157 0.24- g 85+
N
]
S 0.214 x 0-
\]
& ‘&v g g:‘} K é&v C&, & &W g gﬁl}
S AR ) SC% %) &
& & &
I ¥ §

FIG 9 Analysis of plasma membrane integrity, fluidity, and H" -ATPase activity.

(A) Ratio of PI-stained cells at pH 6.0 and pH 2.0; (B) anisotropy values at pH
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as determined by the ¢ test.

Overexpression of ScCrz1lp was shown to increase the fermenta-
tive capacity of industrial strains (38). CaCrz1/2p are also involved
in acidic and alkaline pH regulation but through Rim101 and
calcineurin signaling pathways (24, 25). CaCrz2p acts indepen-
dently of calcineurin but in parallel with the Rim101 pathway
during adaptation to high concentrations of Li* (25). In our
hands, deletion of C¢CRZ1 did not make C. glabrata more sensi-
tive to salt stress (data not shown). Rather, the deletion mutant
exhibited a severe growth defect at pH 2.0. Interestingly, overex-
pression of C¢CRZI enhanced cell growth compared to that in the
wild type and improved the capacity for pyruvate fermentation.
Our results are in contrast to those of a previous study that did not
report a role for C¢CRZ1 in pH regulation (27).

Deletion of C¢gCRZ]I altered significantly the expression of 606
genes at pH 2.0. The differentially expressed genes were found to
be involved in various metabolic pathways related to acid stress
sensitivity. For example, expression of FASI, ELO2, ERG3, and
CDS1, which are involved in fatty acid biosynthesis and elonga-
tion and sterol and phospholipid metabolism, decreased. These
results are consistent with findings for other fungal species, in
which Crzlp-dependent genes were shown to function in lipid
and sterol metabolism under various stress conditions (39, 40).
Specifically, ERG26, UPC2, and SURI, which are CRZI-depen-
dent genes, were repressed at least 3-fold in S. cerevisiae following
alkaline pH stress (21). Meanwhile, deletion of Cryptococcus neo-
formans CRZ1 (CnCRZ1) decreased the transcription of SWHI,
OLEI, and AYRI, which are involved in sterol transport, unsatu-
rated fatty acid, and phosphatidic acid biosynthesis, 1.4-, 1.2-, and
2.2-fold, respectively (40). The mRNA levels of MEKI, HXT,
SOK2, IMEI, and NDT80, all of which are involved in the growth-
related pathway (meiosis), were also downregulated 3.2-, 3.6-,
3.5-, 6.7-, and 2.5-fold, respectively. These results are consistent
with those of an earlier report demonstrating the role of Crzlp in
controlling the cell cycle by regulating cell cycle-related genes
(18). HK, PFK, and GAPDH, some genes involved in glycolysis,
were downregulated by 4.3-, 1.2-, and 2.6-fold, respectively, and
Pyc, Cs, and Aco, some key genes in the tricarboxylic acid (TCA)
cycle, were upregulated by 1.0-, 3.3-, and 1.6-fold, respectively.
These results might affect the yield of pyruvate and mitochondrial

functions, and ATP might be undersupplied, just as the lower
membrane H-ATPase activity suggested. Additionally, SLT2,
MAPKK]1, CHS1, CHS2, and SED1, which are involved in cell wall
integrity and organization, were downregulated 2.5-, 2.7-, 1.8-,
1.8-, and 6.7-fold, respectively, in agreement with the view that
Crzlp regulates cell wall biogenesis in S. cerevisiae, C. albicans, and
other species (24, 27, 39). Finally, the calcineurin-CgCrz1p path-
way may work together with other signal transduction pathways
in response to acidic conditions, as suggested by alkaline pH in-
ducing both Rim101 and calcineurin-Crz1p signal transduction in
S. cerevisiae and C. albicans (21, 25, 41).

The plasma membrane shields yeast cells from environmental
changes. Alteration of the plasma membrane composition repre-
sents a way of modulating the response to variations in pH (42).
On the basis of KEGG pathway and heat map analyses, our results
indicate that membrane lipid biosynthetic and metabolic path-
ways were affected by the deletion of C¢CRZI, which is known to
play a vital role in acid tolerance (11, 43—47). Deletion of C¢CRZ1
decreased the proportion of C,g.;, the UFA/SFA ratio, and the
ergosterol content at pH 2.0. In contrast, all these parameters were
increased upon CgCRZI overexpression. As a result, the integrity
and fluidity of the C. glabrata cell membrane were significantly
altered. This is in agreement with previous reports finding that (i)
increasing the UFA content leads to a higher UFA/SFA ratio (11,
43, 48) and higher membrane fluidity (43, 44) and (ii) inhibiting
ergosterol synthesis and increasing membrane permeability allow
acids to enter microbial cells (48). To maintain pH homeostasis
and cope with acidic conditions, microorganisms have developed
a number of strategies. These include manipulating the lengths
and saturation of fatty acid chains (43, 44, 49), the contents and
types of sterols (48), and the presence of specific phospholipids,
such as phosphatidic acid (45), cardiolipin (47), and some inositol
phosphates (46). Changes in lipid composition of the CgcrzIA
mutant might affect the activity of membrane proteins essential
for barrier function (50, 51). The deletion of C¢CRZI might have
the following effects: (i) a reduction of CgYPSI mRNA levels, thus
affecting Pmalp and pH homeostasis under acidic conditions (52,
53), (ii) a decrease in ELO3 mRNA levels, thus affecting biosyn-
thesis and maturation of very-long-chain (C,4) fatty acids that
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control Pmalp biogenesis (54), and (iii) a decrease in the activity
of membrane H*-ATPase, which pumps protons out of yeast cells
atalow pH (55). Our results suggest that manipulating the plasma
membrane lipid composition is a novel strategy for improving
growth under acid stress conditions. Furthermore, these results
may aid in the development of other low-pH-tolerant microor-
ganisms for use in industrial-scale fermentation of organic acids.
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