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ABSTRACT Candida glabrata is a promising producer of organic acids. To elucidate
the physiological function of the Mediator tail subunit Med15B in the response to
low-pH stress, we constructed a deletion strain, C. glabrata med15BA, and an overex-
pression strain, C. glabrata HTUA/CgMED15B. Deletion of MED15B caused biomass
production, glucose consumption rate, and cell viability to decrease by 28.3%,
31.7%, and 26.5%, respectively, compared with those of the parent (HTUA) strain at
pH 2.0. Expression of lipid metabolism-related genes was significantly downregu-
lated in the med15BA strain, whereas key genes of ergosterol biosynthesis showed
abnormal upregulation. This caused the proportion of C,g., fatty acids, the ratio of
unsaturated to saturated fatty acids (UFA/SFA), and the total phospholipid content
to decrease by 11.6%, 27.4%, and 37.6%, respectively. Cells failed to synthesize fe-
costerol and ergosterol, leading to the accumulation and a 60.3-fold increase in the
concentration of zymosterol. Additionally, cells showed reductions of 69.2%, 11.6%,
and 21.8% in membrane integrity, fluidity, and H*-ATPase activity, respectively. In
contrast, overexpression of Med15B increased the C,g4., levels, total phospholipids,
ergosterol content, and UFA/SFA by 18.6%, 143.5%, 94.5%, and 18.7%, respectively.
Membrane integrity, fluidity, and H*-ATPase activity also increased by 30.2%, 6.9%,
and 51.8%, respectively. Furthermore, in the absence of pH buffering, dry weight of
cells and pyruvate concentrations were 29.3% and 61.2% higher, respectively, than
those of the parent strain. These results indicated that in C. glabrata, Med15B regu-
lates tolerance toward low pH via transcriptional regulation of acid stress response
genes and alteration in lipid composition.

IMPORTANCE This study explored the role of the Mediator tail subunit Med15B in
the metabolism of Candida glabrata under acidic conditions. Overexpression of MED15B
enhanced yeast tolerance to low pH and improved biomass production, cell viability,
and pyruvate yield. Membrane lipid composition data indicated that Med15B might
play a critical role in membrane integrity, fluidity, and H™-ATPase activity homeosta-
sis at low pH. Thus, controlling membrane composition may serve to increase C.
glabrata productivity at low pH.

KEYWORDS Candida glabrata, Mediator subunit Med15B, low-pH stress,
transcriptomics, membrane lipid

he Mediator coactivator complex is required for transcription initiation in eu-

karyotes (1, 2). It is recruited by transcription activators and conveys regulatory
information from gene-specific regulators to promoters (3, 4). Mediator can influence
almost all stages of transcription and coordinated processes such as chromatin
remodeling, transcription elongation, and posttranslational modifications (5, 6).
Mediator is a multisubunit assembly comprising four modules: head, middle, tail,
and cyclin-dependent kinase 8 (CDK8) (7). The head and middle modules are highly
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FIG 1 Spot assays show that Med15B is required for C. glabrata growth at low pH. Growth profiles of the parent
(HTUAD), med15AA, and HTUA/CgMED15B strains grown on YNB medium at different pHs.

conserved and essential for viability, whereas the tail and CDK8 modules are less
conserved and nonessential (8). The head module can bind to the carboxy-terminal
domain of RNA polymerase Il (9). The tail module serves to recruit Mediator to upstream
activating sequence (UAS) and directly interacts with a number of transcription acti-
vators, including the general control protein (Gcn4), oleate-activated transcription
factor (Oaf1), pleiotropic drug response factor (Pdr1), and others (10-13). The kinase
modaule is often implicated in transcriptional repression because deletion of its subunits
leads to global gene upregulation and facilitates Mediator-UAS interactions (14, 15).

Mediator is required for gene expression and is involved in many transcriptional
regulatory pathways that affect the cell response to environmental stressors (3, 16). In
Saccharomyces cerevisiae, Mediator subunits Med18, Med19, and Med20, which activate
the cytochrome ¢, (CYCT) gene in response to oxidative stress, are required for cell
viability (17). Med17 links transcription and DNA repair by facilitating the recruitment
of the Rad2/XPG endonuclease to transcribed genes during exogenous genotoxic stress
(18). The tail module subunits Med2, Med3, and Med15 can form a subcomplex and
are involved in a heat shock response through recruitment by activated heat shock
transcription factor 1 (Hsf1) to its target genes (19). By changing the Mediator
subunit composition, the tail subcomplex affects the response to oxidative stress
(20). The tail module subunits are also required for mitogen-activated protein
kinase (MAPK) Hog1-mediated gene expression, which is essential for proper cell
adaptation to osmotic stress (21). Manipulation of the Mediator complex, involved in
acid stress tolerance, might serve as a new strategy to expand the use of Candida
glabrata in organic acid production.

C. glabrata is an asexual, facultative aerobic, haploid yeast widely used for the
production of organic acids such as malic, fumaric, and pyruvic acids (22-25). However,
accumulation of organic acids causes acidification of the fermentation broth and results
in intracellular acidification and oxidative stress, leading to a decrease in metabolite
production (26, 27). In S. cerevisiae, the tail module subunit Med15 can be involved in
glucocorticoid metabolism (28) and various external stress responses as described
above. Based on BLAST data, C. glabrata Med15B (CAGLOH06215g) shares 90% nucle-
otide sequence identity with Med15 from S. cerevisiae. In C. glabrata, Med15B is
required for mediation of multidrug resistance (10) and in response to starvation. In this
study, we assessed the function of Med15B in acid stress tolerance of C. glabrata and
investigated whether its overexpression could enhance cell growth at a low pH. To this
end, we constructed and characterized med15BA deletion and HTUA/CgMED15B over-
expression strains.

RESULTS

Med15B is necessary for growth at pH 2.0. First, we determined whether Med15B
was required for the growth of C. glabrata at low pH. The parent strain (C. glabrata
HTUA) and the med15BA and HTUA/CgMED15B mutants were spotted onto YNB (0.67%
yeast nitrogen base, 2% glucose [pH 6.0]) medium at pH values ranging from 2.0 to 8.0
(Fig. 1). Cells lacking the MED15B gene showed significantly reduced growth at pH 2.0,
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FIG 2 Deletion of Med15B decreased growth and cell viability. Growth curves of the parent (HTUA), med15BA, and
HTUA/CgMED15B strains at 660 nm at pH 6.0 (A) and pH 2.0 (B). (C) Cell viability of all three strains at pH 2.0. The

experiments were performed in biological triplicates. Error bars indicate the standard deviations.

whereas no significant difference in cell growth was observed between Med15B-
overexpressing and parent strains (Fig. 1).

The growth curves of the three strains were compared at pH 6.0 and pH 2.0 (Fig. 2).
At pH 6.0, growth of the med15BA strain was similar to that of the parent strain,
whereas the final biomass and glucose consumption rate of the HTUA/CgMED15B strain
were 28.6% and 20.1% higher, respectively, than those of the parent strain (Fig. 2A). At
pH 2.0, the final biomass and glucose consumption rate of the med15BA strain were
28.3% and 31.7% lower, respectively, than those of the parent strain. In contrast, in the
HTUA/CgMED15B strain, the values were 36.5% and 32.5% higher, respectively, than
those of the parent strain (Fig. 2B). Consistent with the results of the spot assay shown
in Fig. 1, growth of the med15BA strain was much slower than that of the parent strain.
The observed differences could be due to differences in viability between the cell
populations of C. glabrata at pH 2.0. To test this hypothesis, viability was determined
by counting CFU. After 12 h of incubation at pH 2.0, viability of the med15BA strain was
reduced by 26.5%, whereas that of the HTUA/CgMED15B strain was 2.3-fold higher (Fig.
2GC; see also Table S1 in the supplemental material). These results strongly suggested
that Med15B plays a vital role in the growth of C. glabrata at pH 2.0 and that growth
defects in cells lacking Med15B correlate with decreased viability at low pH.

Given that low pH values reduce drastically cell growth, we added CaCO; as a
buffering agent. CaCO; reacts with the pyruvic acid produced by C. glabrata to form
calcium malate and thus maintains the pH at 5.5. We also analyzed pyruvate production
without pH buffering by CaCO; (Fig. 3). When the med15BA strain was grown in
medium with CaCOj,, dry weight of cells and pyruvate production were 7.2% and 35.2%
lower, respectively, than those of the parent strain. In contrast, dry weight of cells and
pyruvate production by the HTUA/CgMED15B strain were 60.0% and 38.7% higher,
respectively, than those of the parent strain (Fig. 3A and B). In medium without CaCO,,
dry weight of cells and pyruvate production were 6.4% and 23.4% lower, respec-
tively, in the med15BA strain but 29.3% and 61.2% higher, respectively, in the
HTUA/CgMED15B strain than those of the parent strain (Fig. 3A and B). To evaluate the
influence of pyruvate accumulation on the pH of the fermentation broth, we measured
pH in all three strain cultures. pH was significantly higher, by 0.3 units, in the med15BA
culture but significantly lower, by 0.9 units, in the HTUA/CgMED15B culture, than in the
parent strain (Fig. 3C). Consistent with this observation, dry weight of cells was lower
whereas pyruvate production was not affected or increased as pH decreased. These
results indicate that low pH reduced pyruvate accumulation as a result of growth
inhibition and that overexpression of the MED15B gene could enhance cell growth at
low pH.

Global transcriptome analysis of the parent and med15BA strains. To identify
genes that were differentially regulated and may therefore contribute to the growth
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FIG 3 Med15B is required for pyruvate production. Cell growth (A), pyruvate production (B), and extracellular pH
(C) by the parent (HTUA, a), med15BA (b), and HTUA/CgMED15B (c) strains were carried out after 52 h of culturing.
The experiments were performed in biological triplicates. Error bars indicate the standard deviations. (*, P < 0.05

compared with the parent stain, as determined by the t test).

defects of cells lacking Med15 at low pH, we used transcriptome sequencing (RNA-seq)
to compare global gene expression in the parent and med15BA strains at pH 6.0 and
2.0. We extracted RNA from each strain 6 h after incubation at pH 2.0 and from three
independent experiments. This time point was chosen based on the growth curves
because it corresponded to early log phase. The numbers of genes that were differ-
entially expressed (fold change > 1.5, P < 0.01) in the med15BA strain compared to
their expression in the parent strain are depicted by Venn diagrams in Fig. 4A and B and
in Data Sets S1 and S2 in the supplemental material. Transcriptional profiling revealed
232 upregulated and 648 downregulated genes in the med15BA strain compared to the
parent strain at pH 6.0. At pH 2.0, there were 215 upregulated and 623 downregulated
genes in the med15BA strain. Interestingly, 121 upregulated and 282 downregulated
genes were uniquely differentially expressed in the med15BA strain at low pH. Based
on gene ontology analysis, genes commonly upregulated in the two strains were
involved in many cell processes, such as sterol biosynthesis (0006694), fatty acid
metabolism (0006631), sphingolipid metabolism (0006631), gene expression (0010467),
ribosome biogenesis (0042254), response to stimuli (0050896), and glucose metabolism
(0006007). Meanwhile, the downregulated genes were involved in the cell cycle
(0000087), DNA repair (0006281), glucose metabolism (0006007), cellular protein mod-
ification process (0006464), fatty acid metabolism (0006631), phospholipid metabolism
(0006644), ATP biosynthesis (0006754), cellular homeostasis (0019725), transport
(0006810), and signal transduction (0007165), among others (Data Sets S1 and S2).

In addition, statistical analysis of the metabolic pathways involving the identified
differentially regulated genes was performed using Kyoto Encyclopedia of Genes and

A Up-regulated genes B Down-regulated genes
pH 6.0 pH 2.0 pH 6.0 pH2.0
med]SBA-VS-HTUA med]5BA-VS-HTUA medISBA-VS-HTUA med]5BA-VS-HTUA

FIG 4 Differently regulated genes in the med15BA mutant. Transcription profile analysis in response to
acid stress is shown in Venn diagrams, depicting the overlap between upregulated (A) and downregu-
lated (B) genes in the med15BA strain compared with their expression in the parent (HTUA) strain. The
results of RNA-seq represent biological triplicates (fold change > 1.5, P = 0.01).
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FIG 5 Statistical analysis of the metabolic pathways in which the identified significant differentially expressed genes in the med15BA strain compared with the
parent strain at pH 2.0 are involved. (A) Top 12 statistics of pathway enrichment based on KEGG databases. Heat maps of differentially regulated genes involved
in the four most notable differentially regulated pathways, i.e., lipid metabolism (B), translation (C), cell growth and death (D), and carbohydrate metabolism

(E) are shown. RNA-seq was performed in biological triplicates.

Genomes (KEGG) pathway mapping. We concluded that membrane lipid metabolism,
translation, cell growth and death, and carbohydrate metabolism were the four most
notable differentially regulated pathways, accounting for 15.49%, 14.44%, 10.24%, and
9.45%, respectively, of all genes distinctively regulated in the med15BA strain at pH 2.0
(Fig. 5A). The next set corresponded to transcription, amino acid metabolism, oxidative
phosphorylation, and nucleotide metabolism pathways. Signal transduction, DNA rep-
lication and repair, and protein folding and degradation pathways responding to stress
were also affected (Fig. 5A; see also Data Set S3 in the supplemental material). The
differentially regulated genes associated with the four most notable differentially
regulated pathways showed downregulation in heat maps (Fig. 5B to E). These results
suggested that deletion of the MED75B gene strongly affects membrane lipid biosyn-
thesis and metabolism in response to an acidic environment.

Next, we compared the expression levels in the med15BA and parent strains of the
genes associated with membrane lipid metabolism (Fig. 6A and B; see also Data Set S4
in the supplemental material). We observed selective downregulation of genes in-
volved in (i) fatty acid biosynthesis, such as the genes encoding acetyl coenzyme A
(acetyl-CoA)/propionyl-CoA carboxylase (ACCT), tetrafunctional fatty acid synthase
(FAST), fatty acid synthase subunit alpha (FAS2), 3-oxoacyl-[acyl-carrier-protein] syn-
thase Il (FABF), and 3-oxoacyl-[acyl-carrier-protein] reductase (FABG), which were down-
regulated by 2.7-, 3.5-, 3.9-, 1.7-, and 2.4-fold, respectively; (ii) fatty acid elongation, such
as the genes encoding fatty acid elongase 2 (ELO2) and very-long-chain 3-oxoacyl-CoA
reductase (KAR), which were downregulated by 6.7- and 1.5-fold, respectively; (iii) fatty
acid unsaturation such as the gene encoding fatty acid desaturase (DESC), which was
downregulated by 1.5-fold; and (iv) fatty acid metabolism, such as the genes encoding
acetyl-CoA oxidase (ACOX3), acetyl-CoA acyltransferase (FADA), and long-chain acyl-
CoA synthetase (FADD), which were downregulated by 2.7-, 3.0-, and 2.2-fold, respec-
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FIG 6 Effect of deletion of Med15B on the lipid membrane at low pH. Shown are measured changes in the expression of genes involved in fatty acid (panel
A, subpanels a and b [left]) and phospholipid (panel A, subpanel c [right]) metabolism and sterol biosynthesis (panel B) in the med15BA strain compared to

those in the parent strain at pH 6.0 and at pH 2.0. RNA-seq was performed in biological triplicates.

tively. Additional downregulated genes included those involved in (i) glycerolipid
metabolism, such as the genes encoding glycerate 2-kinase (GLXK), glycerol kinase
(GLPK), and triacylglycerol lipase (TGL3), which were downregulated by 1.9-, 1.7-,
and 1.5-fold, respectively; (ii) glycerophospholipid metabolism, such as the genes
encoding mitochondrial citrate transport protein 1 (CTP1), casein kinase-1 (CKIT),
ethanolaminephosphotransferase (EPT1), diacylglycerol cholinephosphotransferase
(CPTT), CDP-diacylglycerol-serine O-phosphatidyltransferase (PSSA), glycerol-3-phosphate
dehydrogenase (GLPA), and cardiolipin synthase (CMP-forming) (CRD1), which were down-
regulated by 3.9-, 34-, 3.0, 3.0-, 2.9-, 1.9, and 1.8-fold, respectively; (iii) sphingolipid
metabolism, such as the genes encoding sialidase-1 (NEU7) and phytoceramidase (YPCT),
which were downregulated by 2.2- and 2.1-fold, respectively; and (iv) inositol phosphate
metabolism, such as the genes encoding inositol-3-phosphate synthase (INO17), itaconate
transport protein (ITP1), myo-inositol-1(or 4)-monophosphatase (IMPA), and phosphatidyl-
inositol 3-kinase (PIK3), which were downregulated by 6.3-, 2.2-, 3.4-, and 1.6-fold, respec-
tively (Data Set S4). We also observed a set of upregulated genes involved in sterol
biosynthesis, such as those encoding lanosterol 14-alpha-demethylase (ERG17), meth-
ylsterol monooxygenase (ERG25), sterol methyltransferase (ERG6), A8-A7-sterol isomer-
ase (ERG2), C-5 sterol desaturase (ERG3), C-22 sterol desaturase (ERG5), and C-24 sterol
reductase (ERG4) (Fig. 6B). These genes, playing an important role in sterol biosynthesis,
from acetyl-CoA to ergosterol, were overexpressed in the med15BA strain at both pH 6.0
and pH 2.0 (Fig. 6B). However, the expression of the ERG26 gene, encoding C-3 sterol
dehydrogenase (C-4 decarboxylase), was increased in the med15BA strain at pH 6.0 but
decreased at pH 2.0. These results demonstrated that pathways influencing membrane
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FIG 7 Effect of overexpression of Med15B on the sterol biosynthesis at low pH. Changes in ERG gene expression in the
HTUA/CgMED15B strain compared with the parent strain at pH 6.0 (A) and at pH 2.0 (B). The experiments were performed

in biological triplicates. Error bars indicate the standard deviations.

composition, such as those for fatty acid synthesis and phospholipid and inositol
metabolism, as well as ergosterol biosynthesis, were affected in the deletion mutant.
This suggested that Med15B might regulate the cell membrane’s lipid composition
under acid stress conditions.

Given the abnormal upregulation of ERG genes in the med15BA strain, we analyzed
the expression of ERG genes in the HTUA/CgMED15B and parent strains at pH 6.0 and
pH 2.0 (Fig. 7A and B). The levels of expression of MED15B and ERG genes decreased
significantly in the HTUA/CgMED15B strain at pH 6.0 (Fig. 7A) but increased signif-
icantly at pH 2.0 (Fig. 7B). Thus, these results suggested that the expression of genes
involved in sterol biosynthesis is highly dependent on Med15B.

MED15B regulates membrane lipid composition. Next, we determined mem-
brane compositions of the parent, med15BA, and HTUA/CgMED15B strains at pH 6.0 and
2.0 (Fig. 8). At pH 6.0, C,4.,c and C, 5, levels in the med15BA strain were 45.2% higher and
14.9% lower, respectively, than those in the parent strain, whereas C,¢.,; and C, ., levels
were unchanged. In the HTUA/CgMED15B strain, the C,4, level was 37.2% lower,
whereas those of C,4., Ci6.1, and C, ., were 7.4%, 12.1%, and 21.6% higher, respectively
(Fig. 8A). At pH 2.0, the levels of C,4.0, Cig0 and C,q., were 56.3%, 9.7%, and 14.5%
higher, respectively, while that of C,5., was 11.6% lower in the med15BA strain than
those in the parent strain. In the HTUA/CgMED15B strain, C, 4., and C, 4., Were 17.4% and
14.3% lower, respectively, whereas C,z, and C g, were 6.5% and 18.6% higher,
respectively, than those in the parent strain (Fig. 8B). Overall, the ratio of unsaturated
to saturated fatty acids (UFA/SFA) decreased by 24.5% in the med15BA strain and
increased by 8.1% in the HTUA/CgMED15B strain with respect to the parent strain at pH
6.0 (Fig. 8C). However, at pH 2.0, UFA/SFA exhibited a decrease of 27.4% in the
med15BA strain and an increase of 18.7% in the HTUA/CgMED15B strain.

Membrane sterol content was measured to determine whether Med15B could affect
ergosterol biosynthesis (Fig. 8D and E). We found that cells lacking the MED15B gene
failed to catalyze the conversion of zymosterol to fecosterol and ergosterol. This caused
zymosterol accumulation; its concentration was 1,285.8 ug/g cells (dry weight) at pH
6.0 and 2,866.1 ug/g cells (dry weight) at pH 2.0. At pH 6.0, the amount of total sterols
decreased by 43.5% in the med15BA strain, whereas the concentration of zymosterol
increased 2.1-fold compared to that in the parent strain. In the HTUA/CgMED15B strain,
the amounts of total sterols, zymosterol, and ergosterol increased by 65.1%, 206.3%,
and 15.7%, respectively, whereas that of fecosterol decreased by 70.4% (Fig. 8D). At pH
2.0, deletion of the MED15B gene resulted in a 91.4% decrease in the amount of total
sterols, whereas zymosterol increased about 60.3-fold versus the amounts in the parent
strain. Overexpression of Med15B improved the biosynthesis of total sterols, zymos-
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FIG 8 Med15B affects the membrane fatty acids and sterol of C. glabrata. Changes in the percentage of fatty acids in the parent (HTUA), med15BA,
and HTUA/CgMED15B strains at pH 6.0 (A) and pH 2.0 (B). (C) Changes in UFA/SFA at pH 6.0 and pH 2.0. Sterol analysis was carried out on strains
cultivated in shake-flasks at pH 6.0 (D) and pH 2.0 (E). The experiments were performed in biological triplicates. Error bars indicate the standard
deviations. (¥, P < 0.05 compared with the parent strain, as determined by the t test).

terol, fecosterol, and ergosterol at pH 2.0. Their concentrations increased by 60.8%,
971.5%, 16.6%, and 94.5%, respectively, with respect to the levels in the parent strain
(Fig. 8E). In the HTUA/CgMED15B strain, the concentrations of ergosterol precursors,
such as squalene, lanosterol, and 4,4-dimethylzymosterol, which play an important role
in the response to environmental variations, were 1.1-fold higher at pH 6.0 and 40.2%
higher at pH 2.0 than those in the parent strain. Taken together, the data indicated that
the Med15B protein is critical for sterol biosynthesis from zymosterol to fecosterol and
ergosterol and is important for regulating the type and amount of cell membrane
sterols.

We found that the total content of phospholipids increased by 43.0% and 143.5% in
the parent and HTUA/CgMED15B strains, respectively, and decreased by 16.2% in the
med15BA strain when pH was lowered from 6.0 to 2.0. At pH 6.0, the contents of
phosphatidic acid (PA), phosphatidylethanolamine (PE), and phosphatidylserine (PS)
increased by 33.3%, 19.3%, and 102.0%, respectively, whereas the content of phospha-
tidylinositol (PI) decreased by 30.8% in the med75BA strain compared to those in the
parent strain. The contents of phosphocholine (PC) and phosphatidylglycerol (PG) were
unchanged. In the HTUA/CgGMED15B strain, PA, PS, PG, and Pl contents increased by
205.3%, 23.5%, 17.0%, and 165.2%, respectively; PC content decreased by 31.5%; and
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that of PE was unchanged (Fig. 9A). In the med15BA strain at pH 2.0, total phospholipid,
PA, PC, PE, and Pl contents decreased by 37.6%, 52.5%, 34.3%, 55.0%, and 26.5%,
respectively, whereas PS and PG contents increased by 55.5% and 14.5%, respectively,
compared to those in the parent strain. In the HTUA/CgMED15B strain, total phospho-
lipid, PA, PS, PG, and Pl contents increased 1.4-, 14.6-, 1.4-, 1.2-, and 1.2-fold, respec-
tively, whereas PC and PE content did not differ significantly from that of the parent
strain. At low pH, Med15B appears to contribute to the biosynthesis of PA, thereby
possibly enhancing the biosynthesis of other phospholipids.

Med15B is necessary for membrane integrity and fluidity. To investigate the role
of Med15B in membrane integrity and fluidity, cells of the parent, medi15BA, and
HTUA/CgMED15B strains were subjected to acidic (pH 2.0) conditions for 8 h. We
observed no significant differences in the percentages of propidium iodide-stained cells
at pH 6.0. Instead, at pH 2.0, the percentage of propidium iodide-positive staining
increased significantly, by 69.2%, among med15BA cells but decreased significantly, by
30.2%, among HTUA/CgMED15B cells compared to the parent strain (Fig. 10A).

Next, we evaluated membrane fluidity and found that at pH 6.0, it decreased by
8.8% in the med15BA strain and increased by 7.2% in the HTUA/CgMED15B strain
compared with that in the parent strain. At pH 2.0, in response to low-pH stress,
membrane fluidity was 11.6% lower and 6.9% higher in the med15BA and HTUA/
CgMED15B strains, respectively, than that in the parent strain (Fig. 10B).
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FIG 10 Med15B affects the membrane integrity, fluidity, and H*-ATPase activity. (A) Flow cytometry analyses of
membrane integrity in the parent (HTUA), med15BA, and HTUA/CgMED15B strains at pH 6.0 and pH 2.0. Cells were
stained with propidium iodide. (B) Fluidity assays in the same strains as for panel A at pH 6.0 and pH 2.0. (C)
H*-ATPase activity assays in the same strains as for panel A at pH 6.0 and pH 2.0. The experiments were performed
in biological triplicates. Error bars indicate the standard deviations. (*, P < 0.05 compared with the parent strain,

as determined by the t test).
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At pH 6.0, the activity of the H*-ATPase was 7.2% lower in the med15BA strain but
21.8% higher in the HTUA/CgMED15B strain than that in the parent strain. At pH 2.0, the
activity of the H*-ATPase decreased by 29.5% in the med15BA strain and increased by
51.8% in the HTUA/CgGMED15B strain (Fig. 10C). In conclusion, Med15B is essential for
membrane function at low-pH-stress-inducing conditions. Overall, cells lacking the
MED15B gene were defective in the integrity and fluidity of the membrane and in the
activity of the H™-ATPase, especially under acidic conditions.

DISCUSSION

In this work, we investigated the response of the Mediator subunit Med15B to low
pH. We report that Med15B plays an important role in regulating the expression of
genes related to lipid metabolism, thereby altering membrane lipid composition (fatty
acids, sterols, phospholipids) and influencing membrane integrity, fluidity, and H™-
ATPase activity. This function of C. glabrata Med15B is critical for cell growth and
pyruvate accumulation at low pH.

Various approaches can be used to enhance pyruvate production of C. glabrata,
such as random mutagenesis, optimization of the fermentation medium, biphasic
fermentation, and lowering by-product production through removal of certain factors
from the metabolic network. Nevertheless, such approaches have some serious draw-
backs, such as a heavy workload, uncertainty, and growth defects (23, 29-31). Here, we
propose a strategy that could overcome the above-mentioned problems by enhancing
pyruvate production through overexpression of Med15B and increased dry weight of
cells. In this study, we found that deletion of MED15B caused a significant growth defect
at pH 2.0 whereas overexpression of MED15B enhanced cell tolerance and growth at
low pH. Additionally, we tested the phenotypes of the med15BA and HTUA/CgMED15B
strains under different biological stimuli and found that Med15B was essential for cell
tolerance under oxidative and osmotic stress conditions (data not shown). These data
are consistent with Med15 from S. cerevisiae having a critical role in the stress response
(20, 21, 32). Our results indicated that Med15B has a vital modulatory role in pH
homeostasis in C. glabrata, so it will be important to examine this function in other
eukaryotes.

Deletion of MED15B caused significant changes at the global transcriptome level at
pH 2.0. Differentially expressed genes were involved in various metabolic pathways,
most notably lipid metabolism. A set of genes involved in fatty acid biosynthesis,
elongation, unsaturation, and metabolism were downregulated. Many of these genes
were reported to be involved in the length and number of double bonds in fatty acids
and in the response to various forms of stress (33, 34), which may influence the species
of phospholipid produced (35). Meanwhile, key genes involved in phospholipid and
sphingolipid metabolism were also downregulated, thus contributing to a decreased
phospholipid and sphingolipid biosynthesis in the med15BA strain. Several reports have
shown that the type and proportion of phospholipids and sphingolipids can affect acid
tolerance (36-38). In particular, previous studies have shown that ERG25 and ERG3
deletion or inactivation decreased the biosynthesis of ergosterol under various stress
conditions (39, 40). Our study showed that deletion or overexpression of MED15B
increased expression of genes related to sterol biosynthesis at pH 2.0. Quantifica-
tion of sterol content showed significant differences in sterol composition between
med15BA, HTUA/CgMED15B, and parent strains. Deletion of MED15 has been shown to
lead to the selective repression of genes involved in ribosomal biogenesis (41). How-
ever, we found that the expression of genes encoding large- or small-subunit ribosomal
proteins increased (Fig. 5C). Expression of the battenin gene (CLN3), involved in the cell
cycle, was downregulated by 2.0-fold. This result is consistent with the observation that
inactivation of Med15 causes the cell cycle-related genes to be downregulated (42).
Med15 supports the expression levels of genes involved in energy homeostasis, includ-
ing glucose and lipid metabolism, in S. cerevisiae and Caenorhabditis elegans (13, 43).
Here, key genes of glycolysis, of the tricarboxylic acid cycle, and of oxidative phosphor-
ylation showed downregulation in the med715BA strain at pH 2.0. These results may
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explain the defective pyruvate production and the lower membrane H*-ATPase activity
of the med15BA strain. Additionally, DNA damage may affect cell growth under various
stress conditions (44). Genes involved in DNA repair and the MAPK signaling pathway,
which are stress response pathways, were also significantly affected. These results are
in agreement with previous reports that showed that these Med15B-dependent genes
were related to various environmental stress responses (45).

Alteration of membrane composition serves as an adaptive response to variations in
pH (33). Our genome-wide analyses confirmed the critical role played by the compo-
sition and structure of the membrane lipid and its physiological function in acid
tolerance (46-48). Deletion of MED15B decreased the long-chain fatty acid and phos-
pholipid proportion and the UFA/SFA ratio and blocked the biosynthesis of fecoste-
rol and ergosterol, thereby increasing the zymosterol concentration to 2,866.1 ug/g
cells (dry weight) at pH 2.0. At the same time, these parameters increased upon
MED15B overexpression. Sphingolipid is one of the important components of
membrane. Our work has revealed that Med15B influences the expression of genes
involved in sphingolipid biosynthesis at pH 2.0. Further studies will be required to
determine the role played by Med15B in sphingolipid content change at low pH.
Consistent with the alteration of lipid composition, membrane integrity, fluidity,
and H*™-ATPase activity were significantly changed. These results are in agreement
with previous reports that have demonstrated that to adapt to environmental acidifi-
cation, acid-resistant microorganisms developed a number of strategies. These include
(i) increasing the content of long-chain fatty acids and UFAs, which leads to greater
membrane fluidity and integrity (47, 48); (i) augmenting sterol content, which has an
effect on membrane fluidity, increasing its thickness and sturdiness (49); and (iii)
enhancing H*-ATPase activity, which promotes proton efflux (35). Changes in the lipid
composition of the medT15BA strain might affect the activity of membrane proteins,
which are essential for barrier function (50, 51). The transcription factor Crz1 was shown
to function in low-pH tolerance in C. glabrata (33). In this study, we explored the role
of C. glabrata Mediator subunit Med15B in providing tolerance to low-pH conditions.
crz1A and med15BA strains were observed to possess a similar phenotype. Moreover,
we identified a shared function of Crz1 and Med15B mutants, characterized by down-
regulation of genes involved in lipid metabolism and a growth defect at low pH. This
finding suggests that the transcriptional activator Crz1 could be modulating Med15B-
dependent gene expression. It will be interesting to examine how such an interaction
may occur. In summary, our results demonstrated that (i) it is possible to enhance
pyruvate production by overexpressing MED15B; (i) increased tolerance at low pH is
associated with altered membrane composition and function; and (iii) acquiring toler-
ance to low pH may lead to an increased tolerance to the membrane-damaging stress
caused by other organic acids produced by C. glabrata.

MATERIALS AND METHODS

Strains, media, and growth conditions. Strains and plasmids used in this study are listed in Table
1. Unless stated otherwise, YNB (0.67% yeast nitrogen base, 2% glucose [pH 6.0]) medium containing
essential nutrients was used to culture C. glabrata. Indicated media were brought to the desired pH with
HCI or NaOH. Strains were incubated at 30°C with shaking at 200 rpm.

All mutant strains were generated from C. glabrata ATCC 55 (HTUA:his3A trp1A ura3A; a gift from Karl
Kuchler). The med15BA mutant was generated by genomic integration of a HIS3 maker in the MED15B
locus. The maker gene and flanking regions were amplified from the genome of C. glabrata ATCC 2001
(wild type; a gift from Karl Kuchler) by PCR. The fusion PCR fragments were transformed into the parent
strain by electroporation as described previously (27). The deletion strain was verified by genomic PCR
and DNA sequencing.

The PCR fragments of gene CgMED15B were amplified from the genome of the wild-type strain, cut
at the introduced Notl and Sacll sites, and ligated to the shuttle plasmid pY26, which was digested with
Notl and Sacll, resulting in pY26-CgMED15B. Plasmids pY26 and pY26-CgMED15B were transformed into
the parent strain by electroporation and yielded overexpression HTUA/CgMED15B strain. The primer
sequences used in this work are shown in Table 2. The detailed protocols for strain construction are
described in the supplemental material.

Phenotypic analysis. Log-phase cells were diluted in sterile water to an absorbance at 660 nm (A4,)
of 1.0. Serial dilutions (10-fold) of 4 ul were spotted onto plates at different pH values and incubated at
30°C for 3 to 5 days.
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TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant genotype Source or reference
Strains
C. glabrata ATCC 2001 Wild-type strain 45
C. glabrata ATCC 55 (HTUA) his3A trp1A ura3A 45
C. glabrata med15BA his3A trp1A ura3A med15BA:CgHIS3 This work
C. glabrata HTUA/pY26 his3A trp1A ura3A This work
C. glabrata HTUA/CgMED15B his3A trp1A ura3A::URA3(pY26) This work
CgMED15B::URA3(pY26/Notl-Sacll)
Plasmids
pY26 2um, Amp",9 URA3, Pepp, Pree 24
pY26-CgMED15B 2um, Amp’, URA3, Pgpp, This work

Prer-CgMED158

aAmp*, ampicillin resistance.

Growth and viability analysis. Log-phase cells were inoculated into fresh YNB medium at pH 6.0 and
pH 2.0 with an Ay, of 1.0. Cultures were taken at regular time intervals, and the Ay, values were recorded.
For viability analysis, cultures grown in YNB at pH 2.0 were appropriately diluted and plated onto YNB plates
at various time points. Total CFU were calculated by counting viable colonies that appeared after incubation
at 30°C for 2 days. A histogram was prepared to illustrate cell survival over time.

Pyruvate production and analysis. The strains were cultivated at 30°C in 250-ml flasks containing
25 ml medium A, consisting of, per liter, 30 g glucose, 10 g peptone, 1.0 g KH,PO,, and 0.5 g
MgSO,-7H.,0, for 24 h. Cells were centrifuged, washed with distilled water, and inoculated into 500-ml
flasks containing 50 ml medium B, consisting of, per liter, 100 g glucose, 3 g KH,PO,, 0.8 g MgSO,-7H,0,
3 g sodium acetate, 18 g thiamine-HCl, 4.0 ug biotin, 40 ug pyridoxine-HCl, and 0.8 ug nicotinic acid,
with an initial biomass (dry weight) of 0.5 g/liter. Fermentation was performed at 30°C over 48 h in
medium B alone or buffered with 40 g/liter CaCO,.

Analytical methods. The A,,, was calibrated against the dry weight of cells on the basis of a
standard curve (52): Ag/DCW = 1/0.23 g/liter, where DCW is the dry weight of cells.

The pyruvate concentrations were determined by high-performance liquid chromatography (HPLC;
Dionex, Shanghai, China), using an Aminex HPX-87H column eluted at a flow rate of 0.6 ml min—" (53).
The extracellular pH was measured by a pH meter (Dionex).

Total RNA extraction and transcriptome sequencing (RNA-seq). Log-phase cells were inoculated
into fresh YNB medium at pH 6.0 and pH 2.0 with an A4, of 1.0. After incubation for 6 h, cultures were
centrifuged and washed twice with phosphate-buffered saline (PBS; pH 7.4). Samples were frozen with
liquid nitrogen, and total RNA was extracted using the Mini BEST Universal RNA extraction kit (TaKaRa,
Japan) and sent to the Beijing Genomics Institute (Beijing, China) (http://www.genomics.cn/index), which
provides global gene analysis services. rRNA was removed, and mRNA was enriched using the NEBNext
poly(A) mRNA magnetic isolation module (E7490; New England BioLabs [NEB], Ipswich, MA, USA). The
NEBNext mRNA library prep master mix set for lllumina (E6110; NEB) and NEBNext multi-oligos for
lllumina (E7500; NEB) were used to construct the libraries. Clusters were obtained from the qualified
libraries on an lllumina cBot (lllumina, San Diego, CA, USA), and lllumina HiSeq 2500 was used to perform

TABLE 2 Primers used for the strains construction

Applied and Environmental Microbiology

Target Primer name Sequence?
Deletion
MED15B-Up US-MED15Bdel CCTGTGACAGCTAAATGGAAG
UA-MED15Bdel ACCCTCTTAACAAACGCCATTGTTTCATTGTCAGTTGTGTATTT
Marker HIS3 MS-HIS3del ACACAACTGACAATGAAACAATGGCGTTTGTTAAGAGGGTT
MA-HIS3del TCATCCCTGTCATTTACAGTCTATGCTAGGACACCCTTAGTGG
MED15B-Down DS-MED15Bdel CCACTAAGGGTGTCCTAGCATAGACTGTAAATGACAGGGATGACTT
DA-MED15Bdel CGAAATTAAAAACGACACAACTC
Deletion check
med15BA S-MED15Bdel-ch CCATGCTACCACTACAATAACG
A-MED15Bdel-ch TGGATTCCTTCCCATTCTTA

Overexpression

pY26-CgMED15B S-MED15Bover ATAAGAATGCGGCCGCATGTCTAGCAAAGAGACCATTCC (Notl)
A-MED15Bover TCCCCGCGGTTACTCTATACTTGTCCAGAAATTCC (Sacll)
Overexpression check
HTUA/CgMED15B S-MED15Bover-ch AAG CTAGAACTAGCGCG
A-MED15Bover-ch GTGTCAACAACGTATCTACCAAC

aRegions flanking the target gene and restriction site sequences are underlined.
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TABLE 3 Primers used for the qRT-PCR

Target Primer name Sequence
MED15B MED15B-S GGTCCAGTAATGAACGATGC
MED15B-A GGTTTGCTCCTTTGGTCTATT
ERG2 ERG2-S CCGGTGTCGGTTACCTTT
ERG2-A GTGCTTAGCCAATGCGTCT
ERG3 ERG3-S CACACCGTCCACCACTTG
ERG3-A CGTCACCTTCCACCTCTTG
ERG4 ERG4-S TGGGTATGCTAATTGGCTTCC
ERG4-A CAGTAGTAAGGTAGTTGCTTGTTC
ERG5 ERG5-S TTGTGGTGTGCTGGTGTG
ERG5-A TGACGAACTTGTGGAAGATGG
ERG6 ERG6-S ATCTTGCTGACGAGGATGAC
ERG6-A GCGACGAATAGGAACATTGG
ERG7 ERG7-S ATACATCGTCAATACAGCACATC
ERG7-A CCAATAGCACCGCCTAACC
ERGT11 ERG11-S GGACACCGACTTCGCTTAC
ERG11-A CCATCAAGACACCAATCAATAGG
ERG24 ERG24-S GGCGTCGGCACTAATGAG
ERG24-A CAATAACCACAGCAGCATACC
ERG25 ERG25-S ACCTTATGTGTATGGATTACCTTG
ERG25-A CTTCTCTGGCGACCTTAGC
ERG26 ERG26-S TTCTGGCAAGTAAGTGTAATGTAG
ERG26-A GGACCATATCTTCAGCAATAGC
B-ACTIN B-ACTIN -S ACCGCTGCTCAATCTTCC
B-ACTIN -A GGTTTGCTCCTTTGGTCTATT

the sequencing. C. glabrata genes were annotated according to the similarity of their sequence to
putative orthologs in other yeast species.

qRT-PCR. Total RNA extraction was carried out as described above. Total RNA (1 ug) was taken to
synthesize cDNA using the PrimeScript Il 1st-strand cDNA synthesis kit (TaKaRa, Japan). The cDNA
mixture was diluted to about 100 ng/ul and used as the template for the gene expression level analysis
by quantitative reverse transcription-PCR (qRT-PCR). qRT-PCR was performed with SYBR Premix Ex Taq
(TaKaRa, Japan) using an iQ5 continuous fluorescence detector system (Bio-Rad, Hercules, CA). Data were
normalized to that of B-actin gene ACTT. The primer sequences used in qRT-PCR are listed in Table 3.

Fatty acids extraction and measurement. Log-phase cells were inoculated into fresh YNB medium
at pH 6.0 and pH 2.0 with an A, of 1.0 for 6 to 8 h. Cells were harvested, washed twice with PBS, and
freeze-dried. Fifty milligrams of dried cells was resuspended in an NaOH-methanol-distilled water
solution (3:10:10, wt/vol/vol). The sample saponification and methylation and extraction of total fatty
acids were carried out as described previously (54). Samples were analyzed by gas chromatography (GC)
with a polyethylene glycol capillary column eluted at a flow rate of 29.6 ml/min as described previously
(55).

Sterol extraction and measurement. Freeze-dried samples were obtained as described above, and
50 mg dried cells was used for saponification. The saponified samples were resuspended in hexane for
total sterol extraction as described previously (33). Samples of total sterol were analyzed by gas
chromatography-mass spectrometry (GC-MS) (Waters, Santa Clara, MA) with a fused-silica capillary
column (30 m by 0.25 mm by 0.25 um DB-5MS stationary-phase column; J&W Scientific, Folsom, CA, USA)
(56). A 10-ul solution was injected using an autosampler, and the injector temperature was 280°C. The
data mass spectrometry was operated at a range of m/z 50 to 800.

Phospholipid extraction and measurement. Freeze-dried samples were obtained as described
above, and 50 mg dried cells was used for phospholipid analyses. Phospholipid extraction was performed
in four steps with different ratios of chloroform to methanol as described previously (57). The extracted
phospholipids were dried under a nitrogen stream and dissolved in chloroform-methanol (1:1, vol/vol).
Samples of phospholipids were analyzed by electrospray ionization mass spectrometry (ESI-MS; Shi-
madzu, Japan) (58).

Cell membrane integrity analysis. Log-phase cells were inoculated into fresh YNB medium at pH
6.0 and pH 2.0 with an A4, of 1.0 for 6 to 8 h. Samples were centrifuged, washed twice with PBS, and
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diluted to an Agg, of 0.5. Diluted samples (0.5 ml) were incubated with 3 ul of 1 mg/ml propidium iodide
(Sigma, Shanghai City, China), used to monitor the cell membrane integrity. The mixtures were quickly
homogenized, kept in the dark for 5 min at room temperature, and then used for flow cytometry analysis.

A FACSCalibur apparatus (BD Biosciences, Shanghai City, China) was used for flow cytometry analysis.
The fluorescence emission of propidium iodide-labeled cells was determined through a 660/16-nm
bandpass filter. More than 20,000 events were analyzed for each sample and at a rate of 600 to 1,000
events/s. The data were acquired and analyzed using CellQuest software (59).

Cell membrane fluidity analysis. C. glabrata cells were collected and prepared as described above.
Diluted samples (0.5 ml) were incubated with 1 ul of 1-mmol/liter 1,6-diphenyl-1,3,5-hexatriene, used as
a probe to monitor changes in membrane dynamics. A spectrofluorimeter (Photon Technology Interna-
tional, Princeton, NJ, USA) was used to determine the steady-state fluorescence anisotropy as described
previously (54), with excitation at 360 nm and emission at 450 nm. The degree of fluorescence
polarization (p) was calculated as follows: p = (I, — Gl,)/(ly, + Gl,), Where G (G = I/l is the
correlation fluorescence, | is the fluorescence intensity, and subscripts V and H indicate vertical orien-
tation and horizontal orientation, respectively, of the excitation and analyzer polarizer. The fluorescence
anisotropy value (r) was calculated as follows: r = 2p/(3 — p).

Plasma membrane H+-ATPase activity analysis. C. glabrata cells were collected as described
above. Samples were disrupted with an MP FastPrep-homogenizer, and the membrane fractions were
isolated from the cell-free supernatant by centrifugation as described previously (60). Membrane
H*-ATPase (H*-ATPase) activity was determined according to the amount of inorganic phosphate (P,)
released from ATP in the reaction mixture as described previously (33). A 5-ug membrane fraction was
incubated in 120 ul assay mixture A (5 mM ATP, 10 mM MgSO,, 50 mM KCl, 50 mM MES, 50 mM KNO,,
50 mM NaN,, 0.2 mM ammonium molybdate [pH 6.0]), where MES is 2-(N-morpholino)ethanesulfonic
acid, at 30°C for 30 min. The reaction was stopped by adding 130 ul assay mixture B (0.6 M H,SO,
with 1% SDS, 1.2% ammonium molybdate, and 1.6% ascorbic acid [wt/vol]). The amount of P;
released was measured at 750 nm after 10 min of incubation at room temperature. The H*-ATPase
activity was expressed in micromoles of P, released per minute per milligram of the total membrane
protein.

Accession number(s). The RNA-seq raw reads were submitted to NCBI under BioProject number
PRINA383945 and SRA study number SRP106931. The Sequence Read Archive [SRA] entries are
SRX2802836, SRX2802992, SRX2802993, and SRX2802994.
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