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The ability to acetylate lysine residues is conserved across organisms, and acetylation of lysine residues plays important roles in
various cellular functions. Maintaining intracellular pH homeostasis is crucial for the survival of enteric bacteria in the acidic
gastric tract. It has been shown that eukaryotes can stabilize the intracellular pH by histone deacetylation. However, it remains
unknown whether bacteria can utilize a reversible protein acetylation system to adapt to an acidic environment. Here we demon-
strate that protein acetylation/deacetylation is critical for Salmonella enterica serovar Typhimurium to survive in an acidic envi-
ronment. We used RNA sequencing to analyze the transcriptome patterns under acid stress and found that the transcriptional
levels of genes involved in NAD�/NADH metabolism were significantly changed, leading to an increase in the intracellular
NAD�/NADH ratio. Moreover, acid stress downregulated the transcriptional level of pat, encoding acetyltransferase, and genes
cyaA and crp, encoding adenylate cyclase and cyclic AMP receptor protein, respectively, which are positive regulators of pat. It
was found that the acid signal alerts the tricarboxylic acid cycle to promote the consumption of acetyl coenzyme A (Ac-CoA), an
acetyl group donor for the acetylation reaction. A lowered acetylation level not only was the bacterial response to acid stress but
also increased the survival rate of S. Typhimurium under acid stress. The pat deletion mutant had a more stable intracellular pH,
which paralleled the higher survival rate after acid treatment compared with that of both the wild-type strain and the cobB (en-
coding deacetylase) deletion mutant. Our data indicate that bacteria can downregulate the protein acetylation level to prevent
the intracellular pH from further falling under acid stress, and this work may provide a new perspective to understand the bacte-
rial acid resistance mechanism.

Salmonella enterica serovar Typhimurium has long been rec-
ognized to be a foodborne pathogen. As a facultative human

pathogen, it is the causative agent of nontyphoid salmonellosis
and can survive at an extremely low pH. As an enteric patho-
gen, S. Typhimurium must survive in the strong acidic envi-
ronment (pH 2) of the stomach until it can further invade the
intestinal epithelium and deeper organs, including the spleen
and liver (1). Therefore, the ability to sense and respond to the
acidic environment is crucial for its pathogenesis. In fact, S.
Typhimurium has indeed evolved a variety of elegant regula-
tory mechanisms to protect itself from acid stress. For example,
when bacteria encounter acid stress, hydrogen ions flow into
the cell and cause a decrease in the intracellular pH, which
activates the expression of amino acid decarboxylases, includ-
ing AdiA, CadA, and SpeF. These inducible amino acid decar-
boxylases are pyridoxal phosphate-containing enzymes that
replace the �-carboxyl groups of their cognate amino acid sub-
strates with a proton consumed from the cytoplasm (2). AdiA,
CadA, and SpeF decarboxylate arginine, lysine, and ornithine,
respectively, to produce agmatine, cadaverine, and putrescine,
respectively, and at the same time, internal protons are con-
sumed to keep the intracellular pH stable. In addition, low pH
increases the accumulation of PhoP/Fur/RpoS, involved in the
log-phase acid tolerance response, and RpoS/OmpR, involved
in the stationary-phase acid tolerance response, all of which
can control distinct sets of acid shock proteins to prevent and
repair the damage to macromolecules caused by acid stress (3).

Recently, it has been reported that histone acetylation can reg-
ulate the intracellular pH (pHi) (4). When pHi decreases, histones
can be deacetylated by histone deacetylases (HDACs) to produce

acetate anions, and then protons and acetate anions are exported
out of the cell by monocarboxylate transporters (MCTs), thus
preventing pHi from further decreasing.

Protein acetylation, which used to be considered a predomi-
nant phenomenon in eukaryotes, broadly impacts bacterial phys-
iological processes. Previous studies with S. Typhimurium and
Escherichia coli identified a large number of acetylated proteins
which are involved in a variety of metabolic processes (5). Pro-
teome-wide lysine acetylation profiling of Mycobacterium tuber-
culosis identified 226 acetylation sites in 137 proteins participating
in glycolysis/gluconeogenesis, the tricarboxylic acid (TCA) cycle,
and fatty acid metabolism (6). The conserved reversible lysine
acetylation in bacteria is catalyzed by the acetyl coenzyme A (Ac-
CoA)-dependent, Gcn5-like protein Pat, which is an N-acetyl-
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transferase (7), and the Sir2 homolog CobB, which is an NAD
(NAD�)-dependent deacetylase (8). In S. Typhimurium, revers-
ible lysine acetylation is a mechanism critical for the regulation of
central metabolism (9).

Based on the importance of maintaining acid homeostasis in
S. Typhimurium and the histone acetylation involved in pH
regulation in mammalian cells, we speculate that S. Typhimu-
rium may utilize a reversible protein acetylation system to re-
sist acid stress. To test this hypothesis, we first studied the
transcriptome of S. Typhimurium under acid stress and found
that the transcription of pat was repressed. Meanwhile, the
transcription levels of genes involved in NAD�/NADH trans-
formation and Ac-CoA metabolism were significantly changed.
Western blot analysis showed that the overall acetylation of
intracellular proteins decreased after acid challenge. Moreover,
the deletion mutant of pat had a more stable pHi, paralleling
the higher survival rate, compared with that of a cobB deletion
mutant under acid stress. Our data demonstrate that bacteria
can better adapt themselves to an acidic environment by ad-
justing the global protein acetylation level.

MATERIALS AND METHODS
Culture conditions. An overnight culture was diluted 1:100 in 5 ml of
minimal E glucose (EG) medium (MgSO4, 0.098 g/liter; citric acid mono-
hydrate, 2.0 g/liter; K2HPO4·3H2O, 13.1 g/liter; NaNH4HPO4, 2.29 g/li-
ter; glucose, 0.4% [wt/vol], pH 7.7) (10), followed by incubation at 37°C
with shaking. When the optical density at 600 nm (OD600) reached 0.4, 5
ml of culture was centrifuged at 2,500 � g for 4 min. The pellet was washed
once with EG medium at pH 3.0 and then resuspended in 5 ml of EG
medium at pH 3.0 (the pH was adjusted with HCl). A control culture was
resuspended in 5 ml of EG medium at pH 7.7 instead of pH 3.0. The two
cultures were further incubated for 15 min and harvested for RNA isola-
tion. For measurement of the survival rate, an overnight culture was in-
oculated into fresh EG medium until the OD600 reached 0.4 (log phase) or
2.7 (stationary phase). After the bacteria were harvested by centrifugation,
bacteria at log phase were resuspended in EG medium at pH 3.0 for an
additional 1 h of incubation, and stationary-phase bacteria were resus-
pended in EG medium at pH 3.0 for an additional 2 h. For counting of the
number of CFU, the culture was serially diluted 10-fold and plated on
Luria-Bertani (LB) agar plates.

RNA isolation and RNA-seq. RNA was isolated by using the TRIzol
reagent (Invitrogen), and DNase I digestion was conducted as described
previously (11).

For RNA sequencing (RNA-seq) analysis, RNA was fragmented by
heating at 95°C for 10 min and annealed to biotinylated random primers.
A 5= adaptor, which contained an Illumina primer, was added to the
sequence. First-strand cDNA was synthesized by reverse transcription
(RT). Then, Illumina primers were used to obtain double-stranded cDNA
by the PCR method. cDNA fragments of 300 to 500 bp were harvested by
gel extraction and then directly amplified with a TruSeq PE cluster kit
(Illumina, America). Sequencing reactions were performed on an Illu-
mina HiSeq 2000 sequencer.

Mapping of sequenced reads and differential gene expression. First,
reads containing sequencing adaptors and reads of low quality (reads
containing �5 Ns [uncertain bases]) were removed (2% to 3%) to get
clean reads. Then, the sequence reads were mapped against the reference
S. Typhimurium 14028S genome with Bowtie (version 2) software. The
coverage rate of 80% of the genes was about 90 to 100%. The number of
reads for each gene from each sample was converted to the read numbers
per million reads (RPM) (12). A multivariate adaptive plot-based method
was used to calculate the difference in the abundance of expression of each
gene in the samples by use of a random sampling model (MARS) from the
DEGseq program package (13). A false discovery rate (FDR) value of less
than 0.001 indicated a significant difference.

Validation of differential expression of genes by quantitative RT-
PCR. To validate the RNA-seq data, 25 upregulated or downregulated
genes were selected for quantitative RT-PCR (qPCR) analysis. The prim-
ers used are listed in Table S1 in the supplemental material. Samples were
run in triplicate and amplified using the SYBR Premix Ex Taq II reagent
(TaKaRa). The relative transcriptional level was determined by the
2���CT threshold cycle (CT) method. The expression of 16S rRNA, which
is relatively constant in bacteria, was used as an internal control.

Determination of NAD� and NADH concentrations. The intracel-
lular concentrations of NAD� and NADH were determined using an en-
zymatic cycling assay kit (BioVision). Total NAD� and NADH concen-
trations were normalized to the bacterial density, and measurement of the
concentrations was performed in three independent experiments.

Bacterial strain and plasmid construction. S. Typhimurium strain
14028S was used as the parental strain in this study. A bacteriophage � Red
recombination system was employed to construct �pat and �cobB mu-
tants. A pair of primers with 50-nucleotide (nt) extensions complemen-
tary to the regions immediately adjacent to the targeted gene that was
deleted and 20-nt extensions complementary to the region immediately
adjacent to the antibiotic resistance gene flanked by FLP recognition tar-
get (FRT) sites was synthesized (see Table S1 in the supplemental mate-
rial). Antibiotic resistance gene-carrying plasmid pKD3 (Table 1) was
used as the template for PCR amplification of the knockout cassette with
an Invitrogen PCR kit (Invitrogen, Carlsbad, CA). The PCR products
were recovered by use of a QIAquick gel extraction kit (Qiagen, Germany)
and then transformed into S. Typhimurium carrying pKD46 via electro-
poration by using an electroporator (ECM 630; BTX, San Diego, CA) and
a 0.1-cm cuvette according to the manufacturer’s instructions. Pulsed
cells were rescued with 0.9 ml super optimal broth with catabolite repres-
sion (SOC) medium and incubated for 1 h at 30°C and 20 h at room
temperature, before being spread onto agar plates (31). The successful
deletion of cobB and pat in the mutants was verified by PCR.

pat and cobB were amplified from S. Typhimurium genomic DNA by
using primer sets pat-pQE80-AfeI-F/pat-pQE80-FseI-R and (cobB-
pQE80-AfeI-F/cobB-pQE80-FseI-R), respectively (see Table S1 in the
supplemental material). The PCR products were purified by use of an
Easy-DNA kit (Invitrogen, Carlsbad, CA). The target fragment was in-
serted into pQE80-YX1 using the FseI site and the AfeI site. Each cloned
gene was confirmed by DNA sequencing.

Measurement of cytoplasmic pH with a GFP reporter plasmid.
GFPmut3b is a pH-sensitive green fluorescent protein (GFP) (14, 15). To
detect the pHi, pTrc99a-gfpmut3b was transformed into the �pat, �cobB,
or wild-type (WT) strain. Standard pH curves were generated for each of

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Genotype or characteristics
Source or
reference

Strains
S. enterica 14028S Wild type Laboratory stock
S. enterica 14028S

�pat
�pat mutant This study

S. enterica 14028S
�cobB

�cobB mutant This study

Plasmids
pKD46 Expresses bacteriophage � Red

recombinase
Laboratory stock

pKD3 Source for chloramphenicol
acetyltransferase cassette

Laboratory stock

pCP20 Expresses FLP recombinase Laboratory stock
pTrc99a-gfpmut3b Expresses GFPmut3b 16
pQE80-YX1 Expression vector Laboratory stock
pQE80-YX1-pat Expresses pat This study
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these three strains. The overnight culture was diluted 1:100 in pH 7.7 EG
medium supplemented with 40 	M IPTG (isopropyl-
-D-thiogalactopy-
ranoside) and 100 	g/ml ampicillin. Cells were grown to an OD600 of 0.6,
pelleted by centrifugation at 2,500 � g for 4 min, and then resuspended to
the same OD600 in EG medium with a different pH. The pHs of pH 5.5, pH
6.0, pH 6.5, and pH 7.0 EG medium were adjusted with HCl, and the pH
of pH 7.5 EG medium was adjusted with NaOH. To equilibrate the cyto-
plasmic pH with the external pH, sodium benzoate at a final concentra-
tion of 30 mM was added to the medium (16).

Measurement of the cytoplasmic pH of experimental samples was per-
formed as described above, except that cultures were grown in pH 4.0 EG
medium and sodium benzoate was omitted. Cultures were kept on ice
prior to recording of the GFPmut3b excitation spectra.

Fluorescence measurement of pH reporter plasmids. The protocol
used to measure the fluorescence intensity of GFPmut3b was described
previously (16). The excitation spectra of GFPmut3b were recorded using
a BioTek Synergy 2 fluorescence microplate reader. Excitation was mea-
sured at 485 � 10 nm, using an emission wavelength of 528 � 10 nm. The
excitation of three biological replicates was measured. To determine the
standard curve correlating the internal pH with the fluorescence intensity,
GFPmut3b fluorescence intensities at pH 5.5, pH 6.0, pH 6.5, pH 7.0, and
pH 7.5 were obtained. The intensities from pH 5.5 to pH 7.5 were fitted to
a linear equation, y � mx � b, where y is the GFPmut3b intensity, x is the
pH value, m is the slope, and b is the y intercept. The equation was used to
convert the signal intensities obtained from experimental samples to pH
units. Student’s t test was used for statistical analysis, and results were
considered statistically significant when the P value was less than 0.05.

Western blotting. Bacteria were grown to an OD600 of 0.4 in pH 7.7
EG medium, treated with pH 3.0 EG medium for 30 min, washed once
with phosphate-buffered saline (PBS), resuspended in PBS, mixed with
5� sample buffer, and boiled for 5 min. The samples were separated on a
12% SDS-polyacrylamide gel, transferred to a polyvinylidene difluoride
membrane, and immunoblotted using a polyclonal antiacetyl antibody.
The Western blot was developed using anti-rabbit IgG horseradish per-
oxidase-linked antibody and an enhanced chemiluminescence detection
system.

RNA-seq data accession number. The final RNA-seq data have been
deposited in the Gene Expression Omnibus (GEO) database (www.ncbi
.nlm.nih.gov/geo) under accession no. GSE67925.

RESULTS
Overview of transcriptome analysis under acid stress. When
bacteria encounter stressful conditions, they must make a prompt
and global response to survive. In order to have an overall and
comprehensive understanding about changes to the transcrip-
tome under acid stress, we used RNA-seq analysis to determine
the effect of acid treatment on the levels of gene transcription in S.
Typhimurium. Sequencing using the Illumina HiSeq 2000 se-
quencer yielded 10,384,420 reads for the control group (pH 7.7)
and 10,236,644 reads for the acid (pH 3.0)-treated group. The log2

ratios of the RPM values were used to identify differentially ex-
pressed genes. Consequently, 659 genes that showed a difference
in expression of at least 2-fold (log2 ratios of the RPM values, �1
or ��1) between the control group and the acid (pH 3.0)-treated
group were defined to be differentially expressed (see Table S2 in
the supplemental material). Compared with the gene expression
in the control group, 136 genes were upregulated and 523 genes
were downregulated under acid stress. Since 12.1% (659/5,424) of
the S. Typhimurium genes were significantly affected, we con-
clude that acid challenge has a crucial impact on the S. Typhimu-
rium transcriptome. The Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) was used to classify genes into different categories.
Among the 659 genes, 253 genes could be classified into categories

(Fig. 1A). The cluster for carbohydrate metabolism was the largest
group (54/253, 21.3%), followed by the clusters for energy metab-
olism (44/253, 17.4%) and membrane transport (41/253, 16.2%).
It seems that S. Typhimurium alters carbohydrate and energy me-
tabolism when it encounters a low-pH stress. We validated the
RNA-seq data by qPCR. Twenty-five of the selected genes had
comparable levels of expression by qPCR and RNA-seq (Fig. 1B
and C).

In this study, the expression of the genes for several enzymes
for the catabolism of carbohydrate and amino acids was shown to
be pH dependent, which is consistent with previous reports (17,
18). For example, genes involved in processes of glycolysis and the
TCA cycle, such as acnB (aconitate hydratase 2/2-methylisocitrate
dehydratase) and sdhABC (succinate dehydrogenase subunit), re-
spectively, were shown to be elevated in the acid treatment group.
Maltose ABC transporter-coding genes malG and malF were re-
ported to be repressed by acid stress (19), and our RNA-seq data
showed the same expression pattern.

It has been known that the genes for membrane-bound sys-
tems for proton and electron transport are upregulated by acid
shock (17). In our RNA-seq analysis, the genes for NADH dehy-
drogenase (nuoABCEFGHIJKLMN), which exports H�, were up-
regulated. The sdhABC (succinate dehydrogenase) genes, which
provide electrons for proton export, were upregulated in response
to the acid signal as well. It was reported that the genes for the
lysine/arginine/ornithine decarboxylase system could be induced
upon acid treatment (20). However, this phenomenon was not
observed in this study. Stancik et al. also reported that the expres-
sion of the genes for this decarboxylase system did not change
under an acidic environment in aerobic cultures (18). This may be
because the highly aerobic culture conditions repressed the ex-
pression of the genes for these systems.

The expression of the genes for many envelope and periplasmic
components has been identified to be pH dependent (18, 21). For
example, hdeB is an acid chaperone and could be induced under
acidic conditions (21). It is known that metal ion solubility in-
creases at low pH, which would lead to the induction of the fep
gene cluster (which encodes the iron-enterobactin transport
system), znuABC (which encodes the zinc transport system),
sitABCD (which encodes the manganese/iron transport system)
and promote the uptake of metal ions (18). Our results show these
genes are upregulated at pH 3.0 and confirm that extracellular pH
can affect the membrane components.

Changes to metabolism related to acetylation. By RNA-seq
analysis, we found that 44 genes related to energy metabolism
were differentially expressed after acid stimulation (see Table S3 in
the supplemental material). Most of these differentially expressed
genes were downregulated, suggesting that cellular energy metab-
olism was inhibited under acid stress. The nuo gene cluster, en-
coding NADH dehydrogenase subunits, which catalyze the
conversion of NADH and quinone into NAD� and quinol, re-
spectively, was upregulated. nirBCD, encoding nitrite reductase
and the nitrite transporter, which catalyzes the conversion of
NAD� into NADH, were downregulated. These changes may col-
lectively affect the concentration of NAD� and NADH in cells,
leading to an increased ratio of NAD� to NADH. To confirm these
findings, we measured the intracellular NAD� and NADH con-
centrations of S. Typhimurium under acid stress. Normally, the
ratio of NAD� to NADH is about 1, but after acid stimulation for
20 min, it increased and was maintained at about 2 thereafter
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(Fig. 2A). Since CobB is an NAD�-dependent deacetylase, the
activity of CobB may be higher under acid stress than at pH 7.7,
leading to the reduction of protein acetylation.

The RNA-seq data showed that under acidic conditions, the
transcriptional level of pat (STM14_3248) decreased 1.61-fold. In
addition, the cyaA and crp genes (encoding cyclic AMP [cAMP]
synthetase and cAMP receptor protein [CRP], respectively) were
downregulated 1.85-fold and 1.49-fold, respectively, under acid
stress. Since the cAMP-CRP complex can bind to the pat promoter
and positively regulate the transcription of pat (22), the additive
effect of cyaA and crp downregulation could further reduce the
expression of pat. We confirmed the results by qPCR. The tran-
scription levels of all three genes, cyaA, crp, and pat, were lower in
an acidic environment (Fig. 2B).

A total of 170 genes related to metabolism were differentially
expressed, and these accounted for the largest category by KEGG
clustering (Fig. 1A). These included 54 genes involved in carbo-
hydrate metabolism. sdhABC and acnB, encoding succinate dehy-
drogenase subunits and aconitate hydratase 2/2-methylisocitrate
dehydratase, respectively, which promote progression of the TCA
cycle, were upregulated. While the frdABC and citDEF genes, en-
coding, respectively, fumarate reductase subunits and the citrate
lyase subunit, which inhibit the TCA cycle, were downregulated.
Altogether, these results suggest that acid stress promotes progres-

sion of the TCA cycle and consumes acetyl-CoA. As acetyl-CoA is
the acetyl group donor, its consumption may reduce the level of
acetylation.

Considering the fact that the cells had a higher NAD�/NADH
ratio and repressed pat transcription after acid treatment, we pre-
dict that the intracellular acetylation level may decrease under acid
stress. To test this idea, we treated cells with media of different pHs
for 30 min and performed Western blotting with whole-cell ly-
sates. As expected, the overall protein acetylation level in the
group treated with the pH 3.0 medium was lower than that in the
control group treated with the pH 7.7 medium (Fig. 2C). This
result indicates that acid stress can globally downregulate the acet-
ylation level.

The acetylation level affects survival and pH maintenance
under acid stress. From the results of RNA-seq analysis presented
above, we found that the acid signal may decrease the acetylation
level through the regulation of pat transcription and the NAD�/
NADH ratio of the cell. To explore whether a lower level of acet-
ylation is beneficial for bacteria to fight against acid stress, we
constructed S. Typhimurium mutants in which pat or cobB was
deleted and compared their abilities to withstand acid challenge
with the ability of the WT strain to withstand acid challenge at
both log phase and stationary phase. The overnight culture was
inoculated into fresh EG medium until the OD600 reached 0.4 (log

FIG 1 Transcriptome of Salmonella Typhimurium under acid stress. (A) Genes that were significantly differentially expressed under acid stress in Salmonella
Typhimurium were classified using KEGG. (B and C) Comparison of transcriptional levels of 25 selected genes by qPCR and RNA-seq. (B) Upregulated genes;
(C) downregulated genes.
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phase). After 1 h of incubation at pH 3.0, the survival rate of the
�pat mutant (2.30%) was significantly higher than that of the WT
(0.41%) or the �cobB mutant (0.31%) (Fig. 3A). It has been
shown that S. Typhimurium has an increased resistance to acid
stress in stationary phase compared with that in log phase (10).
Therefore, we collected the bacteria at stationary phase and ex-
tended the acid treatment to 2 h to maximize the survival differ-
ence between strains. We found that the survival rate of the �cobB
mutant (0.0034%) was significantly lower than that of the WT
(0.027%) or the �pat mutant (0.024%) (Fig. 3B). These results
suggest that lowering of the acetylation level of cellular proteins is
critical for bacterial survival under acidic conditions. To further
confirm the role of pat and cobB under acid stress, we comple-
mented their expression in the corresponding knockout strains.
Overexpression of pat with pQE80YX1-pat in the �pat strain de-
creased the survival rate from 2.29% to 0.074% at log phase (Fig.
3C) but not at stationary phase (Fig. 3D). The complementation
of cobB expression with pQE80YX1-cobB in the �cobB strain led to
cell aggregation for some unknown reasons, preventing us from
further pursuing study of its phenotype. Taken together, our cur-
rent results indicate that protein acetylation status, maintained by
the balance between the Pat acetyltransferase and the CobB
deacetylase, is critical for the resistance to acid stress in S. Typhi-
murium.

Intracellular pH is affected by protein acetylation level. Un-
der acid stress, bacteria have evolved systems of pH homeostasis to
stabilize their pHi values (3). To explore why the pat and cobB
mutants had different survival rates under acidic conditions, we
used a pH-sensitive GFP reporter plasmid to determine the

change in pHi after acid treatment. Basically, the fluorescence
emission of GFP corresponds to a certain pH (23). By equilibrat-
ing the pH of the bacteria to the external pH using sodium ben-
zoate, we first generated the standard curve correlating pHi with
fluorescence intensity in the �pat, �cobB, and WT strains. To
measure the pHi of these strains after acid treatment, the cultures
were centrifuged and resuspended in EG medium at pH 4.0. After
the cells were shifted to medium at pH 4.0, the pHi decreased
dramatically in all strains (Fig. 3E). This result was consistent with
the previous finding that an instantaneous H� influx leads to a
decrease in the pHi (24). However, the pHi values of all three
strains were significantly different. Based on the standard curves,
we calculated the pHi of log-phase bacteria (OD600 � 0.4) after 2
min of treatment in medium at pH 4.0. The calculation showed
that the pHi of the �pat mutant was 7.01 � 0.001 but that the pHi
values of the �cobB mutant and WT were 6.86 � 0.008 and 6.93 �
0.015, respectively. This finding indicates that after acid challenge
the �pat mutant has a more stable pHi than the �cobB and WT
strains and that the �cobB strain has the most drastic change of
pHi. In other words, the acetylation/deacetylation system is in-
volved in maintaining pH homeostasis in S. Typhimurium.

DISCUSSION

RNA-seq-based transcriptome analysis has been successfully ap-
plied in S. Typhimurium and other bacteria. For example, tran-
scriptomic analyses by RNA-seq of S. Typhimurium under 22 dis-
tinct infection-relevant environmental conditions have been
conducted (25). However, there have been no reports of transcrip-
tome analysis of S. Typhimurium in acidic minimal medium,

FIG 2 Changes in metabolism related to acetylation. (A) Intracellular NAD�/NADH ratios of WT S. Typhimurium maintained in EG medium at pH 3.0 or pH
7.7 at the indicated time points. The value for each time point represents the mean from three independent experiments. Significant differences in the
NAD�/NADH ratio between pH 3.0 and pH 7.7 were observed after 20 min or 40 min of treatment (P � 0.047 for both time points). (B) Transcriptional levels
of crp, pat, and cyaA. S. Typhimurium cultures were grown to an OD600 of 0.4. After incubation in medium at pH 3.0 or pH 7.7 for 15 min, RNA was extracted
and then analyzed by RT-qPCR. (C) Acetylation spectra in medium at pH 3.0 or pH 7.7. Bacteria were grown to an OD600 of 0.4 in EG medium at pH 7.7 and
switched to EG medium at pH 3.0 or pH 7.7 for another 30 min. Cell lysates were separated by SDS-PAGE and analyzed by antiacetyllysine Western blotting.
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which mimics the physiological environment that S. Typhimu-
rium usually encounters in vivo (10). In this study, we applied
RNA-seq to analyze the global transcriptional profiles in minimal
medium under acid stress. Genes involved in metabolism, some of
which can convert NADH to NAD�, were significantly affected.
As a result, the ratio of NAD� to NADH increased after acid chal-
lenge (Fig. 2A), and this increase may lead to the activation of
NAD�-dependent CobB. Simultaneously, the RNA-seq data
showed a decreased level of pat transcription and an enhanced
TCA cycle, leading to the consumption of Ac-CoA. Collectively,
the overall protein acetylation level was decreased under acid
stress (Fig. 2C). Our data clearly demonstrate that protein acety-
lation spectra are changed by an acidic stimulus.

Our results showed that the survival rate of the �pat mutant
after acid treatment was the highest among the strains tested,
while that of the �cobB mutant was the lowest at log phase (Fig.
3A). The survival rate of the �pat mutant was significantly
increased compared with that of the WT in log phase but not in
stationary phase. This may be due to the variation in the level of
pat mRNA in different phases. Our previous study showed that
pat is more actively transcribed in log phase than other phases
(9). Therefore, pat exerted its effects on bacterial survival rate

only in log phase and not in stationary phase. When we over-
expressed pat, the acid resistance phenotype of the �pat strain
was impaired (Fig. 3C). Interestingly, we observed the differ-
ence in survival rates between the �cobB mutant and the WT in
stationary phase but not in log phase. It was shown that the
ratio of NAD�/NADH increases in stationary phase (26),
which increases the activity of CobB. Therefore, the cobB dele-
tion mutant showed a decreased survival rate in stationary
phase compared with that of the WT strain. The data presented
above suggest that a lower acetylation level is beneficial for
bacteria to overcome acid stress. Protein acetylation/deacety-
lation is not a passive bacterial response to acid challenge. In-
stead, the bacteria actively downregulate their overall acetyla-
tion level to cope with the acid stress.

The ratios of NAD�/NADH and Ac-CoA/CoA are indicators
of cellular energy and carbon status, respectively. Meanwhile, the
activities of Pat and CobB can be regulated by the concentration of
Ac-CoA and NAD�, respectively. Under acid stress, bacteria have
to coordinate different metabolic pathways to allow themselves to
overcome difficult environmental conditions. Acid stimulation
may affect global protein acetylation through the regulation of
metabolic flux. In addition, it is known that acetylation can regu-

FIG 3 Survival and cytoplasmic pH of different strains in acidic medium. (A and B) Survival rates of the WT, the �pat mutant, or the �cobB mutant in EG
medium at pH 3.0 at log phase (A) and at stationary phase (B). (C and D) Survival rates of the �pat mutant carrying plasmid pQE80YX1-pat, which overexpresses
pat, or the vector control at log phase (C) or stationary phase (D). (E) The cytoplasmic pH in the WT, �pat mutant, or �cobB mutant determined by green
fluorescent protein fluorimetry. Cells were resuspended in medium at pH 4.0, and the GFP excitation spectra were recorded without addition of benzoate.
Fluorescence measurements were converted to pH units using a standard curve. The data for each time point represent the mean value and standard error from
three independent experiments.
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late many metabolic enzymes, including acetyl-CoA synthetase
(Acs) (7), glyceraldehyde-3-phosphate dehydrogenase (GapA),
isocitrate lyase (AceA), and isocitrate dehydrogenase kinase/phos-
phatase (AceK) (9). We speculate that acetylation uses Ac-CoA
and NAD�, two molecules that are directly involved in metabolic
pathways, as the substrates, providing unparalleled advantages in
sensing cellular pHi and thus allowing the bacteria to resist acid
stress.

We found that the pat and cobB deletion mutants have differ-
ent pHi values when encountering acid stress. The underlying
mechanism is still elusive. Several amino acid decarboxylases
could be induced and catalyze the decarboxylation reaction, in
which extra internal protons would be consumed (27). Although
we did not detect the transcriptional activation of lysine/arginine/
ornithine decarboxylase in our RNA-seq analysis, our previous
mass spectrometry data showed that the inducible lysine decar-
boxylase CadA was acetylated (9). We speculate that acetylation
could regulate the activity of decarboxylase to affect the efflux of
H� and result in the change of the pHi.

Weinert et al. showed that acetyl phosphate (AcP) is a critical
factor for lysine acetylation in E. coli (28). AcP is also an interme-
diate molecule of primary metabolism and involved in protein
phosphorylation (29, 30). Therefore, it is highly possible that the
AcP synthesis pathway could be involved in the acid stress re-
sponse through both protein acetylation and metabolic modula-
tion in S. Typhimurium.
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