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ABSTRACT Vibrio alginolyticus is one of the most abundant microorganisms in ma-
rine environments and is also an opportunistic pathogen mediating high-mortality
vibriosis in marine animals. Alternative sigma factors play essential roles in bacterial
pathogens in the adaptation to environmental changes during infection and the ad-
aptation to various niches, but little is known about them for V. alginolyticus. Our
previous investigation indicated that the transcript level of the gene rpoX signifi-
cantly decreased in an RpoE mutant. Here, we found that rpoX was highly expressed
in response to high temperature and low osmotic stress and was under the direct
control of the alternative sigma factor RpoE and its own product RpoX. Moreover,
transcriptome sequencing (RNA-seq) results showed that RpoE and RpoX had differ-
ent regulons, although they coregulated 105 genes at high temperature (42°C), in-
cluding genes associated with biofilm formation, motility, virulence, regulatory factors,
and the stress response. RNA-seq and chromatin immunoprecipitation sequencing
(ChIP-seq) analyses as well as electrophoretic mobility shift assays (EMSAs) revealed
the distinct binding motifs of RpoE and RpoX proteins. Furthermore, quantitative
real-time reverse transcription-PCR (qRT-PCR) analysis also confirmed that RpoX can
upregulate genes associated with flagella, biofilm formation, and hemolytic activities
at higher temperatures. rpoX abrogation does not appear to attenuate virulence to-
ward model fish at normal temperature. Collectively, data from this study demon-
strated the regulatory cascades of RpoE and an alternative sigma factor, RpoX, in re-
sponse to heat and osmotic stresses and their distinct and overlapping roles in
pathogenesis and stress responses in the marine bacterium V. alginolyticus.

IMPORTANCE The alternative sigma factor RpoE is essential for the virulence of
Vibrio alginolyticus toward marine fish, coral, and other animals in response to sea
surface temperature increases. In this study, we characterized another alternative
sigma factor, RpoX, which is induced at high temperatures and under low-osmotic-
stress conditions. The expression of rpoX is under the tight control of RpoE and
RpoX. Although RpoE and RpoX coregulate 105 genes, they are programming differ-
ent regulatory functions in stress responses and virulence in V. alginolyticus. These
findings illuminated the RpoE-RpoX-centered regulatory cascades and their distinct
and overlapping regulatory roles in V. alginolyticus, which facilitates unraveling of
the mechanisms by which the bacterium causes diseases in various sea animals in
response to temperature fluctuations as well as the development of appropriate
strategies to tackle infections by this bacterium.
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The Gram-negative bacterium Vibrio alginolyticus is a halophilic bacterium that is
mainly found in marine and estuarine environments, causing high-mortality out-

breaks of vibriosis in sea animals; this bacterium is also a notorious foodborne patho-
gen for humans (1, 2). Similar to other bacteria, the virulence of V. alginolyticus is strictly
regulated by environmental factors such as cell density and temperature (3). In our
previous study, we reported that the genes involved in the main virulence-associated
characteristics of V. alginolyticus, such as biofilm formation, motility, extracellular
proteases (Asp, Pep, and MviN), siderophore-dependent iron uptake systems, and type
III and VI secretion systems (T3SS and T6SS), are tightly regulated by quorum sensing
(QS) (4–10).

Alternative sigma (�) factors are global regulators that enable the expression of
genes associated with stress adaptation and virulence in response to diverse stimuli in
both the environment and the host in vibrios (11–13). Our previous investigation
demonstrated that the temperature-dependent binding of RpoE to distinct promoters
appears to underlie a �E-controlled switch between the expression of virulence genes
and adaptation to thermal stress (3). The RpoE protein is essential for the growth of V.
alginolyticus, V. cholerae, and V. parahaemolyticus at high temperatures (3, 14–16). RpoS
is another well-characterized alternative sigma factor, which controls virulence and
cellular responses to reactive oxygen species (ROS), starvation, DNA damage, extreme
temperatures, ethanol, and hyperosmolarity (17–19). In V. alginolyticus, RpoS is part of
the regulatory networks of virulence and the LuxS quorum-sensing system and re-
sponds to high-temperature stress (20). In addition, the alternative sigma factor RpoH
activates the transcription of genes involved in the heat shock response in various
bacterial species, including vibrios (21). The RpoE protein can directly bind to the
promoter of rpoH and activate its expression to respond and adapt to high-temperature
conditions in vibrios (3, 22). In V. alginolyticus, the gene rpoX, annotated to encode an
RpoS-like alternative sigma factor, was recently implicated as being involved in stress
adaptation (23). The detailed regulatory roles associated with rpoX as well as the
underlying mechanisms remain unclear.

Our recent transcriptomic analysis of V. alginolyticus identified that rpoX was signif-
icantly downregulated in the rpoE mutant (3). In this study, we characterized the roles
of the rpoX gene in adaptation to heat stress and the regulation of virulence gene
expression. The expression of rpoX was under the strict control of RpoE in response to
high temperature and low osmotic stress. In addition, the regulons of RpoE and RpoX
were defined with transcriptome sequencing (RNA-seq) and chromatin immunopre-
cipitation sequencing (ChIP-seq) analyses to illuminate their distinct and overlapping
regulatory roles in the stress response, biofilm formation, motility, hemolytic activity,
and virulence. These data enriched our understanding of the basis and regulatory
networks of vibrio adaptation to osmosis, heat, and other stresses.

RESULTS
RpoX is induced by high temperature and low osmotic stress. A BLASTP analysis

showed that the RpoX protein contains three conserved functional domains: sigma 70
region 1.2 (residues 27 to 59), sigma 70 region 2 (residues 65 to 125), and sigma 70
region 4 (residues 230 to 287) (see Fig. S1A in the supplemental material). In addition,
an analysis of the conserved functional domains of the RpoE, RpoH, RpoS, and RpoD
proteins from V. alginolyticus indicated that even though the RpoX protein was initially
annotated as an RpoS-like sigma factor (23), this protein lacked the featured sigma
region 3 of the RpoS protein. In addition, the three conserved domains of RpoX were
highly similar (with 27% identity and 45% similarity) to the RpoH sigma factor, which
could be directly modulated by the RpoE protein and was responsive to high-
temperature stress (Fig. S1A). The BLASTP analysis also indicated that the V. alginolyti-
cus RpoX protein shared 99%, 83%, and 78% identities with the homologous proteins
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Vp1393 from V. parahaemolyticus, A1Q_0985 from V. harveyi, and ATB83_RS10190 from
V. splendidus, respectively (Fig. S1B). These analyses indicated that RpoX is highly
conserved in these bacteria and might be an important part of the RpoE regulon.

Our previous study indicated that the RpoE protein contributed to different stress
responses in V. alginolyticus, such as the responses to high-temperature stress, osmotic
stress, and H2O2 (3), and the rpoS mutant strain of V. alginolyticus was also defective in
resistance to environmental stresses (20). Although RpoX has been suggested to be
involved in stress adaptations, its exact biological roles remain undetermined (23).
Therefore, we first examined the expression of RpoX under various stress conditions
with a V. alginolyticus strain carrying an rpoX promoter reporter. RpoX protein could be
expressed at a high temperature (42°C) and under low-osmotic-stress conditions (0.5%
NaCl) (Fig. 1A). The growth of the wild-type (WT), ΔrpoE, and ΔrpoX strains was
monitored at 30°C (Fig. 1B) and 42°C (Fig. 1C) in Luria-Bertani (LB) broth containing 3%

FIG 1 Stress-responsive rpoX expression in V. alginolyticus. (A) Western blot assay of RpoX levels in V. alginolyticus strains
grown under various temperature or osmotic conditions. A Flag-tag-specific antibody was used to probe WT cells
expressing RpoX-Flag driven by the native rpoX promoter. RpoB was used as a loading control. (B to D) Growth curves of
WT, ΔrpoX, and ΔrpoE strains in LB medium containing 3% NaCl at 30°C, the normal growth conditions for this halophile
(B); 3% NaCl at 42°C (C); and 0.5% NaCl at 30°C (D). Samples were taken and plate counted after serial dilutions with fresh
LBS medium. (E and F) qRT-PCR analysis of the transcript levels of rpoX, rpoE, and rpoH in WT (E) and ΔrpoX (F) cells cultured
under different stress conditions relative to WT and ΔrpoX cells grown in LBS medium at 30°C, respectively. Total RNA was
isolated from the strains after 9 h of growth. The results are presented as the means � standard deviations (SD) (n � 3).
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NaCl and at 30°C in LB broth containing 0.5% NaCl (Fig. 1D), respectively. The severely
impaired growth of V. alginolyticus at 42°C in LB broth containing 0.5% NaCl excluded
further experiments under these conditions. The ΔrpoE strain had a marked growth
reduction under its optimal growth conditions (30°C with 3% NaCl) (Fig. 1B) and had a
longer lag phase and reached a drastically lower stationary-phase growth rate than the
WT strain at 42°C and in 0.5% NaCl (Fig. 1B to D). However, the ΔrpoX strain did not
exhibit a significant difference in growth compared to the WT strain under these
conditions (Fig. 1B to D). These investigations indicated that the RpoX protein can be
induced at 42°C and in 0.5% NaCl but might not be required for the survival of V.
alginolyticus under these conditions.

The RpoE sigma factor can directly regulate the expression of RpoH (3), which shares
the same functional domains as the RpoX protein and responds to different types of
stress. Therefore, we suspect that the ΔrpoX strain did not exhibit decreased survival at
42°C and in 0.5% NaCl due to induction of the expression of rpoH in the ΔrpoX strain,
which might rescue bacterial growth under these stress conditions. After the failure of
the trials to generate an rpoH deletion or null mutant to test this hypothesis, we
resorted to detection of the expression of rpoE, rpoX, and rpoH in the WT and ΔrpoX
strains at 42°C and in 0.5% NaCl. Indeed, the expression of rpoE, rpoX, and rpoH
markedly increased in the WT strain cultured in 0.5% NaCl and at 42°C (Fig. 1E). In the
rpoX mutant strain, the transcription level of rpoH in 0.5% NaCl and at 42°C was �2-fold
higher than that under culture conditions of 3% NaCl at 30°C, while the transcription
of rpoE exhibited no significant difference between both culture conditions (Fig. 1F),
which indicated that the increased expression of rpoH might compensate for the
abrogation of RpoX protein to regulate the responses to these stress factors in the
ΔrpoX strain. Moreover, these data also suggested that rpoX might be involved in
the transcription of rpoE. Taken together, these findings suggested that RpoX is
induced by and might be involved in the stress response to 42°C (high temperature)
and 0.5% NaCl (low-osmotic-stress conditions).

RpoE and RpoX directly bind to the rpoX promoter and activate its transcrip-
tion. Based on sequence analysis, the rpoX promoter region contains the conserved
�35 motif “GCACTTT,” the �10 motif “TGCTCA” for an RpoE-binding site (Fig. 2A), and
the predicted transcriptional start site �1A. However, a 5= rapid amplification of cDNA
ends (RACE) study found another transcriptional start site, �1G (Fig. 2A), which is
located 104 bp downstream of the predicted RpoE-binding site, so we suggested that
another promoter sequence might exist in the rpoX promoter. In addition, sequence
analysis showed another putative sigma factor-binding sequence (TGTCTACA/ATA
TAAA [�35/�10 motifs]), which was located directly upstream of the transcriptional
start site �1G, and we speculate that this site might be the specific binding site of the
RpoX protein (Fig. 2A). Overall, the sequence analysis showed that the rpoX promoter
contains two conserved binding sites. An electrophoretic mobility shift assay (EMSA)
was then used to determine whether the RpoE and RpoX proteins could directly bind
to the rpoX promoter. As expected, the RpoE protein bound directly to the rpoX
promoter region in a concentration-dependent manner in the presence of high con-
centrations (10-fold) of a nonspecific poly(dI-dC) competitor, and the RpoE protein
could not bind to a negative-control DNA (Fig. 2B). In addition, the EMSA results also
showed that the RpoX protein bound directly to its own promoter (Fig. 2C).

Given the direct interaction of the RpoE and RpoX proteins with the promoter of
rpoX, we next determined whether the RpoE and RpoX proteins could regulate the
expression of rpoX in vivo. We transformed the pBAD33::PrpoX-Flag plasmid into WT,
ΔrpoE, and ΔrpoX strains, and Western blotting confirmed that the expression of RpoX
markedly decreased in the ΔrpoX mutant but was abolished in the ΔrpoE strain at 42°C
(Fig. 2D). Taken together, these results show that the expression of rpoX was directly
regulated by the sigma factors RpoE and RpoX.

Global analyses of the regulons of RpoE and RpoX in V. alginolyticus. Because
RpoE and RpoX were found to be important in the response to high temperatures, we
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FIG 2 RpoE and RpoX directly bind to the rpoX promoter. (A) Diagram showing the promoter region of
the rpoX gene. The RpoE- and RpoX-binding sites and the ribosome-binding site (RBS) are underlined.
The regions protected by RpoE/RpoX are shadow boxed. The transcription start sites are labeled as �1
and marked in red. The red letters “TGA” and “ATG” are the stop codon of N646_4611 and the start codon
of rpoX, respectively. (B and C) EMSA of RpoE and RpoX specifically binding to the rpoX promoter. Various
concentrations of the RpoE and RpoX proteins were added to mixtures of poly(dI-dC) and Cy5-labeled
rpoX promoter DNA (a 282-bp fragment of the promoter adjoining the start codon “ATG,” as indicated
with the pair of arrows above the sequence). The same reactions were also carried out for a 300-bp
fragment of the gyrB promoter region (negative control), which cannot be bound by RpoX and RpoE. (D)
Western blotting of RpoX levels in WT, ΔrpoE, and ΔrpoX cells harboring pBAD33::PrpoX-Flag and grown
at normal (30°C) or high (42°C) temperatures. RpoB was used as a loading control for the blots.
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identified genes that are regulated by RpoE and RpoX at high temperatures by
comparing the transcriptomes of the WT, ΔrpoX, and ΔrpoE strains at 42°C. The results
showed that many genes were regulated by the RpoE and RpoX proteins at high
temperatures (the 50 most upregulated and most downregulated genes are listed in
Table 1). Comparison of the RNA-seq data for the WT and ΔrpoE strains at 42°C showed
that 393 (8.4%) and 440 (9.4%) of the annotated genes were up- and downregulated
(log2 fold change [log2FC] � 2 or log2FC � �2; P � 0.001), respectively, in the ΔrpoE
strain (Fig. 3A). In addition, comparison of the RNA-seq data for the WT and ΔrpoX
strains at 42°C showed that 240 (5.1%) and 408 (8.7%) genes were up- and downregu-
lated (log2FC � 2 or log2FC � �2; P � 0.001), respectively, in the ΔrpoX strain (Fig. 3B).
To identify the coregulon of RpoE and RpoX, we compared the RNA-seq data and
identified 105 overlapping genes between the regulons of RpoE and RpoX (Fig. 3C),
including genes associated with biofilm formation, motility, and stress adaptation.
These data suggested that both the RpoE and RpoX proteins are global regulators in V.
alginolyticus in response to high-temperature stress.

The data presented in Fig. 3D and E describe the expression patterns of genes that
are potentially associated with virulence (including genes associated with biofilm
formation, motility, and virulence), regulatory factors, and stress responses. Our previ-
ous study showed that the RpoE protein can regulate motility and virulence (3), and the
RNA-seq data confirmed that rpoX transcription could be positively regulated (fold
change of �2.4) by RpoE. In addition, the RpoX protein controls the expression of
various genes involved in biofilm formation and motility, virulence-associated genes,
and regulatory factors. Finally, we also found that the RpoX protein is involved in the
stress response (n � 15) via the regulation of heat shock and cold shock proteins, outer
membrane proteins, and proteins associated with multidrug resistance. Taken together,
our results demonstrated that RpoE and RpoX are important regulatory factors at high
temperatures and are responsible for the regulation of virulence-associated genes.

RpoE- and RpoX-binding motifs. The binding motifs of RpoE and RpoX were
generated by the MEME-suite tool (http://meme-suite.org) in search of the regulated
genes’ promoter regions in the identified regulon of RpoE and RpoX. As shown in Fig.
4A, the �10 box and �35 box were identified, and the conserved binding site of RpoE
was found to be similar to the established RpoE-binding site identified by ChIP-seq in
other bacteria (24); the results of our previous study also showed a similar binding site
for RpoE in the promoter of luxR (TGACCTT for the �35 region and TCATCA for the �10
region) (3). In addition, based on the RNA-seq data for RpoX at high temperatures, the
conserved �35 box and �10 box of the RpoX-binding motif were also revealed (Fig.
4B), and the �35 box and �10 box sequences were similar to the predicted binding
sites in the promoter of rpoX (TGTCTACA/ATATAAA) (Fig. 2A). The binding motifs show
marked differences between the binding sites of the RpoE and RpoX sigma factors.

Identification of RpoX-binding regions by ChIP-seq. We further used ChIP-seq
experiments to investigate the possible RpoX-binding loci on the chromosome of V.
alginolyticus cultured at a high temperature (42°C) and under low-osmotic-stress con-
ditions (0.5% NaCl). We identified 9 enriched loci (fold change of �2.0; P � 0.01)
harboring RpoX-binding peaks at a high temperature (42°C) but only 2 enriched loci
exhibiting peaks under low-osmotic-stress conditions (0.5% NaCl), and these 2 peaks
were also included in the high-temperature peaks (Table 1). Only 4 of these 9 peaks
were located in intergenic regions. We thus chose the 4 related regions for EMSAs.
Among these enriched loci, the rpoX promoter was first identified as a binding
substrate of RpoX with a fold enrichment of 10.9, and EMSAs also confirmed that the
RpoX protein could directly bind to its own promoter (Fig. 2C). In addition, the
additional 3 peaks upstream of N646_4603 (7.6-fold), N646_4601 (6.1-fold), and
N646_1623 (4.8-fold) were found to be located in distinct promoter regions (Fig. 5A to
C). As expected, EMSAs validated that the RpoX protein bound directly to these
promoters in the presence of high concentrations (10-fold) of a nonspecific poly(dI-dC)
competitor (Fig. 2C and Fig. 5A to C). The gyrB promoter region was used as the
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TABLE 1 Genes coregulated by RpoE and RpoX at 42°C

Gene
identificationa Annotationb

Fold change
(�rpoE/WT)

Fold change
(�rpoX/WT)

Promoter region bound
by RpoX determined
by ChIP-seqc

Virulence-
associated
gened

N646_4603 Hypothetical protein �175.96 �1,081.83 Y
N646_4599 Hypothetical protein �14.42 �263.51
N646_4604 Hemolysin D �21.50 �119.59 Y Y
N646_0533 Anti-anti-sigma regulatory factor �134.98 �108.89 Y
N646_3842 Hypothetical protein �2.42 �104.79
N646_4684 Hypothetical protein �4.74 �79.41
N646_4605 Hypothetical protein �9.17 �55.37
N646_3940 Hypothetical protein �5.11 �47.04
N646_0523 Putative membrane protein of ExoQ family, involved

in exopolysaccharide production
�2.49 �42.23 Y

N646_4610 Hypothetical protein, RpoX �4.44 �39.73 Y Y
N646_1050 Hypothetical protein �3.20 �31.18
N646_4601 Hypothetical protein �44.33 �29.20 Y
N646_3768 Hypothetical protein �6.06 �21.91
N646_0526 Putative galactosyltransferase �5.28 �19.04
N646_4606 ABC transporter outer membrane component �2.55 �17.99
N646_1186 Sodium-type flagellar protein MotY �2.35 �16.89 Y
N646_4602 Hypothetical protein �29.71 �16.78
N646_0512 FMN-dependent NADH-azoreductase �2.68 �16.44
N646_4598 Hypothetical protein �6.38 �14.22
N646_4600 Hypothetical protein �31.74 �11.95 Y
N646_0722 Hypothetical protein �2.15 �11.33
N646_2916 Hypothetical protein �20.26 �10.69
N646_2929 Polar flagellar FlgF �2.52 �10.37 Y
N646_1399 Hypothetical protein �1.41 �10.16
N646_4608 Hypothetical protein �3.93 �10.07
N646_1161 Hypothetical protein �3.12 �9.17
N646_1591 Hypothetical protein �2.23 �8.63
N646_0708 Putative acetyltransferase �5.03 �8.55
N646_4609 Hypothetical protein �4.83 �8.51 Y
N646_3939 Hypothetical protein �3.08 �7.66
N646_0532 Hypothetical protein �32.48 �7.18
N646_0389 Hypothetical protein �4.52 �6.73
N646_0390 Hypothetical protein �4.98 �6.44
N646_0562 Hypothetical protein �4.71 �6.43
N646_0384 Putative dioxygenase �2.40 �6.38
N646_3470 GTP cyclohydrolase II �2.57 �6.38
N646_0714 Transcriptional regulator, GntR family protein �2.75 �6.24
N646_4629 Cytochrome c oxidase, subunit II �2.03 �5.99
N646_1446 50S ribosomal protein L31 �0.46 �5.88
N646_0176 Hypothetical protein �2.28 �5.39
N646_0385 2-Keto-4-pentenoate hydratase/2-oxohepta-3-

ene-1,7-dioic acid hydratase
�2.42 �4.98

N646_3844 Pirin-related protein �2.69 �4.98
N646_0013 Hypothetical protein �111.19 �4.81
N646_4302 Hypothetical protein �3.03 �4.81
N646_0530 Putative capsular polysaccharide biosynthesis �4.10 �4.59 Y
N646_2548 Glycerol dehydrogenase �4.40 �4.31
N646_1338 Flagellar biosynthesis protein FlhF �5.32 �3.76 Y
N646_1844 Putative fimbrial assembly protein PilM �2.05 �3.74 Y
N646_0713 Carboxyphosphonoenolpyruvate phosphonomutase �2.70 �3.71
N646_0456 Hypothetical protein �2.36 �3.61
N646_4031 Hypothetical protein �7.04 �3.52
N646_4030 Putative phenylacetate-CoA ligase �8.34 �3.41
N646_2724 DNA-binding response regulator PhoB �2.33 �3.26 Y
N646_4032 Oxidoreductase �6.58 �3.26
N646_2270 Hypothetical protein �3.55 �3.16
N646_3227 CsuA �22.07 �3.06 Y
N646_4508 Enoyl-CoA hydratase �2.04 �2.99
N646_0645 Amino acid ABC transporter, periplasmic amino-acid-

binding protein
�2.64 �2.89

N646_4675 Hypothetical protein �2.06 �2.71
N646_2932 Flagellar P-ring protein FlgI �3.54 �2.67 Y
N646_0301 Hypothetical protein �5.28 �2.67

(Continued on next page)
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negative control, and no peak was found in the promoter region of gyrB during ChIP
analysis (Fig. 5D). Overall, four genes containing rpoX-binding sites were identified by
EMSAs and ChIP-seq analysis. Among these four ChIP-identified promoter regions, rpoX,
N646_4604 (N646_4603 and N646_4604 are in the same operon), and N646_4601 were
positively regulated and N646_1623 was negatively regulated by RpoX, as revealed by

TABLE 1 (Continued)

Gene
identificationa Annotationb

Fold change
(�rpoE/WT)

Fold change
(�rpoX/WT)

Promoter region bound
by RpoX determined
by ChIP-seqc

Virulence-
associated
gened

N646_4059 Hypothetical protein �2.10 �2.66
N646_2799 Small protein A �2.16 �2.60
N646_2936 Flagellin �2.28 �2.57 Y
N646_3225 CsuC �15.77 �2.49 Y
N646_4417 Hypothetical protein �10.82 �2.40
N646_3072 Hypothetical protein �2.52 �2.36
N646_4028 Hypothetical protein �14.67 �2.36
N646_0455 Hypothetical protein �2.10 �2.27
N646_0799 Hypothetical protein �3.72 �2.27
N646_0531 Periplasmic protein involved in polysaccharide

export
�16.16 �2.27 Y

N646_0807 Hypothetical protein �2.45 �2.24
N646_3224 CsuD �5.06 �2.22 Y
N646_4029 Putative high-affinity branched-chain-amino-acid

transport ATP-binding protein
�11.73 �2.21

N646_0145 Tryptophanyl-tRNA synthetase �2.99 �2.19
N646_3223 CsuE �2.97 �2.17 Y
N646_0685 Hypothetical protein �3.58 �2.04
N646_4419 Hypothetical protein �2.18 �2.03
N646_0561 Formate dehydrogenase accessory protein �3.67 �2.00
N646_0626 Hypothetical protein 5.81 2.05
N646_2558 Hypothetical protein 2.20 2.05
N646_0313 Imidazolonepropionase 2.47 2.07
N646_2232 Hypothetical protein 3.12 2.10
N646_3280 Pyruvate formate-lyase 2.88 2.10
N646_1747 Aspartate carbamoyltransferase regulatory subunit 2.64 2.15
N646_3214 Hypothetical protein 3.47 2.15
N646_0304 Outer membrane protein 2.02 2.19
N646_0641 Hypothetical protein 3.82 2.28
N646_3434 Putative ribosomal protein N-acetyltransferase 2.58 2.39
N646_2428 UTP-glucose-1-phosphate uridylyltransferase 2.36 2.47
N646_4424 Hypothetical protein 2.15 2.47
N646_4184 Hypothetical protein 2.06 2.56
N646_3925 Putative acriflavine resistance protein 2.99 2.62
N646_3664 Thermolabile hemolysin 2.75 2.65 Y
N646_4456 Putative KHG/KDPG aldolase 2.44 2.81
N646_3202 Putative ABC transporter membrane-spanning

permease
2.03 2.96

N646_3782 Hypothetical protein 3.47 4.15
N646_3806 Alcohol dehydrogenase, zinc-binding domain

protein
3.66 4.21

N646_3556 Putative hydrolase 3.26 5.04
N646_2057 Hypothetical protein 2.95 5.26
N646_4487 Arginine ABC transporter, periplasmic

arginine-binding protein
11.25 5.30

N646_3755 Putative muconate cycloisomerase I 2.24 6.51
N646_3685 Hypothetical protein 5.67 7.51
N646_3856 Hypothetical protein 3.03 7.62
N646_3885 Glyceraldehyde-3-phosphate dehydrogenase 2.77 7.82
N646_4611 Hypothetical protein 1.02 �1.27 Y
N646_1623 50S ribosomal protein L19 1.09 2.37 Y
N646_1624 tRNA (guanine-N1)-methyltransferase 1.03 2.67 Y
aAll the genes with differential expression with a P value of �0.001.
bFMN, flavin mononucleotide.
cY indicates that the promoter region of the gene was also bound by RpoX, as identified by ChIP-seq analysis.
dY indicates that the gene was annotated as a virulence-associated genes.
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RNA-seq analysis. Interestingly, the gene N646_4604 encodes RTX-type hemolysin D
(HlyD), and HlyD has been reported to be a hemolysin in other bacteria (25), further
suggesting a role for RpoX in the pathogenesis of V. alginolyticus.

RpoX modulates biofilm formation, motility, and hemolytic activities in V.
alginolyticus. In our RNA-seq analysis, we found that several flagellum-related genes
were regulated by the RpoE and RpoX proteins. We thus further investigated the roles
of rpoX in the motility of this bacterium. The swimming ability was significantly reduced
in the ΔrpoX strain compared with the WT strain, and rpoX complementation restored
the swimming ability at high temperatures (Fig. 6A); however, there was no significant
difference in swarming abilities between the WT and ΔrpoX strains (Fig. 6A).

Furthermore, biofilm formation was significantly decreased in the ΔrpoX strain com-
pared with the WT strain, and biofilm formation was restored when the rpoX gene was

FIG 3 Comparative analyses of the transcriptional responses of V. alginolyticus to rpoE and rpoX abrogation at 42°C.
(A and B) Pie charts representing genes differentially transcribed in ΔrpoE (A) and ΔrpoX (B) cells compared to WT
cells grown in LBS medium at 42°C. (C) Venn diagrams showing overlapping genes with significantly increased or
decreased transcript abundances (FC � 2 or FC � �2; adjusted P value [Padj] of �1 	 10�2) in response to different
culture conditions. (D and E) MA plots depicting changes in gene expression between ΔrpoE and WT strains (D) and
between ΔrpoX and WT strains (E) in LBS medium at 42°C. The log2 value of the ratios of the abundances of each
transcript between the two conditions (M) (y axis) is plotted against the average log2 value of the abundance of
that transcript under both conditions (A) (x axis).
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complemented (Fig. 6B). As shown in Fig. 2A, N646_4611 encodes a GGDEF family protein
and is located upstream of the rpoX gene; GGDEF family proteins have been identified as
regulators of biofilm formation and motility (24). Therefore, we constructed a ΔN646_4611
mutant strain and an N646_4611-overexpressing strain driven by the pBAD promoter in the
ΔN646_4611 mutant strain (N646_4611OE/ΔN646_4611) with the induction of L-arabinose,
which showed no apparent influence on V. alginolyticus biofilm formation. Biofilm forma-
tion was significantly reduced in the ΔN646_4611 mutant strain and enhanced in the
N646_4611OE/ΔN646_4611 strain (Fig. 6B). To determine whether RpoX regulates bio-
film formation via N646_4611, we overexpressed the N646_4611 protein in the ΔrpoX
strain, N646_4611OE/ΔrpoX, and the level of biofilm formation by the strain was
significantly lower than that by the N646_4611OE/ΔN646_4611 strain but higher than
that by the N646_4611OE/ΔrpoX strain (Fig. 6B), which suggested that RpoX might not
regulate biofilm formation via the N646_4611 protein. RNA-seq data showed that
N646_4604, encoding RTX-type hemolysin D, was downregulated in the ΔrpoX strain.
ΔrpoX cells showed weaker hemolytic activity than WT cells, and complementation of
rpoX restored the activity to the WT level at 30°C and 42°C. The ΔrpoE mutant strain
showed drastically reduced hemolytic activity similar to that of the ΔhlyD strain
(Fig. 6C).

Quantitative real-time reverse transcription-PCR (qRT-PCR) was then further used to
verify the roles of rpoX in the above-mentioned genes’ expression. The results showed
that flagellum-related genes (flgD, flgC, and flgB) were downregulated in the ΔrpoX
strain compared with the WT strain, and the expression of these genes was restored to
WT levels in the rpoX-complemented strain (Fig. 6D). Moreover, the expression of the
exopolysaccharide biosynthesis- and biofilm formation-associated gene exoQ and the
hemolysin-related gene hlyD was significantly downregulated in the ΔrpoX strain
compared to the WT strain, and complementation restored the expression of these

FIG 4 Conserved binding site of RpoE and RpoX generated by RNA-seq data. The most significant RpoE-binding motif (A) or RpoX-binding motif
(B) was derived from an RNA-seq binding sequence generated by the MEME-suite tool. The height of each letter represents the relative frequency
of each base at different positions in the consensus sequence.
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genes (Fig. 6D). Taken together, these results demonstrated that the RpoX protein
could modulate the expression of flagellum-, biofilm-, and hemolysis-related genes in
V. alginolyticus.

Zebrafish were used as a model system to test the impact of RpoE and RpoX on the
virulence of V. alginolyticus. The 50% lethal dose (LD50) values for the WT and ΔrpoE
strains were 2.5 	 105 and 6.6 	 106 CFU/fish at 30°C, respectively, demonstrating an
essential role of rpoE in V. alginolyticus virulence. However, the ΔrpoX strain exhibited
an LD50 value of 1.8 	 105 CFU/fish (Fig. 6E), indicating that the deletion of rpoX did not
significantly impair virulence toward fish. Collectively, these data illuminated the
RpoE-RpoX-centered regulatory cascades and their distinct and overlapping regulatory
functions in pathogenesis and in stress responses in V. alginolyticus.

DISCUSSION

Sigma factors can interact with the RNA polymerase (RNAP) core enzyme to gen-
erate an RNAP holoenzyme and initiate the transcription of a specific set of genes
responsible for the stress response and virulence (26). Here, we identified the rpoX
gene, included as part of the regulon of RpoE, and genetic analysis showed that RpoX
lacked the region 3 domain that is present in the RpoS protein. We speculate that the
RpoX protein might be a paralog of RpoH because they share the same functional
domains (see Fig. S1A in the supplemental material) and 45% overall similarity, and
both proteins are alternative sigma factors under subhierarchical control by RpoE and
are involved in high-temperature and low-osmotic-stress responses (Fig. 1 and 2) (3).
Moreover, the high expression level of RpoH seems to be able to rescue the growth
defects of the ΔrpoX strain under high-temperature and low-osmotic-stress conditions
(Fig. 1F). Further experiments with the rpoH null mutant to compare the regulons of
RpoH and RpoX as well as their recognized promoters will validate their homology and
functional redundancy in response to stresses.

The dozens of established alternative sigma factors, i.e., rpoH, rpoN, rpoE, and rpoS,
etc., are all subject to tight regulation under various specific physiological conditions
(12). Interestingly, our data indicated that the expression of rpoX was induced under
both low-osmotic-stress conditions and high temperatures (Fig. 1). Although how these

FIG 5 ChIP-seq analysis of genes directly bound and regulated by RpoX. (A to C) N646_4603 (A),
N646_4601 (B), and N646_1623 (C) were used for peak comparison of ChIP-seq (left) and EMSA (right)
results. The fold enrichment of each of the typical promoters bound by RpoX is shown. (D) A 300-bp
fragment of the gyrB promoter region is shown as the negative control, which cannot be bound by RpoX.
B, bound DNA; F, free DNA. The numbers above each of the peaks indicate the enrichment fold change
relative to the control.

RpoX Regulates Stress Adaptation and Pathogenesis Applied and Environmental Microbiology

July 2019 Volume 85 Issue 14 e00234-19 aem.asm.org 11

https://aem.asm.org


conditions exert influences on rpoX expression warrants further investigation, these
observations suggested that this alternative sigma factor may be induced in vivo in
marine animals or at extremely high sea surface temperatures, orchestrate gene
expression in response to these stresses, and thus facilitate Vibrio adaptation under
both in vivo and in vitro conditions of the hosts. Indeed, our further transcriptomic
and phenotypic investigations indicated that RpoX was involved in the expression
of various genes (Table 1 and Fig. 6). We thus unraveled a novel RpoX-involved

FIG 6 RpoX positively regulates motility, biofilm formation, and hemolytic activities. (A) Motility assays of WT, ΔrpoX, and rpoX� strains. Diluted
cultures were spotted onto swimming and swarming plates (containing 0.3% and 1.5% agar, respectively) and incubated for 48 h or 12 h at 42°C.
Three independent cultures were used for each strain, and a representative result is displayed. (B) Assays of biofilm formation by different strains.
For WT, ΔN646_4611, ΔrpoX, and rpoX� strains, biofilm formation in glass tubes containing LBS medium after 48 h of culturing was assayed.
N646_4611OE/ΔN646_4611 and N646_4611OE/ΔrpoX strains were cultured in LBS medium with 0.04% L-arabinose for 48 h. The results are
presented as the means � SD (n � 3). **, P � 0.01; ***, P � 0.001; NS, not significant (by t test). (C) Hemolytic activities of WT, ΔrpoX, ΔrpoE, rpoX�,
and ΔluxR strains grown on sheep blood agar plates at 30°C (top) and at 42°C (bottom). (D) qRT-PCR analysis of the transcripts of the selected
genes. Total RNA was isolated from the ΔrpoX and rpoX� strains after 12 h of growth in liquid culture. The results are presented as the means
� SD (n � 3). (E) Median lethal dose (LD50) of WT, ΔrpoX, and ΔrpoE strains in zebrafish. Series of dilutions of WT, �rpoX, and �rpoE strains were
intramuscularly inoculated into fish that were acclimated at 30°C for 4 weeks. A total of 30 fish were used for each of the dilutions. The infected
fish were cultivated at 30°C and monitored for 7 days. The results are presented as the means � SD (n � 3). *, P � 0.05 (by t test).
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signal transduction pathway in vibrios to respond to low-osmotic-stress and high-
temperature stimuli.

As an alternative sigma factor, RpoE is released via regulated intramembrane
proteolysis of the anti-sigma factor RseA triggered by membrane stresses (13) and has
been found to be essential for stress adaptation and virulence in response to environ-
mental stimuli in various bacterial pathogens, such as V. parahaemolyticus, V. harveyi, V.
cholerae, and Salmonella (15, 16, 27–29). The RpoE protein can directly regulate the
expression of the RpoH protein and is responsible for the high-temperature stress
response of V. alginolyticus (3). In this study, we found that the RpoE protein can also
bind directly to the promoter and control the expression of the RpoX protein (Fig. 2).
RNA-seq was used to identify the regulons of the RpoX and RpoE proteins at a high
temperature (42°C). The results showed that the regulon of RpoE contains more genes
than that of RpoX (Fig. 3A and B), which, in addition to the result that the RpoE protein
can directly bind to the promoter of rpoX and trigger the expression of rpoX (Fig. 2B to
D), further confirmed that RpoX is at the subhierarchical level in the RpoE regulatory
cascade; i.e., RpoE may act upstream of the regulatory cascade of RpoX. ChIP-seq and
EMSA results also showed that the rpoX gene can be directly regulated by RpoX
(Fig. 2C).

Sigma factors have been reported to be essential regulators of virulence, and we
found that many virulence-associated genes, i.e., the genes encoding hemolysin
(N646_4604 and N646_3664), exopolysaccharides (N646_0523 and N646_0530), flagella
(N646_1186, N646_2929, N646_1338, N646_1844, N646_2932, and N646_2936), and
type I pili (N646_3227, N646_3225, N646_3224, and N646_3223) (Fig. 7), were regulated
by RpoX or RpoE at high temperatures (Table 1). Accordingly, our study has shown that
RpoX was involved in the pathogenesis-related regulation of motility, biofilm forma-
tion, and hemolytic activity (Fig. 6). Although the ΔrpoX mutant strain did not show
apparent attenuation of lethality to zebrafish (Fig. 6E), it may be related to the
pathogenesis process and virulence factor production in an undiscerned manner in
response to stresses such as reactive oxygen species (ROS), osmotic changes, and
temperatures (23). In V. alginolyticus, swimming ability was increased in the ΔrpoE strain
at high temperatures (3), while this ability was significantly decreased in the ΔrpoX
strain, suggesting that the regulation of motility by RpoX is independent of RpoE. Taken
together, these analyses indicate that RpoX might modulate stress adaptation in an
RpoE-dependent manner but regulate motility in an RpoE-independent manner. RNA-
seq analyses also support the idea that RpoX might be involved in some RpoE-
independent processes and signaling in V. alginolyticus (Table 1).

We thus present a putative scenario where RpoE and RpoX are involved in the heat
stress response in V. alginolyticus (Fig. 7). The release of RpoE protein tethered to the
inner membrane into the cytoplasm could be a response to high temperatures,
triggering the degradation of the anti-sigma factor RseA (3, 16, 27, 28). The RpoE
protein can directly bind to the promoter of rpoX and control the expression of this
gene. The RpoE sigma factor can directly regulate rpoH and rpoX to mediate the
high-temperature response. However, our RNA-seq analysis indicated that, in addition
to the high-temperature response, the RpoX protein may be able to regulate many
other pathways, such as those associated with virulence processes, ABC transport,
flagellar assembly, F-type ATPases, carbon metabolism, type I/II secretion systems, and
two-component systems (Fig. 7 and Table 1). In addition, RpoX regulates its own
expression, a feature exhibited by many other alternative sigma factors (21, 30). The
question remains regarding how RpoE responds to heat or other stresses to orchestrate
the expression of rpoX, rpoH, and the gene encoding itself, rpoE, as well as other
alternative sigma factors.

In summary, this investigation presented an RpoE-RpoX-centered heat stress re-
sponse regulatory cascade. These data facilitate an improved understanding of the
regulatory networks of various alternative sigma factors contributing to their distinct
and overlapping regulatory functions in stress responses and virulence in the pathogen
V. alginolyticus.
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MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The strains and plasmids used in this study are

listed in Table 2. The V. alginolyticus strains were grown in Luria-Bertani (LB) broth containing 3% sodium
chloride (LBS broth) at 30°C as the normal growth conditions. Escherichia coli DH5� (�pir), E. coli SM10
(�pir), and E. coli BL21(DE3) were grown in LB broth at 37°C. When appropriate, the medium was
supplemented with carbenicillin (100 �g ml�1), chloramphenicol (25 �g ml�1), kanamycin (50 �g ml�1),
or L-arabinose (0.2 mg ml�1).

Deletion mutant and complemented strain construction. In-frame deletion mutants were gen-
erated as described in a previous study (10). The fragment was cloned into the XbaI sites of the suicide
vector pDM4 (31), and the resulting plasmid was transformed into E. coli DH5� �pir. After sequencing,
pDM4 derivatives were transformed into E. coli SM10 �pir. This plasmid was introduced into V. algino-
lyticus by conjugation. The double-crossover recombinant was selected on LBS agar containing 15%
sucrose. The mutation was confirmed by PCR and sequencing. A fragment containing the intact rpoX
gene (a 282-bp fragment of the promoter adjoining the start codon “ATG” and the open reading frame
[ORF]) and the Flag sequence was cloned into the plasmid pBAD33 to construct a complementation
strain (3).

Immunoblot analysis. For the immunoblot assay, supernatants and bacterial cell pellets were
harvested at the same optical density measured at 600 nm (OD600). Next, 15 �l of each sample was
loaded onto a 12% denaturing polyacrylamide gel, and proteins were resolved by electrophoresis and
transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). The membranes
were blocked with a 10% skim milk powder solution, incubated with a 1:2,000 dilution of Flag-specific
(Sigma-Aldrich, St. Louis, MO) mouse antiserum, and incubated with a 1:2,000 dilution of horseradish
peroxidase-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology, CA). Finally, the blots were
visualized with an enhanced chemiluminescence reagent (Thermo Fisher Scientific Inc., Waltham, MA).

Growth curves. Bacteria were incubated overnight and then diluted 1:100 in 50 ml of fresh LBS
medium. The bacteria were then grown in LBS medium at 30°C or 42°C or in LB broth containing 0.5%

FIG 7 Schematic of the regulation network of RpoX in V. alginolyticus. Pathway analysis was performed with the Kobas 3.0 algorithm.
The various pathways and their respective cellular locations, as well as the regulatory roles of RpoX, are illustrated with arrows
(activation) or bar-ended lines (repression) and are discussed in the text. 3P, 3-phosphate; TCA, tricarboxylic acid.
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NaCl at 30°C, and live bacterial counts were determined at 2, 4, 6, 8, 10, 12, and 24 h. At each time point,
100 �l of fresh culture was serially diluted with phosphate-buffered saline (PBS), and the dilutions were
spread onto plates containing solidified LBS medium. The live bacterial count for each plate was
obtained after cultivation for 12 h at 30°C.

Total RNA extraction. Bacteria were incubated overnight and then diluted 1:100 in LBS medium. The
bacteria were then grown at 30°C or 42°C and harvested after 9 h. Total RNA was isolated using an RNA
extraction kit (Tiangen, Beijing, China). The RNA samples were digested with DNase I (Promega, Madison,
WI, USA) to eliminate genomic DNA contamination. Before reverse transcription, regular PCR was
routinely performed using the isolated RNA sample as a template to confirm that there was no DNA
contamination.

5= RACE. We performed 5= RACE (rapid amplification of cDNA ends) experiments as previously
described (3). Six micrograms of total RNA was subjected to dephosphorylation using tobacco acid
pyrophosphatase (TAP) (Epicentre) for 60 min at 37°C. The RNA oligonucleotide linker was ligated to total
RNA using T4 RNA ligase (New England Biolabs, Beverly, MA, USA) according to the manufacturer’s
instructions. cDNA was synthesized using avian myeloblastosis virus (AMV) reverse transcriptase (RT)
(TaKaRa) according to the manufacturer’s instructions, using a random primer. First-round PCR amplifi-
cation was performed using RACE-adapter and the primer rpoX-RACE (Table 3), and second-round PCR
amplification was performed using RACE-adapter-nested primers and rpoX-RACE-nested primers (Table
3). The single resulting band was extracted, subcloned, and sequenced.

Quantitative real-time reverse transcription-PCR. Equal amounts of RNA (1 �g) were used to
generate cDNA (Toyobo, Tsuruga, Japan) using 6-mer random primers. Three independent qRT-PCR
experiments were performed, and each experiment was run in triplicate. The primers for qRT-PCR (Table
3) were designed using the NCBI primer selection tool with predicted product sizes ranging from 100 to
200 bp. The reactions were run on an Applied Biosystems 7500 real-time system (Applied Biosystems),
and the transcript levels were normalized to the 16S rRNA levels in each sample by using the ΔΔCT

method.

TABLE 2 Bacterial strains and plasmids used in this study

Strain or plasmid Descriptiona Source or reference

Strains
Escherichia coli

DH5� �pir Host for �-requiring plasmids Laboratory collection
SM10 �pir Host for �-requiring plasmids; conjugal donor; Kmr 40
BL21(DE3) Host strain for protein expression Novagen
BL21/pET22b::rpoE BL21; expression of RpoE; Kmr This study
BL21/pET22b::rpoX BL21; expression of RpoX; Kmr This study

Vibrio alginolyticus
EPGS Wild type; fish isolate; CCTCC strain AB 209306; Carbr Laboratory collection
ΔrpoE EPGS; in-frame deletion in rpoE; Carbr 3
ΔrpoX EPGS; in-frame deletion in rpoX; Carbr This study
ΔluxR EPGS; in-frame deletion in luxR; Carbr 3
ΔhlyD EPGS; hlyD disrupted; Carbr Cmr This study
ΔN646_4611 EPGS; GGDEF domain deletion in EPGS_03411; Carbr This study
Δasp EPGS; disrupted in asp; Carbr Cmr 6
rpoX� ΔrpoX; pBAD33 carrying the intact rpoX gene This study
N646_4611OE/ΔN646_4611 ΔN646_4611; pBAD33 carrying the ORF of N646_4611 This study
N646_4611OE/ΔrpoX ΔrpoX; pBAD33 carrying the ORF of EPGS_03411; Carbr Cmr This study
WT/pBAD33::Flag EPGS; pBAD33 carrying the Flag gene; Carbr Cmr This study
WT/pBAD33::PrpoX-Flag EPGS; pBAD33 carrying the intact rpoX-Flag gene; Carbr Cmr This study
ΔrpoE/pBAD33::PrpoX-Flag ΔrpoE; pBAD33 carrying the intact rpoX-Flag gene; Carbr Cmr This study
ΔrpoX/pBAD33::PrpoX-Flag ΔrpoX; pBAD33 carrying the intact rpoX-Flag gene; Carbr Cmr This study
WT/pDM8::PrpoX EPGS; pDM8 carrying the promoter region of rpoX; Carbr Cmr This study
ΔluxO/pDM8::PrpoX ΔluxO; pDM8 carrying the promoter region of rpoX; Carbr Cmr This study
ΔluxR/pDM8::PrpoX ΔluxR; pDM8 carrying the promoter region of rpoX; Carbr Cmr This study

Plasmids
pDM4 Suicide vector; pir dependent; R6K; SacBR; Cmr 41
pDM8 pSup202 derivative containing promoterless lacZ; Cmr Tcr 42
pBAD33 Carrying a mob gene in pBAD33; Cmr 3
pET28a Expression vector; Kmr Novagen
pDM4::rpoX pDM4 with rpoX fragment deleted from nt 4–576; Cmr This study
pDM4::N646_4611 pDM4 with GGDEF fragment deleted from nt 27–234; Cmr This study
pBAD33::PrpoX-Flag Plasmid expressing rpoX-Flag driven by PrpoX; Cmr This study
pBAD33::Flag pBAD33 derivative Flag expression plasmid; Cmr This study
pBAD33::N646_4611 pBAD33 derivative EPGS_03411 expression plasmid; Cmr This study
pDM8::PrpoX pDM8 carrying the promoter region of rpoX; Cmr This study
pET22b::rpoE pET22b carrying the rpoE ORF; Kmr This study
pET22b::rpoX pET22b carrying the rpoX ORF; Kmr This study

ant, nucleotides.
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Electrophoretic mobility shift assay. The purification of 6	His-tagged RpoE and RpoX from E. coli
BL21(DE3) with nickel affinity chromatography was performed as previously described (3). For electro-
phoretic mobility shift assays (EMSAs), purified 6	His-tagged RpoE or RpoX was incubated with different
Cy5-labeled DNA probes (Table 2) in 20 �l of loading buffer (10 mM NaCl, 0.1 mM dithiothreitol [DTT],
0.1 mM EDTA, 10 mM Tris [pH 7.4]). After the mixture was incubated at 25°C for 30 min, the samples were

TABLE 3 Primers used in this study

Primer Sequence (5=–3=)
ΔrpoX-up-F CTAGTGGGGCCCTTCTAGATGCAATTCATTTGAGTATCAGTTTGG
ΔrpoX-up-R GCTAAAAATCTGACAGTTCATCCGTGACAGCTCGG
ΔrpoX-down-F TGAACTGTCAGATTTTTAGCCCCTTATCCTAGCCG
ΔrpoX-down-R CGGGAGAGCTCAGGTTACCCCTGACTTTAACCTTCAACACATCGA
ΔrpoX-out-F TGCTGGAGACCGAGCAATAGTTGCC
ΔrpoX-out-R ACGAGCCATTTAATGGTGCAGAGCA
ΔrpoX-in-F ATGAAAGAATCGTTGTCAGTTGGGA
ΔrpoX-in-R TTAAACCCAACCATCGAATCGGAGA
ΔN646_4611-up-F GAGCTCAGGTTACCCGCATGCAAGATCTATTATGGACTTTGGCGCAGTCATAATG
ΔN646_4611-up-R ATAACTTGGAACGTCATCTCCAGCAATTGCTGATTG
ΔN646_4611-down-F TGGAGATGACGTTCCAAGTTATAACAGACTGTCAGC
ΔN646_4611-down-R CCCTCGAGTACGCGTCACTAGTGGGGCCCTGACAGCTCGGAACCTAGCAAAGCAT
ΔN646_4611-out-F GAGTACGCGGCGAACAACCAAATCG
ΔN646_4611-out-R CGAGACAACAAATCAATGCCCAC
ΔN646_4611-in-F CACCTGATTGAGCAATTGGC
ΔN646_4611-in-R GTAAACTCAGGATAGTAAGC
rpoX-Flag-F CCATACCCGTTTTTTTGGGCTAGCGAATTCAGGCCAATTTGCGTACAAATACTAT
rpoX-Flag-R1 CTTGTCGTCGTCGTCCTTGTAGTCAACCCAACCATCGAATCGGAGACGT
Flag-R2 GGTCAGCATGGGTACCTTTCTCCTCTTTAATTACTTGTCGTCGTCGTCCTTGTAGTC
N646_4611-Flag-F CCATACCCGTTTTTTTGGGCTAGCGAATTCTTCAGCCGTAAAATGAAGCATAGAG
N646_4611-Flag-R CTTGTCGTCGTCGTCCTTGTAGTCATTCACTTGACGAAGCGCAGGTTGA
rpoE-pET22b-F ATCGGATCCGATGAACGAGCAGCTGACCGATC
rpoE-pET22b-R ATATGTCGACGCGTTGCAAAAGAGGTCTGATT
rpoX-pET22b-F ATCGGATCCATGAAAGAATCGTTGTCAGTTGGGA
rpoX-pET22b-R ATATGTCGACAACCCAACCATCGAATCGGAGA
pDM8-PrpoX-F ATCCCGGGAGGCCAATTTGCGTACAAATACTTG
pDM8-PrpoX-R ATCCCGGGTGACAGTTCATCCGTGACAGCTCGG
rpoX-RACE-nested TCACGAGACAACAAATCAATGCCCA
rpoX-RACE CAACATTTCGCGCGCTTCTTCATCA
RACE-adapter GCGCGAATTCCTGTAGA
RACE-adapter2 GCGCGAATTCCTGTAGAACGAAC
RNA-Linker AUAUGCGCGAAUUCCUGUAGAACGAACACUAGAAGAAA
PrpoXcy5-F TGCCTGCAGGTCGACGATCGGCCAATTTGCGTACAAATACTTG
PrpoXcy5-R TGACAGTTCATCCGTGACAGCTCGG
PN646_4603cy5-F TGCCTGCAGGTCGACGATCTCGACTGCTGTTTTTCTTCT
PN646_4603cy5-R ATTTATCATTATCCCACCGCAC
PN646_4601cy5-F TGCCTGCAGGTCGACGATCAATCGACAACAAAGTATACAAACCAAGAC
PN646_4601cy5-R CTCTAGTTCTGACTCCGGCACAT
PN646_1623cy5-F TGCCTGCAGGTCGACGATCAGACTCTTTTGCAAATGGCTTG
PN646_1623cy5-R TTTTTAAATTCCTAGAATAAACTGATACTAAATAAAT
gyrB cy5-F TGCCTGCAGGTCGACGATCGCACTATCAGAGAAAGTTGAGC
gyrB cy5-R CCACCTTCATACATGAAGTGATCA
rpoE-qRT-F TGTTGCTCAAGGGCGTAGAC
rpoE-qRT-R CGATTGCACTGAACACCACC
rpoX-qRT-F TAATGAACAATGGCCGCACG
rpoX-qRT-R GCTCTGCTTTCACCCCTGAG
rpoH-qRT-F GCGAGTTAGGTGTTGAGCCT
rpoH-qRT-R ATAGCATCGGCGCTGTGTAA
N646_3697qRTF GCTCAGTTCTCGCAGGTACA
N646_3697qRTR AACAAGGCCCGCTGTTGATA
N646_3696qRTF AGAGAAGCGTTTTGAGCCGA
N646_3696qRTR ATTCGTTTCGAAGCTGCGTG
N646_3695qRTF GTCCTCGCCAGTAACCTAGC
N646_3695qRTR CACCGGTTTGTTCACACCAC
N646_0523qRTF CGCGTCCCTTCAACCAAATC
N646_0523qRTR ACAGCTCGCACAGATGTCAA
N646_4604qRTF GCAGTACCGAGACTTGGTGG
N646_4604qRTR GTAAACCACGAGGCGATCCA
16S RNA-qRT-F AAAGCACTTTCAGTCGTGAGGAA
16S RNA-qRT-R TGCGCTTTACGCCCAGTAAT
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resolved using 6% polyacrylamide gel electrophoresis in 0.5	 TBE (Tris-boric acid-EDTA) buffer on ice at
100 V for 120 min. Next, the gels were scanned using a Typhoon FLA 9500 instrument (GE Healthcare,
Uppsala, Sweden).

RNA-seq analysis. For RNA-seq analysis of the ΔrpoX or ΔrpoE strain, bacteria were incubated
overnight and then diluted 1:100 in LBS medium. The bacteria were then grown at 42°C and
harvested after 9 h. The subsequent procedures and statistical analysis were performed as previously
described (32).

ChIP-seq analysis. For the ChIP-seq analysis of RpoX, the pBAD33::PrpoX-Flag and pBAD33::Flag
plasmids, encoding RpoX-Flag and the Flag tag alone (control), respectively, were transferred to the
ΔrpoX strain. Cultures of each strain grown overnight in LBS medium at 42°C or in LB medium containing
0.5% NaCl at 30°C were diluted (1:100) in 50 ml of fresh LBS medium with 0.04% L-arabinose. After 9 h
of growth with shaking, the protein-DNA complexes in the bacterial cells were fixed in vivo with rifampin
at a final concentration of 150 �g/ml under the corresponding conditions for 20 min (33) and then
cross-linked in vivo with 1% formaldehyde at room temperature for 10 min. Cross-linking was stopped by
the addition of 125 mM glycine. The following procedures and statistical analysis were performed as
previously described (34). Briefly, bacterial cells were sonicated in SDS lysis buffer, and the DNA was
fragmented to 100 to 500 bp and immunoprecipitated (IP) with Flag-labeled beads. IP DNA was collected
in elution buffer, followed by reversion of the DNA-protein cross-links and purification of the DNA by
phenol-chloroform. DNA fragments were used for library construction with the VAHTS Turbo DNA library
prep kit and then sequenced with a MiSeq sequencer (Illumina, San Diego, CA). ChIP-seq reads were
mapped to the V. alginolyticus EPGS genome. The enriched peaks were identified using MACS software
(35), followed by MEME analysis to generate the RpoX-binding motif (36). KEGG pathway analysis was
performed with Kobas 3.0 to illustrate the enriched gene function (37).

Motility, biofilm, and hemolytic activity assays. The motility assay was performed as previously
described (10). Cultures grown overnight were diluted to an OD600 of 1.0 and then spotted onto LBS
medium containing 0.3% (swimming) and 1.5% (swarming) agar. After incubation at 30°C for 12 h and
24 h, respectively, bacterial motility was observed. The experiments were performed at least three times,
and one representative result is shown.

The biofilm assay was performed as previously described (10). Cultures grown overnight (50 �l) were
diluted to 5 ml in LBS medium in glass tubes and incubated at 30°C without shaking for 48 h. A total of
0.04% L-arabinose, which exerts no apparent influence on biofilm formation of the WT, was added to LBS
medium to induce the pBAD promoter. The total biofilm was measured by 2% crystal violet staining. The
experiments were performed at least three times, and one representative result is shown.

Hemolytic activity assays were performed as previously described (4, 28, 38). V. alginolyticus
strains were grown to mid-log phase in LBS medium at 30°C. The bacterial cells were centrifuged at
500 	 g, washed three times with PBS, and then resuspended with PBS to a final concentration of
0.5 	 109 CFU/ml. For the blood agar assay, a suspension of 5% defibrinated sheep blood erythro-
cytes was added to LBS agar medium (45°C to 50°C), mixed gently, and poured into plates. Pellets
of 5-�l bacterial suspensions were dropped onto the blood agar plates. The plates were incubated
at 30°C or 42°C for 12 h. The experiments were performed at least three times, and one represen-
tative result is shown.

LD50 determination. Median lethal dose (LD50) determination for the WT, �rpoX, or �rpoE strain in
the zebrafish infection model was performed as previously described (39). Healthy fish, each weighing
approximately 0.25 g, were obtained from a commercial farm and acclimatized to the laboratory
conditions for at least 15 days. Zebrafish were anesthetized with tricaine methanesulfonate (catalog no.
MS-222; Sigma-Aldrich) at a concentration of 80 mg/liter. Groups of 10 fish each were injected intra-
muscularly with bacterial cells adjusted to the required concentrations. Fish mortality was monitored
over a period of 7 days postinfection. Fish injected with PBS only served as negative controls. The LD50

values were calculated as described previously (39). The animal work presented here was approved by
the Animal Care Committee, East China University of Science and Technology (approval no. 2006272).

Statistical analysis. GraphPad Prism (version 6) was used to perform the statistical analyses. To
compare gene expression or CFU between the groups, a two-tailed Student’s unpaired t test was used.
A P value of �0.05 was considered significant.

Data availability. The sequence reads were deposited in the SRA database under accession no.
SRP152034.
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