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ABSTRACT To understand toxin-stimulated host-pathogen interactions, we per-
formed dual-transcriptome sequencing experiments using human epithelial (HT-29)
and differentiated THP-1 (dTHP-1) immune cells infected with the sepsis-causing
pathogen Vibrio vulnificus (either the wild-type [WT] pathogen or a multifunctional-
autoprocessing repeats-in-toxin [MARTX] toxin-deficient strain). Gene set enrichment
analyses revealed MARTX toxin-dependent responses, including negative regulation
of extracellular related kinase 1 (ERK1) and ERK2 (ERK1/2) signaling and cell cycle
regulation in HT-29 and dTHP-1 cells, respectively. Further analysis of the expression
of immune-related genes suggested that the MARTX toxin dampens immune re-
sponses in gut epithelial cells but accelerates inflammation and nuclear factor �B
(NF-�B) signaling in immune cells. With respect to the pathogen, siderophore biosynthe-
sis genes were significantly more highly expressed in WT V. vulnificus than in the MARTX
toxin-deficient mutant upon infection of dTHP-1 cells. Consistent with these results, iron
homeostasis genes that limit iron levels for invading pathogens were overexpressed in
WT V. vulnificus-infected dTHP-1 cells. Taken together, these results suggest that MARTX
toxin regulates host inflammatory responses during V. vulnificus infection while also
countering host defense mechanisms such as iron limitation.

IMPORTANCE V. vulnificus is an opportunistic human pathogen that can cause life-
threatening sepsis in immunocompromised patients via seafood poisoning or wound
infection. Among the toxic substances produced by this pathogen, the MARTX toxin
greatly contributes to disease progression by promoting the dysfunction and death
of host cells, which allows the bacteria to disseminate and colonize the host. In re-
sponse to this, host cells mount a counterattack against the invaders by upregulat-
ing various defense genes. In this study, the gene expression profiles of both host
cells and V. vulnificus were analyzed by RNA sequencing to gain a comprehensive
understanding of host-pathogen interactions. Our results suggest that V. vulnificus
uses the MARTX toxin to subvert host cell immune responses as well as to oppose
host counterattacks such as iron limitation.

KEYWORDS siderophore, MARTX toxin, Vibrio vulnificus, dual-RNA sequencing, iron
limitation

Upon infection, invading pathogens express virulence factors such as exotoxins to
affect and disrupt the physiology and protective mechanisms of the host (1, 2). In

response to infection, host cells produce numerous defense molecules, including
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cytokines/chemokines and antimicrobial agents (3). This results in turn in changes to
the physiology and gene expression of the invading pathogen (4).

Microarray and tiling array analyses have been used to investigate global changes
in gene expression profiles during infection. With improvements in sequencing tech-
nologies, however, transcriptome sequencing (also known as cDNA sequencing or RNA
sequencing) became widely used in gene expression profiling experiments (5, 6).
Further developments in sequencing technologies and bioinformatics analysis tools
have significantly reduced the cost of RNA sequencing and helped researchers over-
come limitations such as sample heterogeneity (7). Dual-transcriptome sequencing,
which allows researchers to analyze the gene expression profiles of coexisting organ-
isms simultaneously, has been used to examine host-pathogen interactions (8). Exam-
ples include Salmonella enterica serovar Typhimurium, Streptococcus pneumoniae, and
Pseudomonas aeruginosa (9–11).

Vibrio vulnificus is a halophilic Gram-negative bacterium present in marine and
estuarine environments worldwide. As an opportunistic pathogen, it can cause severe
diseases such as life-threatening septicemia or necrotizing fasciitis in immunocompro-
mised patients, including the elderly, or in individuals with hepatitis, hemochromatosis,
or diabetes. People are infected by V. vulnificus mostly through either consumption of
contaminated seafood or exposure of open wounds to contaminated seawater (12, 13).
Among various virulence factors produced by this pathogen, multifunctional-
autoprocessing repeats-in-toxin (MARTX) toxin is the primary exotoxin facilitating
colonization and dissemination of V. vulnificus in orogastric as well as subcutaneous
infection models in mice (14–19).

The multifunctionality of the MARTX toxin makes it critical for V. vulnificus patho-
genesis (20, 21). Multiple effector domains located in the central region of the toxin
exhibit various activities after release into host subcellular compartments, including the
cytosol (22–24). For instance, the Rho inactivation domain (RID) disrupts the cell
cytoskeleton via inactivation of Rho family proteins (25, 26), while the makes caterpillars
floppy-like domain (MCF) causes Golgi dispersion and cell shrinking via modification of
an unknown target(s) (24), and the Ras/Rap1-specific endopeptidase domain (RRSP)
interrupts central signaling pathways via Ras/Rap1 cleavage (27, 28). Other effector
domains, such as a domain of unknown function at the first position (DUF1) and an
alpha/beta hydrolase domain (ABH), have been found in the MARTX toxin of V.
vulnificus clinical isolates (21).

Since the MARTX toxin of V. vulnificus has been shown to promote colonization of
the pathogen in the host gut (14), we hypothesized that it would dampen host immune
responses at an early stage of infection, when the pathogen interacts with gut epithelial
cells. Meanwhile, the amino- and carboxyl-terminal repeated sequence-containing
domains of the toxin are thought to lyse infected host cells by forming a pore-like
structure in the host plasma membrane (29). Indeed, the toxin is critical for dissemi-
nation of the pathogen to the bloodstream and to other organs where uncontrolled
septic responses occur (12, 14). Therefore, we also hypothesized that the toxin would
robustly enhance proinflammatory responses in host immune cells. Consistent with the
cytotoxic/cytopathic activities of the toxin, studies have shown toxin-specific immune
responses in diverse host cells and animal models (30–32). Nevertheless, none of these
studies have compared MARTX toxin-mediated inflammatory responses in different
types of host cells or concurrently analyzed the responses that simultaneously occur in
the pathogen during infection.

In this study, we used dual-transcriptome sequencing to monitor gene expression in
both V. vulnificus pathogens and human host cells. Specifically, human colorectal
adenocarcinoma cells (HT-29) and differentiated THP-1 (dTHP-1) human monocytes
were infected in vitro with either wild-type (WT) V. vulnificus or a mutant strain deficient
in the MARTX toxin. Some cell type-specific responses occurred only during infection
with WT V. vulnificus but not with the MARTX-deficient strain. In parallel, V. vulnificus
also showed MARTX toxin-dependent gene expression patterns. Notably, siderophore
biosynthetic genes were more highly expressed in the WT strain than in the MARTX-
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deficient strain during infection of dTHP-1 cells. Differential regulation of host genes
related to iron homeostasis was also observed. These results suggest that V. vulnificus
opposes host defense mechanisms while exerting cytotoxic/cytopathic effects via the
MARTX toxin.

RESULTS
MARTX toxin-dependent gene expression profiles. To examine MARTX toxin-

specific host responses, we used the clinical strain V. vulnificus MO6-24/O (WT) and an
isogenic mutant deficient in the MARTX toxin (�rtxA1). Phosphate-buffered saline (PBS)
was used as a mock control. Two different types of human cells, HT-29 cells, a
representative gut epithelial cell line, and dTHP-1 cells, a representative immune cell
line, were used as model host cells. At 3 or 6 h postinfection (h.p.i.), total RNA from the
samples was purified, converted to a cDNA library, sequenced, and mapped to the
human and V. vulnificus genomes to sort specifically mapped reads from unmapped or
cross-mapped reads (Fig. 1A; see also Fig. S1A and B in the supplemental material). The
mapped reads were further checked, and any reads corresponding to ribosomal RNAs
(rRNAs) or tRNAs were removed from downstream analyses (Fig. S1A and C). It should
be noted that the acute pathogen V. vulnificus lyses host cells very quickly using
exotoxins like MARTX toxin (15, 17), and thus we used a low multiplicity of infection
(MOI) to keep the host cells alive while monitoring transcriptional changes (see
Materials and Methods).

The number of sorted reads in each sample was high enough for transcriptome
analysis of host cells (see Table S1A in the supplemental material) (33). For bacterial
cells, however, only the 6 h.p.i. samples showed more than one million reads, and thus
these samples were analyzed further (Table S1A). We assessed MARTX toxin-dependent
changes in the overall gene expression profiles of both host cells and pathogens. We
did not observe any significant differences among the mock control, WT-infected, and
�rtxA1 mutant-infected groups in the overall gene expression profiles of the 3 h.p.i.
samples (data not shown). This was presumably because a very low MOI was used, as
mentioned above, and 3 h was not enough for the pathogen to cause toxin-dependent
changes in host gene expression. Thus, we mainly focused on the 6 h.p.i. samples in the
following analyses.

In a multidimensional scaling (MDS) plot, the transcriptomes of the HT-29 samples
clustered into different groups according to the strain used for infection (mock control,

FIG 1 MARTX toxin-specific gene expression changes during infection. (A) Schematic representation of the experimental design. (B and C) Multidimensional
scaling (MDS) plots of mock-treated, WT V. vulnificus-infected, and �rtxA1 V. vulnificus-infected HT-29 cells (B) or dTHP-1 cells (C). (D and E) MDS plots of WT
and �rtxA1 V. vulnificus during HT-29 cell infection (D) or dTHP-1 cell infection (E).
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WT, or �rtxA1 mutant) (Fig. 1B). In particular, the WT-infected HT-29 cells formed a
cluster that was distinct from the partially overlapping mock-treated and �rtxA1
mutant-infected groups (Fig. 1B). Differences among the three groups were more
evident in the dTHP-1 cells. In this case, the biological replicates for each sample were
clearly clustered and formed three distinct groups in an MDS plot (Fig. 1C). Collectively,
these results clearly reveal MARTX toxin-dependent gene expression changes in host
cells and that these changes were more profound in the dTHP-1 immune cells than in
the HT-29 epithelial cells.

On the pathogen side, a clear clustering of WT and �rtxA1 V. vulnificus was observed
upon infection of dTHP-1 cells but not HT-29 cells (Fig. 1D and E). The reason for this
absence of sample clustering in HT-29 cells is not clear. Nonetheless, these results
suggest that the MARTX toxin may play a role in opposing host defense mechanisms
in immune cells. These results also indicate that dTHP-1 cells respond to the potent
MARTX toxin more strongly than HT-29 cells.

DEGs in V. vulnificus-infected HT-29 cells. Next, we compared gene expression

results between the mock-treated and WT-infected HT-29 cells and between the
mock-treated and �rtxA1 mutant-infected HT-29 cells. To focus on genes showing
significant differences, we applied statistical cutoffs of a |fold change (FC)| level of �1.5
and a false-discovery rate (FDR) of �0.05. As shown in Fig. S2A, a total of 1,000 of the
genes were differentially expressed genes (DEG) (716 upregulated and 284 downregu-
lated) in the WT-infected HT-29 cells compared with the mock-treated controls. In
contrast, only 155 genes were differentially expressed (129 upregulated and 26 down-
regulated) in the �rtxA1 mutant-infected HT-29 cells compared with the mock-treated
cells (Fig. S2B).

Among these differentially expressed genes (DEGs), 116 genes were upregulated
(100 genes) or downregulated (16 genes) in both the WT- and �rtxA1 mutant-infected
HT-29 cells (Fig. 2A). Analysis performed with the Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID), a gene set enrichment analysis (GSEA) tool (34,
35), revealed enrichment of “response to lipopolysaccharide,” “inflammatory response,”
“response to cytokine,” “apoptotic process,” and “cellular response to interleukin-1”
(IL-1) gene sets (Fig. 2B). This is not surprising because both the WT and �rtxA1 V.
vulnificus strains produce lipopolysaccharide, which triggers numerous immune re-
sponses.

Notably, 884 genes were specifically upregulated (616 genes) or downregulated
(268 genes) in WT-infected cells but not �rtxA1 mutant-infected HT-29 cells compared
with the mock-treated control (Fig. 2A), suggesting that they are MARTX toxin-specific
DEGs. Enriched gene sets included “innate immune response in mucosa,” “negative
regulation of extracellular related kinase 1 (ERK1) and ERK2 cascade,” and “phos-
phatidylinositol-mediated signaling” (Fig. 2C). To validate these results, we examined
whether ERK1/2 activation was affected by the MARTX toxin and found that phospho-
ERK1/2 levels were significantly lower in WT-infected HT-29 cells than in �rtxA1
mutant-infected cells (Fig. S2C). These results correlate with the results of previous
studies in which the MARTX toxin effector domain ABH showed phosphatidylinositol
3-phosphate (PI3P)-specific phospholipase A1 activity (36) and MARTX significantly
downregulated ERK signaling (37). The gene expression analyses were also consistent
with previous reports that MARTX toxin causes systemic pathogenicity via various
cytopathic/cytotoxic functions of its effector domains (24).

DEGs in V. vulnificus-infected dTHP-1 cells. DEGs in dTHP-1 cells were analyzed

upon V. vulnificus infection as described above. When the same statistical cutoffs of |FC|
of �1.5 and FDR of �0.05 were applied, much higher numbers of DEGs were observed
than were seen in the infected HT-29 cells. A total of 5,115 genes (2,570 upregulated
and 2,545 downregulated) were identified as DEGs in a comparison of the mock-treated
and WT-infected dTHP-1 cells (Fig. S2D). Comparing the mock-treated and �rtxA1
mutant-infected dTHP-1 cells, there were a total of 2,130 DEGs (1,079 upregulated and
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1,051 downregulated) (Fig. S2E). These results further indicate that the dTHP-1 cells
responded more strongly to the pathogen than the HT-29 cells.

Similarly to the analyses of the HT-29 cells described above, common DEGs (1,002
upregulated and 862 downregulated; Fig. 2D) in both WT- and �rtxA1 mutant-infected
dTHP-1 cells compared with the mock-treated control were subjected to GSEA. Simi-
larly, gene sets common in Gram-negative pathogen infection, including those in the
categories “inflammatory response,” “cellular response to cytokine stimulus,” “cellular
response to molecule of bacterial origin,” “chemokine-mediated signaling pathway,”
and “positive regulation of defense response,” were significantly enriched (Fig. 2E).

Next, we analyzed the MARTX toxin-specific DEGs in infected dTHP-1 cells (1,568
upregulated and 1,683 downregulated; Fig. 2D). Intriguingly, the expression levels of
multiple gene sets related to cell cycle regulation, such as “regulation of metaphase/
anaphase transition of cell cycle,” “regulation of mitotic metaphase/anaphase transi-
tion,” and “mitotic cell cycle phase transition,” were significantly enriched (Fig. 2F).
Remarkably, polo-like kinase 1 (PLK1), which is involved in cell cycle regulation, mainly
during mitosis (38), was overexpressed in WT-infected but not �rtxA1 mutant-infected
dTHP-1 cells (Fig. S2F). These results suggest that MARTX toxin may dysregulate host

FIG 2 Differentially expressed genes (DEGs) in V. vulnificus-infected HT-29 and dTHP-1 cells. (A) Common and specific DEGs in WT- or �rtxA1 V.
vulnificus-infected HT-29 cells. (B) Gene sets enriched in the common DEGs shown in panel A. (C) Gene sets enriched in the DEGs specific for WT
V. vulnificus-infected HT-29 cells. (D) Common and specific DEGs in WT- or �rtxA1 V. vulnificus-infected dTHP-1 cells. (E) Gene sets enriched in the
common DEGs shown in panel D. (F) Gene sets enriched in the DEGs specific for WT V. vulnificus-infected dTHP-1 cells. Red vertical dotted lines
indicate the cutoff P value for significance (�0.05).
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cell proliferation to maximize its cytotoxicity. It is worth noting that the MARTX effector
domain DUF1 has been shown to directly interact with the host cell protein prohibitin
1 (39). Since prohibitin regulates the cell cycle (40), the DUF1 effector domain may be
responsible for the observed enrichment of gene sets related to proliferation.

Immune-related DEGs in HT-29 cells. Although some cellular responses were
highlighted via the global GSEAs described above, we further analyzed the regulation
of specific genes to obtain physiological clues about infected host cell responses.
Among the DEGs, we focused on immune-related genes for further analysis. For this
analysis, a focused gene list (202 genes; Table S1B) was generated by referring to the
product information supplied for commercially available gene expression array kits (an
antibacterial response RT2 profiler PCR array kit and an innate and adaptive immune
responses RT2 profiler PCR array kit; Qiagen) and to Vibrio-responsive gene data
reported in previous studies (31, 41).

Among the 202 genes, 27 and 6 genes were significantly upregulated or downregu-
lated, respectively, in HT-29 cells upon WT V. vulnificus infection compared with the
mock control (Fig. 3A). Remarkably, DUSP1 (encoding dual-specificity protein phospha-
tase 1), ATF3 (cyclic AMP-dependent transcription factor ATF-3), JUN (transcription
factor AP-1), and FOS (proto-oncogene c-Fos) were upregulated more than 8-fold. In
contrast, NLRP3 (NACHT, LRP, and PYD domain-containing protein 3), SGK1 (serine/
threonine-protein kinase [PK] Sgk1), EDN1 (endothelin-1), and TLR4 (Toll-like receptor 4)
were downregulated more than 2-fold.

In HT-29 cells infected with �rtxA1 V. vulnificus, 18 genes on the list were signifi-
cantly upregulated compared with the mock control (Fig. 3B). The top four upregulated
genes were CCL20 (encoding C-C motif chemokine 20), CXCL1 (growth-regulated alpha,
or GRO-�), CXCL2 (C-X-C motif chemokine 2), and FOS. All were upregulated more than
4-fold.

To identify MARTX toxin-regulated genes among the immune-related DEGs in HT-29
cells, up- and downregulated genes in either WT- or �rtxA1 mutant-infected HT-29 cells
were compared (Fig. 3C). As expected, most of the genes were regulated similarly in
both WT- and �rtxA1 mutant-infected HT-29 cells. However, KLF2 (encoding Krueppel-
like factor 2), RHOB (Rho-related GTP-binding protein RhoB), JUND (the transcription
factor jun-D), RORC (RAR-related orphan receptor C), KLF6 (Krueppel-like factor 6),
NUAK2 (NUAK family SNF1-like kinase 2), ICAM1 (intercellular adhesion molecule 1),
NR4A2 (nuclear receptor subfamily 4 group A member 2), and KLF4 (Krueppel-like factor
4) were specifically upregulated by the MARTX toxin-producing V. vulnificus (Fig. 3C). In
contrast, NLRP3, SGK1, EDN1, TLR4, RGCC (regulator of cell cycle), and CXCR4 (C-X-C
chemokine receptor type 4) were specifically downregulated by the WT V. vulnificus
strain (Fig. 3C). Among these genes, the expression of JUND, KLF6, NLRP3, EDN1, and
TLR4 was further examined by reverse transcription-quantitative PCR (RT-qPCR). As
expected, all the genes were specifically upregulated (JUND and KLF6) or downregu-
lated (NLRP3, EDN1, and TLR4) in WT-infected but not in �rtxA1 mutant-infected HT-29
cells (Fig. S3A), further supporting the RNA sequencing results. Notably, there were no
genes in HT-29 cells that were specifically up- or downregulated by infection with the
�rtxA1 strain (Fig. 3C).

Immune-related DEGs in dTHP-1 cells. Among the genes on the focused gene list,
74 and 13 genes were significantly up- and downregulated, respectively, in dTHP-1 cells
upon WT V. vulnificus infection compared with the mock control (Fig. 3D). Remarkably,
CSF2 (encoding granulocyte-macrophage colony-stimulating factor), IL-6 (interleukin-6),
IL-12B (interleukin-12 subunit beta), CSF3 (granulocyte colony-stimulating factor), and
TNF (tumor necrosis factor) were extremely highly expressed upon infection with WT V.
vulnificus (log2 FC � 8). In contrast, ZKSCAN3 (zinc finger protein with Krueppel-
associated box [KRAB] and SCAN domains 3), FADD (FAS-associated death domain
protein), TLR3 (Toll-like receptor 3), and NLRC4 (Nod-like receptor [NLR] family caspase
recruitment domain [CARD]-containing protein 4) were the four most highly down-
regulated genes, with at least a 2.9-fold decrease.

Kim et al.

July/August 2020 Volume 5 Issue 4 e00659-20 msphere.asm.org 6

https://msphere.asm.org


FIG 3 Immune-related DEGs in HT-29 and dTHP-1 cells. (A) Immune-related DEGs in WT V. vulnificus-infected HT-29 cells
compared with mock-treated cells. (B) Immune-related DEGs in �rtxA1 V. vulnificus-infected HT-29 cells compared with
mock-treated cells. (C) Immune-related DEGs in common in or specific to WT- or �rtxA1 V. vulnificus-infected HT-29 cells.
(D) Immune-related DEGs in the WT V. vulnificus-infected dTHP-1 cells compared with mock-treated cells. (E) Immune-

(Continued on next page)
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Totals of 62 genes and 12 genes were significantly upregulated and downregulated,
respectively, in dTHP-1 cells upon �rtxA1 V. vulnificus infection compared with the
mock control (Fig. 3E). Notably, CSF2, TNF, and IL-6 were the most highly upregulated
genes, as in the case of WT V. vulnificus infection, indicating that these genes respond
to the V. vulnificus cells independently of the MARTX toxin. In contrast, TLR3, ZKSCAN3,
and TSC22D3 (encoding TSC22 domain family protein 3, also known as glucocorticoid-
induced leucine zipper, or GILZ) were downregulated more than 2-fold in the �rtxA1 V.
vulnificus-infected dTHP-1 cells.

As in the results seen with infection of HT-29 cells, most of the DEGs were regulated
by V. vulnificus itself, irrespective of the production of MARTX toxin (Fig. 3F). Upregu-
lated immune genes common to WT-infected and �rtxA1 mutant-infected dTHP-1 cells
are listed in Table S2. All the genes for which expression increased more than 5-fold
upon infection with WT cells were included on the common list of upregulated genes.
Similarly, the top six genes that were downregulated upon infection with WT cells were
also significantly downregulated upon infection with �rtxA1 cells. These results suggest
that the dTHP-1 cells responded mainly to factors expressed or produced by V.
vulnificus other than the MARTX toxin. Nonetheless, there were a significant number of
immune-related genes specifically regulated in WT strain-infected dTHP-1 cells, as
described below.

Among the WT infection-specific upregulated genes in dTHP-1 cells (Fig. 3F), TLR8
(Toll-like receptor 8), CXCR4 (C-X-C chemokine receptor type 4), TLR9 (Toll-like receptor
9), STAT4 (signal transducer and activator of transcription 4), RASD1 (Ras-related
dexamethasone-induced 1), and IKBKB (inhibitor of nuclear factor [NF]-�B kinase [IKK]
subunit beta, also known as IKK-�) were upregulated more than 2-fold. An additional
seven genes, including AMIGO2 (adhesion molecule with Ig-like domain 2), were also
upregulated only in the WT-infected dTHP-1 cells, but to a lesser extent (Fig. 3F). In
contrast, IRAK3 (interleukin-1 receptor-associated kinase 3), NOS2 (nitric oxide syn-
thase), IFNGR1 (interferon gamma receptor 1), ZNF554 (zinc finger protein 554), and
PYCARD (apoptosis-associated speck-like protein containing a CARD, also known as
ASC) were downregulated approximately 1.6-fold only in the WT-infected dTHP-1 cells
(Fig. 3F). Among these genes, the expression of TLR8, TLR9, IFNGR1, and PYCARD was
further validated by RT-qPCR. Although WT infection-specific regulation was observed
only for TLR8 and IFNGR1, all four genes were expressed at higher levels (TLR8 and TLR9)
or at lower levels (IFNGR1 and PYCARD) in the WT-infected dTHP1 cells than in the
mock-treated or �rtxA1 mutant-infected dTHP-1 cells (Fig. S3B). To examine the con-
sequences of these gene expression changes, secretion of VGEF-A, TNF-�, and IL-6 from
the dTHP-1 cells was examined by enzyme-linked immunosorbent assay (ELISA). Al-
though statistical significance was not observed for the VGEF-A results, secretion of the
three cytokines was more highly induced by infection with WT V. vulnificus than by
infection with the �rtxA1 mutant (Fig. S3C). These results suggest that the MARTX toxin
robustly induces proinflammatory responses in immune cells.

There were also �rtxA1 infection-specific DEGs in dTHP-1 cells. FOS was upregulated,
while AIM2 (encoding interferon-inducible protein AIM2), ZNF665 (zinc finger protein
665), TLR4 (Toll-like receptor 4), and TLR1 (Toll-like receptor 1) were downregulated only
in �rtxA1 mutant-infected dTHP-1 cells (Fig. 3F). These genes might also have repre-
sented MARTX toxin-specific DEGs, if MARTX toxin-mediated dampening of these
changes occurred only in cells infected with the WT strain.

Genes showing distinct expression patterns in different cells upon V. vulnificus
infection. Among the immune-related DEGs, some genes showed completely differ-

FIG 3 Legend (Continued)
related DEGs in �rtxA1 V. vulnificus-infected dTHP-1 cells compared with mock-treated cells. (F) Immune-related DEGs in
common in or specific to either WT- or �rtxA1 V. vulnificus-infected dTHP-1 cells. Common upregulated immune genes in
WT- and �rtxA1 mutant-infected dTHP-1 cells are shown in Table S2. (G) Some immune-related genes showed opposite
expression patterns in the two types of host cells upon V. vulnificus infection. An asterisk (*) represents a statistically
significant change in gene expression (|fold change| level of �1.5 and false-discovery rate [FDR] of �0.05).
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ent expression patterns in HT-29 cells and dTHP-1 cells (Fig. 3G). For example,
CXCR4 was downregulated in HT-29 cells but upregulated in dTHP-1 cells upon WT
V. vulnificus infection. In addition, regardless of the strain used, TSC22D3 was
upregulated in HT-29 cells but downregulated in dTHP-1 cells. Notably, CXCR4 plays
pivotal roles in inflammation (42), while GILZ, the protein encoded by TSC22D3, has
a role in anti-inflammatory responses (43, 44). These results suggest that immune
responses are dampened in HT-29 cells but enhanced in dTHP-1 cells upon V.
vulnificus infection.

Similarly, KLF4 was upregulated in HT-29 cells upon WT V. vulnificus infection but was
downregulated in dTHP-1 cells upon infection with both WT and �rtxA1 V. vulnificus. NLRP3,
EDN1, and SGK1 were downregulated in HT-29 cells upon WT V. vulnificus infection but
upregulated in dTHP-1 cells upon both WT and �rtxA1 V. vulnificus infection (Fig. 3G). These
results also suggest that the inflammatory responses of the host cells against V. vulnificus
differ. Although further studies are needed, this might be due to differences in the levels of
expression of various receptors or signaling proteins, such as Toll-like receptors or their
adaptors, between epithelial and immune cells (45, 46).

DEGs in V. vulnificus during host cell infection. To examine MARTX toxin-
dependent gene expression changes in V. vulnificus infecting host cells, the transcrip-
tomes of the WT and �rtxA1 V. vulnificus strains were directly compared during
infection of either HT-29 or dTHP-1 cells (Fig. 4). First, significant biological changes
were identified via a parametric analysis of gene set enrichment (PAGE) using custom
gene sets defined from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of
V. vulnificus (47, 48). Upon infection of HT-29, the WT V. vulnificus strain expressed
significantly higher levels of genes related to “protein metabolism,” “nucleosides and
nucleotides,” “RNA metabolism,” “nitrogen metabolism,” and “fatty acids, lipids, and
isoprenoids” than the �rtxA1 strain (P � 0.05) (Fig. 4A). Intriguingly, somewhat distinc-
tive sets of genes were enriched significantly when V. vulnificus infected dTHP-1 cells
(Fig. 4B). As in the case of HT-29 cell infection, genes involved in protein metabolism
were significantly more highly expressed in the WT strain than in the �rtxA1 strain.
However, genes related to “carbohydrates” and “amino acids and derivatives” were
expressed at significantly lower levels in the WT strain than in the �rtxA1 strain.

FIG 4 DEGs in the V. vulnificus strains during host cell infection. (A and B) Enriched KEGG pathways in WT V. vulnificus compared with
�rtxA1 V. vulnificus during infection of HT-29 cells (A) or dTHP-1 cells (B). *, P � 0.05; **, P � 0.01; ***, P � 0.001. (C and D) DEGs that
were expressed at higher levels or at lower levels in WT V. vulnificus than in �rtxA1 V. vulnificus during infection of HT-29 cells (C) or
dTHP-1 cells (D). CPM, counts per million mapped reads.
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Importantly, “virulence”-related genes, which were not significantly enriched upon
infection of HT-29 cells, were strongly enriched in WT V. vulnificus, but not in the �rtxA1
strain, during infection of dTHP-1 cells (Fig. 4B). Of note, this difference was not due to
the expression of the MARTX toxin itself in the WT strain because rtxA1 (locus tag
VVMO6_03947) was omitted from the “virulence” gene set in the PAGE. Therefore, it
seems that MARTX toxin-mediated changes in dTHP-1 cells specifically enhanced the
expression of other virulence-related genes in WT V. vulnificus.

Next, we generated a list of DEGs in V. vulnificus by applying statistical cutoffs. In the
case of HT-29 cell infection, slightly less stringent cutoff values (|FC| � 1.5 and P
value � 0.05) were applied to increase the number of DEGs. As shown in Fig. 4C (see
also Table S3), 19 and 20 genes were expressed at significantly higher and lower levels,
respectively, in WT V. vulnificus than in the �rtxA1 mutant. The genes expressed at
higher levels in the WT strain included those encoding diguanylate cyclase (VVMO6_
01132), nitrite reductase large subunit (VVMO6_03847), nitrite reductase small subunit
(VVMO6_03846), and chemotaxis protein CheD (VVMO6_04552), while the genes that
were expressed at higher levels in the �rtxA1 strain included those encoding pyruvate
dehydrogenase E1 component subunit alpha (VVMO6_03938), MFS transporter
(VVMO6_04388), and S-formylglutathione hydrolase (VVMO6_02379).

In the case of dTHP-1 cell infection, statistical cutoff values of |FC| of �1.5 and FDR
of �0.05 were applied. A total of 553 genes were identified as DEGs, where 139 and 414
genes were expressed at significantly higher and lower levels, respectively, in WT V.
vulnificus than in the �rtxA1 strain (Fig. 4D; see also Table S3). The genes expressed at
higher levels in the WT strain included those encoding 3-deoxy-7-phosphoheptulonate
synthase (VVMO6_04200), enterobactin synthase subunit E (VVMO6_04203), manga-
nese transporter 11 TMS (VVMO6_01834), superoxide dismutase (VVMO6_00202), and
microcin C ABC transporter ATP-binding protein (VVMO6_04162). Notably, a number of
pilus-related genes, namely, the MshA pilin gene (VVMO6_03886) and the Tad1 pilin
biogenesis locus genes (VVMO6_01213, VVMO6_01204, VVMO6_01205, and VVMO6_
01211), were significantly (at least 2.4-fold) more highly expressed in the WT V.
vulnificus strain than in the �rtxA1 mutant during infection of dTHP-1 cells (Table S3).
This result confirms the importance of these adhesive factors during infection (49–51).
Moreover, it suggests that expression of the tad1 locus is induced not simply by in vivo
infection (49) but by some signal generated during MARTX toxin-mediated disruption
of host cells.

In contrast, genes encoding ribosome hibernation protein YfiA (VVMO6_02482),
universal stress protein A (VVMO6_00091), beta-galactosidase subunit alpha (VVMO6_
00660), and D-ribose pyranase (VVMO6_03510) were expressed at significantly lower
levels in WT V. vulnificus than in the �rtxA1 strain (Table S3). Since these proteins are
related to the stationary-phase, stress, and/or starvation conditions (52–54), it seems
that the WT strain was subjected to less cellular stress than the �rtxA1 strain during
infection of dTHP-1 cells. This suggests that the MARTX toxin-mediated lysis of dTHP-1
host cells generated sufficient nutrients for WT V. vulnificus but that, in the absence of
this cell lysis, fewer nutrients were available to the �rtxA1 V. vulnificus. Notably, vvhBA,
which encodes cytolysin secretion protein and cytolysin (VVMO6_03881 and
VVMO6_03880), was expressed at lower levels in WT V. vulnificus than in the �rtxA1
mutant (Table S3), suggesting that this exotoxin, in contrast to the MARTX toxin, may
have a limited role in host cell lysis and subsequent nutrient generation. Since the WT
pathogens experienced harsher iron-limiting conditions (see below), this result also
suggests that such vvhBA expression might be largely driven by the carbon source
shortage rather than by environmental cues such as iron limitation during infection
(55–58).

Significant overexpression of siderophore biosynthetic genes in dTHP-1 cell-
infecting WT V. vulnificus. To gain a more comprehensive understanding of the
physiological changes occurring in V. vulnificus during dTHP-1 cell infection, the gene
expression profiles were analyzed using the V. vulnificus KEGG pathway database (48),
and significantly changed metabolic pathways were identified. Highly enriched path-
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ways in WT V. vulnificus included “biosynthesis of siderophore group nonribosomal
peptides,” “ribosome,” and “bacterial secretion systems.” Meanwhile, suppressed path-
ways in WT V. vulnificus included “valine, leucine, and isoleucine degradation,” “arginine
biosynthesis,” “glycan degradation,” and “geraniol degradation” (Table S4).

Among these pathways, the siderophore biosynthetic pathway showed the highest
Z-score in the analysis (Z-score of 13.8; Table S4). Indeed, not only siderophore
vulnibactin biosynthesis genes (VVMO6_04197 to VVMO6_04212) but also aerobactin/
enterobactin biosynthesis, binding, and transport genes (VVMO6_04403, VVMO6_
04404, VVMO6_04408, and VVMO6_03836 to VVMO6_03841) were significantly more
highly expressed in the WT V. vulnificus strain than in the �rtxA1 strain during dTHP-1
cell infection (Fig. 5; see also Table S3). In addition, genes previously reported to be
important for siderophore formation, and thus to be essential for V. vulnificus patho-
genesis in mice (59, 60), such as the genes encoding isochorismatase (VVMO6_04206),
isochorismate-pyruvate lyase (VVMO6_04207), and 2, 3-dihydroxybenzoate-2, 3-dehydro-
genase (VVMO6_04201), were also more highly expressed in WT V. vulnificus than in the
�rtxA1 strain (5.5-, 5.9-, and 6.7-fold, respectively) (Fig. 5; see also Table S3). To validate
these results, the expression of select vulnibactin biosynthetic pathway genes was
examined by RT-qPCR. In this experiment, WT and �rtxA1 V. vulnificus bacteria that had
not been exposed to host cells were included as controls to determine whether the
observed gene expression changes would occur only upon cell infection. As shown in
Fig. S3D and E, all of the examined genes were much more highly expressed in WT V.
vulnificus than in the �rtxA1 mutant, but only upon dTHP-1 cell infection. Since these

FIG 5 Vulnibactin biosynthesis genes are significantly more highly expressed in WT V. vulnificus than in �rtxA1 V.
vulnificus during dTHP-1 cell infection. Genes belonging to the vulnibactin biosynthesis pathway were identified
from the KEGG pathway database and previous studies (60, 79).
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gene clusters are known to be upregulated under iron-limited conditions, this result
suggests that the WT strain experienced more iron limitation during dTHP-1 cell
infection than the �rtxA1 strain.

Many genes related to bacterial secretion systems were also highlighted in the KEGG
pathway analysis. In particular, the gsp genes (VVMO6_02862 to VVMO6_02872), which
encode components of type II secretion system proteins, were significantly more highly
expressed (about 1.5-fold) in the WT V. vulnificus strain than in the �rtxA1 strain
(Table S5). Furthermore, the tolC gene (VVMO6_02608), which encodes the outer
membrane protein for the type I secretion system, and many sec and tat genes
(VVMO6_00227, VVMO6_02445, VVMO6_02446, VVMO6_02568, VVMO6_02900, and
VVMO6_02901), which encode Sec (secretion) and Tat (twin-arginine translocation)
translocase system proteins, were also expressed at slightly but significantly higher
levels in WT V. vulnificus (Table S5). It should be noted that the genes encoding a type
I secretion system for the MARTX toxin (rtxBDE [VVMO6_03950 to VVMO6_03952]; 61)
were not expressed more highly in WT V. vulnificus than in the �rtxA1 strain. This
indicates that general secretion systems, not the MARTX toxin-specific secretion system,
are expressed at higher levels in the WT strain than in the �rtxA1 strain during infection.
This might allow the secretion of other exoenzymes that benefit V. vulnificus during
MARTX toxin-mediated host cell lysis.

Differentially expressed iron homeostasis genes in dTHP-1 cells. The higher
expression of siderophore biosynthetic genes in WT V. vulnificus than in the �rtxA1
strain upon dTHP-1 cell infection suggests that less iron was available to WT V. vulnificus
than to the �rtxA1 mutant during infection. Therefore, we hypothesized that iron- or
heme-sequestering proteins might be produced by host cells in response to WT V.
vulnificus infection. However, genes encoding iron/heme-sequestering proteins such as
LTF (lactotransferrin), HPX (hemopexin), HP (haptoglobin), TF (transferrin), and NGAL
(siderocalin) were not expressed in either mock-treated or WT-infected dTHP-1 cells
under our experimental conditions (see deposited next-generation sequencing [NGS]
data, Materials and Methods section) (62, 63). Thus, it seems that iron/heme-
sequestering genes are not overexpressed by host cells during infection. Nonetheless,
the possibility cannot be ruled out that stored sequestering proteins are released upon
MARTX toxin attack, resulting in the relatively iron-limiting conditions experienced by
WT V. vulnificus.

We further examined the expression of the host genes related to iron homeostasis.
Although not all of these changes were statistically significant, some genes showed
changes in expression during infection with WT V. vulnificus but not the �rtxA1 mutant
(Fig. S4A). Hepcidin, which is encoded by the HAMP gene, is an iron-regulatory
hormone that governs iron absorption and distribution across tissues in mammals. Its
presence leads to decreased release of iron from enterocytes and macrophages into the
plasma by degradation of ferroportin, an iron exporter (62–64). As shown in Fig. S4A,
HAMP expression was higher during infection with WT V. vulnificus than during infec-
tion with �rtxA1 V. vulnificus. Therefore, the higher production of hepcidin might
decrease the extracellular iron level during infection, which would then induce expres-
sion of siderophore biosynthetic genes by WT V. vulnificus (Fig. 5; see also Fig. S3D and
E) (Tables S4 and S5).

Similarly to the HAMP gene, SLC11A1, which encodes natural resistance-associated
macrophage protein 1 (NRAMP1), was also more highly expressed in WT V. vulnificus-
infected dTHP-1 cells (Fig. S4A). Since this protein transports irons from phagosomes to
the cytoplasm (63), engulfed pathogens would experience relative iron limitation if this
protein is overexpressed. Other genes that showed differences in expression between
WT-infected and �rtxA1 V. vulnificus-infected dTHP-1 cells were FTH1 and FTL. These
genes encode the heavy and light chains of ferritin, respectively, which stores iron in
cells in a nontoxic, readily available form (63). Notably, these genes were expressed at
lower levels in WT V. vulnificus-infected dTHP-1 cells (Fig. S4A). Reduced production of
ferritin may be one mechanism through which host cells minimize the amount of
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readily available iron that can be hijacked by the pathogen. Taken together, these
results suggest that host cells recalibrate their expression of iron homeostasis genes to
limit the availability of iron that can be utilized by the invading extracellular pathogen,
V. vulnificus.

DISCUSSION

In this study, we explored MARTX toxin-specific gene expression changes in both
host cells and the infecting species V. vulnificus. Although there were some genes that
showed differential expression in the two types of host cells that we tested (HT-29 and
dTHP-1 cells; Fig. 3G), gene sets related to immune responses were commonly regu-
lated (Fig. 2B and E). Nonetheless, we were able to identify MARTX toxin-specific gene
sets enriched only in the WT-infected cells. Notably, differential expression of those
gene sets could be attributed to the biochemical function of the MARTX toxin effector
domains. For instance, enrichment of genes related to negative regulation of ERK1/2 in
HT-29 cells might be mediated by the RID, and genes involved in cell cycle regulation
in dTHP-1 cells might be regulated by the DUF1 domain (Fig. 2C and F) (27, 39).

In a detailed analysis of 202 immune-related genes, we found that both host cell
types upregulated some inflammatory genes upon V. vulnificus infection, regardless of
the MARTX toxin; in HT-29 cells, these included the proinflammatory transcription
factors JUN, FOS, and ATF3 (Fig. 3C), while in dTHP-1 cells, these included proinflam-
matory cytokines/chemokines, including CSF2, IL-6, and IL12B (Fig. 3F; see also Table S2
in the supplemental material). These results were not surprising because MARTX
toxin-deficient mutants can still produce pathogen-associated molecular patterns
(PAMPs) such as those associated with lipopolysaccharide.

Nevertheless, MARTX toxin-specific regulation of immune-related genes was still
apparent. Under conditions of infection with WT V. vulnificus, HT-29 cells upregulated
KLF2, KLF4, and KLF6 and downregulated NLRP3, TLR4, and CXCR4 (Fig. 3C), suggesting
that the MARTX toxin interrupts inflammatory responses, NF-�B signaling, and
mitogen-activated protein kinase (MAPK) signaling in infected cells (65). Since gut
epithelial cells such as HT-29 cells function not only as a barrier but also as a sensor of
invading pathogens by releasing cytokines/chemokines that promote immune cell
recruitment (66), these changes may help V. vulnificus to evade immune-related clear-
ance at the infection site, the gut.

In the case of dTHP-1 cells, however, somewhat different responses occurred upon
WT V. vulnificus infection. Although PYCARD was downregulated, which is consistent
with inhibition of inflammation, upregulation of TLR8, TLR9, CXCR4, STAT4, IKBKB, and
IRF7 and downregulation of IRAK3 were also observed (Fig. 3F), suggesting that the
MARTX toxin enhances inflammation and NF-�B signaling (67–69). This may correlate with
the uncontrolled septic immune responses that usually occur in cases of V. vulnificus
systemic infection (12, 31). Notably, the contrasting expression patterns of the anti-
inflammatory gene TSC22D3 and the inflammatory gene EDN1 further support such oppo-
site outcomes of V. vulnificus infection in HT-29 and dTHP-1 cells (Fig. 3G) (43, 44, 70).

V. vulnificus also exhibited MARTX toxin-dependent gene expression changes during
infection (Fig. 4). Most importantly, various siderophore biosynthesis, binding, and
transport genes were significantly more highly expressed in the WT strain than in the
MARTX toxin-deficient mutant strain during dTHP-1 cell infection (Fig. 5; see also
Table S3). Although we did not observe overexpression of iron-sequestering protein
genes in the host, the relative upregulation of hepcidin and NRAMP1 and the relative
downregulation of ferritin (see Fig. S4A in the supplemental material) support the
notion that dTHP-1 cells limit iron levels to inhibit the invading pathogens.

It should be noted that the final numbers of host and V. vulnificus cells at 6 h.p.i.
were different. Regardless of the host cell type, many more cells were lysed by WT V.
vulnificus than by the �rtxA1 strain (31.3% versus 12.4% lysis for HT-29 cells; 67.6%
versus 21.8% lysis for dTHP-1 cells), probably due to the potent cytotoxicity of the
MARTX toxin (Fig. S4B). Since cellular components released from lysed cells can be used
as nutrients by the infecting pathogens, the difference in cell lysis might affect the gene
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expression profiles of V. vulnificus. Indeed, expression levels of genes related to protein
metabolism were considerably increased in WT V. vulnificus (Fig. 4A and B), while
stress/starvation-related genes such as yfiA were expressed at significantly lower levels
(Table S3). Consistent with this, higher numbers of WT V. vulnificus cells than of �rtxA1
cells were present at 6 h.p.i. (5.5 � 107 versus 2.6 � 107 CFU/well for HT-29 infection;
5.1 � 106 versus 3.4 � 105 CFU/well for dTHP-1 infection; Fig. S4C). The MARTX toxin
also has a role in protecting bacteria from phagocytosis, which may further explain the
lower number of �rtxA1 cells at 6 h after dTHP-1 cell infection (71, 72). The increased
phagocytosis of �rtxA1 V. vulnificus compared with the WT cells might also affect the
V. vulnificus transcriptome profiles. In this context, the significant increase in expression
of genes related to arginine biosynthesis in the �rtxA1 strain during dTHP-1 infection
is of interest (Table S4) because in macrophages, arginine is consumed to produce nitric
oxide to inhibit invading pathogens (73).

In conclusion, during infection, the host cells and the invading V. vulnificus cells
differentially regulate their levels of gene expression in response to each other (Fig. 6;
see also Table S6A). After sensing PAMPs expressed by the invading pathogens, host
cells reprogram their gene expression for defensive immune responses. In the mean-
time, V. vulnificus attacks host cells by secreting its primary virulence factor, the MARTX

V. vulnificus Host cell

HT-29 dTHP-1
PAMPs (LPS, flagellin, etc)
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FIG 6 Proposed model for host-V. vulnificus interactions during infection. While the PAMP molecules of the
pathogen trigger general immune responses in host cells, the MARTX toxin dysregulates immune-related genes in
epithelial or immune cells to reduce inflammation or to enhance inflammation and NF-�B signaling, respectively.
In response to this, host immune cells recalibrate the expression of iron homeostasis genes to minimize the iron
available to the invading pathogen. Through the expression of siderophore biosynthetic genes, V. vulnificus
overcomes this iron limitation. Host cells are eventually lysed by the pore-forming activity of the MARTX toxin, and
the pathogen utilizes nutrients released by the lysed host cells to proliferate further. LPS, lipopolysaccharide.

Kim et al.

July/August 2020 Volume 5 Issue 4 e00659-20 msphere.asm.org 14

https://msphere.asm.org


toxin. Due to the biochemical functions of MARTX effector domains, host signaling is
subverted, resulting in different outcomes depending on the host cell type. In the case
of gut epithelial cells, MARTX toxin downregulates inflammatory responses to protect
V. vulnificus from clearance from the gut. In the case of immune cells, MARTX toxin
upregulates proinflammatory responses that could result in uncontrolled sepsis. None-
theless, the MARTX toxin eventually lyses the host cells via its pore-forming activity,
which supplies V. vulnificus with vital nutrients. In the meantime, the toxin-affected host
cells recalibrate iron homeostasis genes to minimize the amount of iron available to
invading pathogens. Despite this host counterattack, V. vulnificus can overcome the
relative limitation of iron by expressing siderophore biosynthetic and utilization genes,
allowing the pathogen to survive and the infection to continue.

MATERIALS AND METHODS
Strain construction and culture conditions. V. vulnificus MO6-24/O, a clinical isolate, was used as

the parental WT strain for the construction of the MARTX toxin-deficient (�rtxA1) mutant. Briefly, a suicide
plasmid (pMW0613) containing an internally deleted rtxA1 gene fragment with the kanamycin resistance
cassette nptI at the deleted region (�rtxA1::nptI) was transferred to the parental strain via conjugation,
as described previously (15). The transconjugants that underwent first-round homologous recombination
were selected and then challenged with 20% (wt/vol) sucrose to induce second-round homologous
recombination. The constructed mutant strain, which lacked 9,190 bp of the 14,112 bp-long rtxA1 gene
but contained the 1.2-kb nptI cassette, was confirmed by PCR and sequencing. Since MARTX toxin has
a secretion signal sequence and amino acid repeats essential for toxin secretion at the carboxyl-terminal
region (29), the mutant cannot secrete the toxin even if a truncated version is produced. V. vulnificus
strains were grown in Luria-Bertani medium supplemented with 2.0% (wt/vol) NaCl (LBS) at 30°C.

HT-29 and THP-1 cells were purchased from the American Type Culture Collection (ATCC) and
cultured at 37°C with 5% CO2 in RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA) supple-
mented with 1% antibiotic/antimycotic (Thermo Fisher Scientific) and 10% fetal bovine serum (FBS;
Thermo Fisher Scientific).

Bacterial infection and RNA purification. For HT-29 cells, 24 h before infection, 106 cells in 2 ml of
RPMI 1640 per well were seeded onto 6-well plates (SPL, Seoul, South Korea). On the following day, cells
were washed twice with PBS, and then fresh medium without antibiotic/antimycotic or FBS was added.
WT and �rtxA1 V. vulnificus cells were cultured to the mid-exponential phase, as determined by an optical
density at 600 nm (OD600) of approximately 0.5. The bacterial cells were washed, diluted with PBS, and
added to the HT-29 cells at an MOI of 0.001.

For THP-1 cells, about 2 � 105 cells were seeded in 75-T flasks (SPL) and then treated with 100 ng/ml
of phorbol 12-myristate 13-acetate (PMA; Thermo Fisher Scientific) to induce differentiation. The residual
PMA was washed out for 3 days, and 106 dTHP-1 cells in 2 ml of RPMI 1640 per well were seeded onto
6-well plates (SPL). On the following day, cells were washed with PBS and fresh medium without
antibiotic/antimycotic or FBS was added. Bacterial cells at the mid-exponential phase were prepared as
described above and added to the dTHP-1 cells at an MOI of 0.0002. It should be noted that neither the
WT strain nor �rtxA1 V. vulnificus was eliminated at this MOI.

After addition of the bacterial cells, the plates were lightly centrifuged (300 � g, 3 min) to synchro-
nize the cell infection and were then placed in a CO2 incubator. After 3 or 6 h, samples were treated with
RNAlater reagent (Qiagen, Hilden, Germany) to stabilize the transcriptomes. Both host and V. vulnificus
cells were harvested by scraping, and total RNA was isolated using an RNeasy minikit (Qiagen) according
to the manufacturer’s instructions. For RNA sequencing, host (human) and bacterial (V. vulnificus)
ribosomal RNAs (rRNAs) were depleted using an Illumina Ribo-Zero Plus rRNA depletion kit (Illumina, San
Diego, CA) according to the manufacturer’s instructions.

RNA sequencing. RNA sequencing libraries were prepared using a TruSeq RNA sample prep kit
(Illumina), and the sequencing was performed using an Illumina HiSeq 2000 platform to generate 100-bp
paired-end reads. Bioinformatic analysis was conducted as described elsewhere (74), with slight modi-
fications. Trim galore! (v.0.6.5; https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was
used to trim low-quality reads using the default parameters, and FastQC (v.0.11.9; https://www
.bioinformatics.babraham.ac.uk/projects/fastqc/) was used to perform a quality check. Human and Vibrio
vulnificus reference genomes were obtained from NCBI Genome (https://www.ncbi.nlm.nih.gov/
genome/), and genome indexing was performed using STAR (v.2.5.1) (75). The sequenced reads were
mapped to the human genome (hg19) and the Vibrio vulnificus MO6-24 genome (https://www.ncbi.nlm
.nih.gov/assembly/GCA_000186585.1) using STAR. The sequencing depths were at least 10 and 1.8
million reads for human cells and V. vulnificus cells, respectively (see Table S1A in the supplemental
material). In the cases of human rRNA and tRNA, annotation was performed using the University of
California, Santa Cruz (UCSC), Table browser (76). In the case of V. vulnificus, rRNA and tRNA were
identified using NCBI protein annotation (https://www.ncbi.nlm.nih.gov/genome/browse/#!/proteins/
189/165751%7CVibrio%20vulnificus%20MO6-24~2FO/). Among the mapped reads, any that were cross-
mapped to human and V. vulnificus genomes or that were mapped to rRNAs or tRNAs were removed
from the fastq files (see Fig. S1 and Table S1A in the supplemental material). Then, the gene expression
levels were quantified using the count module of STAR. The edgeR (v.3.12.1) package was used to select
DEGs among the mock-treated, WT-infected, and �rtxA1 mutant-infected samples (77). The upper
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quantile normalization method was used to calculate the library size, and the value representing counts
per million mapped reads (CPM) for each gene was added to 1 and the result subjected to log2

transformation for further analysis.
Gene set analysis of the human gene expression profile. To functionally annotate the differently

expressed genes among the mock-treated, WT-infected, and �rtxA1 mutant-infected samples, gene
ontology (GO) analyses were performed using DAVID (34). P values of less than 0.05 were considered to
represent statistically significant enrichment in the annotation category.

Gene set analysis of the Vibrio vulnificus gene expression profile. As the functional gene sets of
Vibrio vulnificus MO6-24 strain were defined only in the KEGG pathway, we created a custom gene set using
the KEGG pathway DB. All the KEGG pathways associated with Vibrio vulnificus MO6-24 were collected using
Pathview (v.1.23) (78), and detailed gene expression changes in the selected pathways were displayed
using the “pathview” module of the same program. The gene set enrichment test was performed by PAGE
(47) using the custom gene set, and the results were summarized by z-scores and P values.

RT-qPCR, Western blotting, and ELISAs. For RT-qPCR, cDNA was synthesized using an RT2 Easy
first-strand kit (Qiagen), and real-time PCR amplification of the cDNA was performed with a qRT-PCR kit
(BioAssay, South Korea) and specific primer pairs for each target gene (Table S6B). The relative expression
levels of the target transcripts were calculated using the expression of the GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) gene (GAPDH [for host cell genes]) or rrsH (for V. vulnificus genes) as the
internal reference for normalization.

For Western blot analysis, at 6 h.p.i., host cells were lysed with 2� Laemmli sample buffer containing
protease inhibitors and phosphatase inhibitors, boiled, and separated on Bis-Tris gels. Then, the proteins
were transferred onto polyvinylidene difluoride (PVDF) membranes and incubated with primary anti-
bodies, secondary antibodies, and ECL Select chemiluminescent substrate (GE Healthcare Life Science,
Chicago, IL). The antibodies included rabbit polyclonal anti-phospho-p44/42 MAPK (Erk1/2) (Cell Signal-
ing Technology, Danvers, MA; catalog no. 9101) (1:1,000), rabbit monoclonal anti-p44/42 MAPK (Erk1/2)
(Cell Signaling Technology; catalog no. 4695) (1:1,000), rabbit polyclonal anti-PLK1 (Cell Signaling
Technology; catalog no. 4535) (1:1,000), horseradish peroxidase (HRP)-conjugated rabbit monoclonal
anti-�-actin (Cell Signaling Technology; catalog no. 12620) (1:5,000), and an HRP-conjugated anti-rabbit
IgG secondary antibody (Cell Signaling Technologies, catalog no. 7046S) (1:5,000).

For ELISAs, culture supernatants were harvested at 6 h.p.i., and the amounts of secreted cytokines were
measured with a human TNF ELISA set (BD Bioscience, catalog no. 555212), a human IL-6 ELISA set (BD
Bioscience, catalog no. 555220), and a human vascular endothelial growth factor receptor (VEGF) Quantikine
ELISA kit (R&D Systems, catalog no. DVE00) according to the instructions of the manufacturers.

Lactate dehydrogenase (LDH) release assay and bacterial cell enumeration. Cell culture super-
natants were harvested at 6 h.p.i. and analyzed for lactate dehydrogenase (LDH) activity using a CytoTox
96 nonradioactive cytotoxicity assay kit (Promega, Madison, WI) according to the manufacturer’s instruc-
tions. Percent cell lysis was calculated as follows: (A490 of sample/A490 of 100% lysis control) � 100. To
enumerate total bacterial cells at 6 h.p.i., the host cells were lysed by addition of 0.1% Triton X-100, and
the lysates were serially diluted and plated on LBS agar. After overnight incubation at 30°C, the number
of CFU per well was calculated.

Data availability. NGS data have been deposited in the NCBI Gene Expression Omnibus under
accession number GSE136540. The raw sequence tags were deposited in the NCBI Short Read Archive
(SRA) under accession number SRP219588.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 2.7 MB.
FIG S3, PDF file, 0.3 MB.
FIG S4, PDF file, 0.2 MB.
TABLE S1, PDF file, 0.1 MB.
TABLE S2, PDF file, 0.1 MB.
TABLE S3, PDF file, 0.1 MB.
TABLE S4, PDF file, 0.1 MB.
TABLE S5, PDF file, 0.1 MB.
TABLE S6, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
We thank all the members of the Infection and Immunity Research Laboratory at

KRIBB for technical assistance and helpful discussion.
This work was supported by the Korea Research Institute of Bioscience and Biotechnol-

ogy Initiative Program and the National Research Foundation of Korea, funded by the
Ministry of Science and ICT of Korea (2014R1A2A1A01005971 and 2017R1A2B3007317 to
M.H.K. and 2018R1C1B5045632 and 2020R1F1A1070168 to B.S.K.).

We have no conflicts of interest to declare.

Kim et al.

July/August 2020 Volume 5 Issue 4 e00659-20 msphere.asm.org 16

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE136540
https://www.ncbi.nlm.nih.gov/sra/?term=SRP219588
https://msphere.asm.org


REFERENCES
1. do Vale A, Cabanes D, Sousa S. 2016. Bacterial toxins as pathogen

weapons against phagocytes. Front Microbiol 7:42. https://doi.org/10
.3389/fmicb.2016.00042.

2. Bhavsar AP, Guttman JA, Finlay BB. 2007. Manipulation of host-cell
pathways by bacterial pathogens. Nature 449:827– 834. https://doi.org/
10.1038/nature06247.

3. Jenner RG, Young RA. 2005. Insights into host responses against patho-
gens from transcriptional profiling. Nat Rev Microbiol 3:281–294. https://
doi.org/10.1038/nrmicro1126.

4. Chattopadhyay PK, Roederer M, Bolton DL. 2018. A deadly dance: the
choreography of host–pathogen interactions, as revealed by single-cell
technologies. Nat Commun 9:4638. https://doi.org/10.1038/s41467-018
-06214-0.

5. Wang Z, Gerstein M, Snyder M. 2009. RNA-Seq: a revolutionary tool
for transcriptomics. Nat Rev Genet 10:57– 63. https://doi.org/10.1038/
nrg2484.

6. Marioni JC, Mason CE, Mane SM, Stephens M, Gilad Y. 2008. RNA-seq: an
assessment of technical reproducibility and comparison with gene ex-
pression arrays. Genome Res 18:1509 –1517. https://doi.org/10.1101/gr
.079558.108.

7. Stark R, Grzelak M, Hadfield J. 2019. RNA sequencing: the teenage years.
Nat Rev Genet 20:631– 656. https://doi.org/10.1038/s41576-019-0150-2.

8. Westermann AJ, Gorski SA, Vogel J. 2012. Dual RNA-seq of pathogen and
host. Nat Rev Microbiol 10:618–630. https://doi.org/10.1038/nrmicro2852.

9. Westermann AJ, Förstner KU, Amman F, Barquist L, Chao Y, Schulte LN,
Müller L, Reinhardt R, Stadler PF, Vogel J. 2016. Dual RNA-seq unveils
noncoding RNA functions in host–pathogen interactions. Nature 529:
496 –501. https://doi.org/10.1038/nature16547.

10. Aprianto R, Slager J, Holsappel S, Veening J-W. 2016. Time-resolved dual
RNA-seq reveals extensive rewiring of lung epithelial and pneumococcal
transcriptomes during early infection. Genome Biol 17:198. https://doi
.org/10.1186/s13059-016-1054-5.

11. Damron FH, Oglesby-Sherrouse AG, Wilks A, Barbier M. 2016. Dual-seq
transcriptomics reveals the battle for iron during Pseudomonas aerugi-
nosa acute murine pneumonia. Sci Rep 6:39172. https://doi.org/10.1038/
srep39172.

12. Baker-Austin C, Oliver JD, Alam M, Ali A, Waldor MK, Qadri F, Martinez-
Urtaza J. 2018. Vibrio spp. infections. Nat Rev Dis Primers 4:8. https://doi
.org/10.1038/s41572-018-0005-8.

13. Baker-Austin C, Oliver JD. 2018. Vibrio vulnificus: new insights into a
deadly opportunistic pathogen. Environ Microbiol 20:423– 430. https://
doi.org/10.1111/1462-2920.13955.

14. Jeong HG, Satchell KJ. 2012. Additive function of Vibrio vulnificus MAR-
TX(Vv) and VvhA cytolysins promotes rapid growth and epithelial tissue
necrosis during intestinal infection. PLoS Pathog 8:e1002581. https://doi
.org/10.1371/journal.ppat.1002581.

15. Lee JH, Kim MW, Kim BS, Kim SM, Lee BC, Kim TS, Choi SH. 2007.
Identification and characterization of the Vibrio vulnificus rtxA essential
for cytotoxicity in vitro and virulence in mice. J Microbiol 45:146 –152.

16. Liu M, Alice AF, Naka H, Crosa JH. 2007. The HlyU protein is a positive
regulator of rtxA1, a gene responsible for cytotoxicity and virulence in
the human pathogen Vibrio vulnificus. Infect Immun 75:3282–3289.
https://doi.org/10.1128/IAI.00045-07.

17. Kim YR, Lee SE, Kook H, Yeom JA, Na HS, Kim SY, Chung SS, Choy HE,
Rhee JH. 2008. Vibrio vulnificus RTX toxin kills host cells only after contact
of the bacteria with host cells. Cell Microbiol 10:848 – 862. https://doi
.org/10.1111/j.1462-5822.2007.01088.x.

18. Lee CT, Pajuelo D, Llorens A, Chen YH, Leiro JM, Padros F, Hor LI,
Amaro C. 2013. MARTX of Vibrio vulnificus biotype 2 is a virulence and
survival factor. Environ Microbiol 15:419 – 432. https://doi.org/10
.1111/j.1462-2920.2012.02854.x.

19. Ziolo KJ, Jeong HG, Kwak JS, Yang S, Lavker RM, Satchell KJ. 2014. Vibrio
vulnificus biotype 3 multifunctional autoprocessing RTX toxin is an
adenylate cyclase toxin essential for virulence in mice. Infect Immun
82:2148 –2157. https://doi.org/10.1128/IAI.00017-14.

20. Satchell KJ. 2007. MARTX, multifunctional autoprocessing repeats-in-
toxin toxins. Infect Immun 75:5079 –5084. https://doi.org/10.1128/IAI
.00525-07.

21. Satchell KJF. 2015. Multifunctional-autoprocessing repeats-in-toxin
(MARTX) Toxins of Vibrios. Microbiol Spectr 3(3). https://doi.org/10.1128/
microbiolspec.VE-0002-2014.

22. Kim BS. 2018. The modes of action of MARTX toxin effector domains.
Toxins (Basel) 10:507. https://doi.org/10.3390/toxins10120507.

23. Woida PJ, Satchell KJF. 2018. Coordinated delivery and function of
bacterial MARTX toxin effectors. Mol Microbiol 107:133–141. https://doi
.org/10.1111/mmi.13875.

24. Lee Y, Kim BS, Choi S, Lee E-Y, Park S, Hwang J, Kwon Y, Hyun J, Lee C,
Kim JF, Eom SH, Kim MH. 2019. Makes caterpillars floppy-like effector-
containing MARTX toxins require host ADP-ribosylation factor (ARF)
proteins for systemic pathogenicity. Proc Natl Acad Sci U S A 116:
18031–18040. https://doi.org/10.1073/pnas.1905095116.

25. Zhou Y, Huang C, Yin L, Wan M, Wang X, Li L, Liu Y, Wang Z, Fu P, Zhang
N, Chen S, Liu X, Shao F, Zhu Y. 2017. N(epsilon)-Fatty acylation of Rho
GTPases by a MARTX toxin effector. Science 358:528 –531. https://doi
.org/10.1126/science.aam8659.

26. Sheahan KL, Satchell KJ. 2007. Inactivation of small Rho GTPases by
the multifunctional RTX toxin from Vibrio cholerae. Cell Microbiol
9:1324 –1335. https://doi.org/10.1111/j.1462-5822.2006.00876.x.

27. Biancucci M, Minasov G, Banerjee A, Herrera A, Woida PJ, Kieffer MB,
Bindu L, Abreu-Blanco M, Anderson WF, Gaponenko V, Stephen AG,
Holderfield M, Satchell KJF. 2018. The bacterial Ras/Rap1 site-specific
endopeptidase RRSP cleaves Ras through an atypical mechanism to
disrupt Ras-ERK signaling. Sci Signal 11:eaat8335. https://doi.org/10
.1126/scisignal.aat8335.

28. Jang SY, Hwang J, Kim BS, Lee EY, Oh BH, Kim MH. 2018. Structural basis
of inactivation of Ras and Rap1 small GTPases by Ras/Rap1-specific
endopeptidase from the sepsis-causing pathogen Vibrio vulnificus. J Biol
Chem 293:18110 –18122. https://doi.org/10.1074/jbc.RA118.004857.

29. Kim BS, Gavin HE, Satchell KJ. 2015. Distinct roles of the repeat-
containing regions and effector domains of the Vibrio vulnificus
multifunctional-autoprocessing repeats-in-toxin (MARTX) toxin. mBio
6:e00324-15. https://doi.org/10.1128/mBio.00324-15.

30. Callol A, Reyes-Lopez FE, Roig FJ, Goetz G, Goetz FW, Amaro C, MacK-
enzie SA. 2015. An enriched European eel transcriptome sheds light
upon host-pathogen interactions with Vibrio vulnificus. PLoS One 10:
e0133328. https://doi.org/10.1371/journal.pone.0133328.

31. Murciano C, Lee CT, Fernandez-Bravo A, Hsieh TH, Fouz B, Hor LI, Amaro
C. 2017. MARTX toxin in the zoonotic serovar of Vibrio vulnificus triggers
an early cytokine storm in mice. Front Cell Infect Microbiol 7:332.
https://doi.org/10.3389/fcimb.2017.00332.

32. Lee A, Kim MS, Cho D, Jang KK, Choi SH, Kim TS. 2018. Vibrio vulnificus
RtxA is a major factor driving inflammatory T helper type 17 cell re-
sponses in vitro and in vivo. Front Immunol 9:332. https://doi.org/10
.3389/fimmu.2018.02095.

33. Liu Y, Zhou J, White KP. 2014. RNA-seq differential expression studies:
more sequence or more replication? Bioinformatics 30:301–304. https://
doi.org/10.1093/bioinformatics/btt688.

34. Huang DW, Sherman BT, Lempicki RA. 2009. Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc 4:44 –57. https://doi.org/10.1038/nprot.2008.211.

35. Huang DW, Sherman BT, Lempicki RA. 2009. Bioinformatics enrichment
tools: paths toward the comprehensive functional analysis of large gene
lists. Nucleic Acids Res 37:1–13. https://doi.org/10.1093/nar/gkn923.

36. Agarwal S, Kim H, Chan RB, Agarwal S, Williamson R, Cho W, Paolo GD,
Paolo GD, Satchell KJF. 2015. Autophagy and endosomal trafficking
inhibition by Vibrio cholerae MARTX toxin phosphatidylinositol-3-
phosphate-specific phospholipase A1 activity. Nat Commun 6:8745.
https://doi.org/10.1038/ncomms9745.

37. Antic I, Biancucci M, Zhu Y, Gius DR, Satchell KJ. 2015. Site-specific
processing of Ras and Rap1 Switch I by a MARTX toxin effector domain.
Nat Commun 6:7396. https://doi.org/10.1038/ncomms8396.

38. Combes G, Alharbi I, Braga LG, Elowe S. 2017. Playing polo during
mitosis: PLK1 takes the lead. Oncogene 36:4819 – 4827. https://doi.org/
10.1038/onc.2017.113.

39. Kim BA, Lim JY, Rhee JH, Kim YR. 2016. Characterization of prohibitin 1
as a host partner of Vibrio vulnificus RtxA1 toxin. J Infect Dis 213:131–138.
https://doi.org/10.1093/infdis/jiv362.

40. Peng Y-T, Chen P, Ouyang R-Y, Song L. 2015. Multifaceted role of
prohibitin in cell survival and apoptosis. Apoptosis 20:1135–1149.
https://doi.org/10.1007/s10495-015-1143-z.

41. De Nisco NJ, Kanchwala M, Li P, Fernandez J, Xing C, Orth K. 2017. The
cytotoxic type 3 secretion system 1 of Vibrio rewires host gene expres-

MARTX Toxin-Stimulated Host-Pathogen Interactions

July/August 2020 Volume 5 Issue 4 e00659-20 msphere.asm.org 17

https://doi.org/10.3389/fmicb.2016.00042
https://doi.org/10.3389/fmicb.2016.00042
https://doi.org/10.1038/nature06247
https://doi.org/10.1038/nature06247
https://doi.org/10.1038/nrmicro1126
https://doi.org/10.1038/nrmicro1126
https://doi.org/10.1038/s41467-018-06214-0
https://doi.org/10.1038/s41467-018-06214-0
https://doi.org/10.1038/nrg2484
https://doi.org/10.1038/nrg2484
https://doi.org/10.1101/gr.079558.108
https://doi.org/10.1101/gr.079558.108
https://doi.org/10.1038/s41576-019-0150-2
https://doi.org/10.1038/nrmicro2852
https://doi.org/10.1038/nature16547
https://doi.org/10.1186/s13059-016-1054-5
https://doi.org/10.1186/s13059-016-1054-5
https://doi.org/10.1038/srep39172
https://doi.org/10.1038/srep39172
https://doi.org/10.1038/s41572-018-0005-8
https://doi.org/10.1038/s41572-018-0005-8
https://doi.org/10.1111/1462-2920.13955
https://doi.org/10.1111/1462-2920.13955
https://doi.org/10.1371/journal.ppat.1002581
https://doi.org/10.1371/journal.ppat.1002581
https://doi.org/10.1128/IAI.00045-07
https://doi.org/10.1111/j.1462-5822.2007.01088.x
https://doi.org/10.1111/j.1462-5822.2007.01088.x
https://doi.org/10.1111/j.1462-2920.2012.02854.x
https://doi.org/10.1111/j.1462-2920.2012.02854.x
https://doi.org/10.1128/IAI.00017-14
https://doi.org/10.1128/IAI.00525-07
https://doi.org/10.1128/IAI.00525-07
https://doi.org/10.1128/microbiolspec.VE-0002-2014
https://doi.org/10.1128/microbiolspec.VE-0002-2014
https://doi.org/10.3390/toxins10120507
https://doi.org/10.1111/mmi.13875
https://doi.org/10.1111/mmi.13875
https://doi.org/10.1073/pnas.1905095116
https://doi.org/10.1126/science.aam8659
https://doi.org/10.1126/science.aam8659
https://doi.org/10.1111/j.1462-5822.2006.00876.x
https://doi.org/10.1126/scisignal.aat8335
https://doi.org/10.1126/scisignal.aat8335
https://doi.org/10.1074/jbc.RA118.004857
https://doi.org/10.1128/mBio.00324-15
https://doi.org/10.1371/journal.pone.0133328
https://doi.org/10.3389/fcimb.2017.00332
https://doi.org/10.3389/fimmu.2018.02095
https://doi.org/10.3389/fimmu.2018.02095
https://doi.org/10.1093/bioinformatics/btt688
https://doi.org/10.1093/bioinformatics/btt688
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1093/nar/gkn923
https://doi.org/10.1038/ncomms9745
https://doi.org/10.1038/ncomms8396
https://doi.org/10.1038/onc.2017.113
https://doi.org/10.1038/onc.2017.113
https://doi.org/10.1093/infdis/jiv362
https://doi.org/10.1007/s10495-015-1143-z
https://msphere.asm.org


sion to subvert cell death and activate cell survival pathways. Sci Signal
10:eaal4501. https://doi.org/10.1126/scisignal.aal4501.

42. De Filippo K, Rankin SM. 2018. CXCR4, the master regulator of neutrophil
trafficking in homeostasis and disease. Eur J Clin Invest 48:e12949.
https://doi.org/10.1111/eci.12949.

43. Ronchetti S, Migliorati G, Riccardi C. 2015. GILZ as a mediator of the
anti-inflammatory effects of glucocorticoids. Front Endocrinol (Laus-
anne) 6:170. https://doi.org/10.3389/fendo.2015.00170.

44. Berrebi D, Bruscoli S, Cohen N, Foussat A, Migliorati G, Bouchet-Delbos
L, Maillot M-C, Portier A, Couderc J, Galanaud P, Peuchmaur M, Riccardi
C, Emilie D. 2003. Synthesis of glucocorticoid-induced leucine zipper
(GILZ) by macrophages: an anti-inflammatory and immunosuppressive
mechanism shared by glucocorticoids and IL-10. Blood 101:729 –738.
https://doi.org/10.1182/blood-2002-02-0538.

45. Applequist SE, Wallin RPA, Ljunggren HG. 2002. Variable expression of
Toll-like receptor in murine innate and adaptive immune cell lines. Int
Immunol 14:1065–1074. https://doi.org/10.1093/intimm/dxf069.

46. Abreu MT. 2010. Toll-like receptor signalling in the intestinal epithelium:
how bacterial recognition shapes intestinal function. Nat Rev Immunol
10:131–144. https://doi.org/10.1038/nri2707.

47. Kim S-Y, Volsky DJ. 2005. PAGE: parametric analysis of gene set enrichment.
BMC Bioinformatics 6:144. https://doi.org/10.1186/1471-2105-6-144.

48. Kanehisa M, Goto S. 2000. KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Res 28:27–30. https://doi.org/10.1093/nar/28.1
.27.

49. Duong-Nu T-M, Jeong K, Hong SH, Puth S, Kim SY, Tan W, Lee KH, Lee
SE, Rhee JH. 2019. A stealth adhesion factor contributes to Vibrio vulni-
ficus pathogenicity: Flp pili play roles in host invasion, survival in the
blood stream and resistance to complement activation. PLoS Pathog
15:e1007767. https://doi.org/10.1371/journal.ppat.1007767.

50. Aagesen AM, Häse CC. 2012. Sequence analyses of type IV pili from
Vibrio cholerae, Vibrio parahaemolyticus, and Vibrio vulnificus. Microb Ecol
64:509 –524. https://doi.org/10.1007/s00248-012-0021-2.

51. Williams TC, Ayrapetyan M, Oliver JD. 2014. Implications of chitin attach-
ment for the environmental persistence and clinical nature of the hu-
man pathogen Vibrio vulnificus. Appl Environ Microbiol 80:1580 –1587.
https://doi.org/10.1128/AEM.03811-13.

52. Gohara DW, Yap M-NF. 2018. Survival of the drowsiest: the hibernating
100S ribosome in bacterial stress management. Curr Genet 64:753–760.
https://doi.org/10.1007/s00294-017-0796-2.

53. Kvint K, Nachin L, Diez A, Nyström T. 2003. The bacterial universal stress
protein: function and regulation. Curr Opin Microbiol 6:140 –145. https://
doi.org/10.1016/s1369-5274(03)00025-0.

54. Ennis HL, Kievitt KD, Artman M. 1974. Synthesis of �-galactosidase
messenger RNA during amino acid starvation of stringent and relaxed
strains of Escherichia coli. Biochem Biophys Res Commun 59:429 – 436.
https://doi.org/10.1016/s0006-291x(74)80224-x.

55. Choi HK, Park NY, Kim D-i, Chung HJ, Ryu S, Choi SH. 2002. Promoter
analysis and regulatory characteristics of vvhBA encoding cytolytic he-
molysin of Vibrio vulnificus. J Biol Chem 277:47292– 47299. https://doi
.org/10.1074/jbc.M206893200.

56. Lee H-J, Kim J-A, Lee M-A, Park S-J, Lee K-H. 2013. Regulation of
haemolysin (VvhA) production by ferric uptake regulator (Fur) in Vibrio
vulnificus: repression of vvhA transcription by Fur and proteolysis of
VvhA by Fur-repressive exoproteases. Mol Microbiol 88:813– 826. https://
doi.org/10.1111/mmi.12224.

57. Shao CP, Lo HR, Lin JH, Hor LI. 2011. Regulation of cytotoxicity by
quorum-sensing signaling in Vibrio vulnificus is mediated by SmcR, a
repressor of hlyU. J Bacteriol 193:2557–2565. https://doi.org/10.1128/JB
.01259-10.

58. Elgaml A, Miyoshi S-I. 2015. Role of the histone-like nucleoid structuring
protein (H-NS) in the regulation of virulence factor expression and stress
response in Vibrio vulnificus. Biocontrol Sci 20:263–274. https://doi.org/
10.4265/bio.20.263.

59. Litwin CM, Rayback TW, Skinner J. 1996. Role of catechol siderophore
synthesis in Vibrio vulnificus virulence. Infect Immun 64:2834 –2838.
https://doi.org/10.1128/IAI.64.7.2834-2838.1996.

60. Tan W, Verma V, Jeong K, Kim S, Jung C-H, Lee S, Rhee J. 2014. Molecular

characterization of vulnibactin biosynthesis in Vibrio vulnificus indicates
the existence of an alternative siderophore. Front Microbiol 5:1. https://
doi.org/10.3389/fmicb.2014.00001.

61. Lee BC, Lee JH, Kim MW, Kim BS, Oh MH, Kim KS, Kim TS, Choi SH. 2008.
Vibrio vulnificus rtxE is important for virulence, and its expression is
induced by exposure to host cells. Infect Immun 76:1509 –1517. https://
doi.org/10.1128/IAI.01503-07.

62. Parrow NL, Fleming RE, Minnick MF. 2013. Sequestration and scavenging
of iron in infection. Infect Immun 81:3503–3514. https://doi.org/10.1128/
IAI.00602-13.

63. Ganz T, Nemeth E. 2015. Iron homeostasis in host defence and inflam-
mation. Nat Rev Immunol 15:500 –510. https://doi.org/10.1038/nri3863.

64. Arezes J, Jung G, Gabayan V, Valore E, Ruchala P, Gulig PA, Ganz T,
Nemeth E, Bulut Y. 2015. Hepcidin-induced hypoferremia is a critical
host defense mechanism against the siderophilic bacterium Vibrio vul-
nificus. Cell Host Microbe 17:47–57. https://doi.org/10.1016/j.chom.2014
.12.001.

65. O’Grady E, Mulcahy H, Adams C, Morrissey JP, O’Gara F. 2007. Manipu-
lation of host Kruppel-like factor (KLF) function by exotoxins from
diverse bacterial pathogens. Nat Rev Microbiol 5:337–341. https://doi
.org/10.1038/nrmicro1641.

66. Peterson LW, Artis D. 2014. Intestinal epithelial cells: regulators of barrier
function and immune homeostasis. Nat Rev Immunol 14:141–153.
https://doi.org/10.1038/nri3608.

67. Kaplan MH. 2005. STAT4: a critical regulator of inflammation in vivo.
Immunol Res 31:231–241. https://doi.org/10.1385/IR:31:3:231.

68. Dorrington MG, Fraser IDC. 2019. NF-�B signaling in macrophages:
dynamics, crosstalk, and signal integration. Front Immunol 10:705.
https://doi.org/10.3389/fimmu.2019.00705.

69. Puthia M, Ambite I, Cafaro C, Butler D, Huang Y, Lutay N, Rydstrom G,
Gullstrand B, Swaminathan B, Nadeem A, Nilsson B, Svanborg C. 2016.
IRF7 inhibition prevents destructive innate immunity-A target for non-
antibiotic therapy of bacterial infections. Sci Transl Med 8:336ra59.
https://doi.org/10.1126/scitranslmed.aaf1156.

70. Freeman BD, Machado FS, Tanowitz HB, Desruisseaux MS. 2014.
Endothelin-1 and its role in the pathogenesis of infectious diseases. Life
Sci 118:110 –119. https://doi.org/10.1016/j.lfs.2014.04.021.

71. Lo H-R, Lin J-H, Chen Y-H, Chen C-L, Shao C-P, Lai Y-C, Hor L-I. 2011. RTX
toxin enhances the survival of Vibrio vulnificus during infection by
protecting the organism from phagocytosis. J Infect Dis 203:1866 –1874.
https://doi.org/10.1093/infdis/jir070.

72. Chen CL, Chien SC, Leu TH, Harn HI, Tang MJ, Hor LI. 2017. Vibrio
vulnificus MARTX cytotoxin causes inactivation of phagocytosis-related
signaling molecules in macrophages. J Biomed Sci 24:58. https://doi.org/
10.1186/s12929-017-0368-2.

73. MacMicking J, Xie QW, Nathan C. 1997. Nitric oxide and macrophage
function. Annu Rev Immunol 15:323–350. https://doi.org/10.1146/annurev
.immunol.15.1.323.

74. Westermann AJ, Vogel J. 2018. Host-pathogen transcriptomics by dual
RNA-Seq. Methods Mol Biol 1737:59 –75. https://doi.org/10.1007/978-1
-4939-7634-8_4.

75. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. 2013. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics 29:15–21. https://doi.org/10.1093/bioinformatics/bts635.

76. Karolchik D, Hinrichs AS, Furey TS, Roskin KM, Sugnet CW, Haussler D,
Kent WJ. 2004. The UCSC Table Browser data retrieval tool. Nucleic Acids
Res 32:D493–D496. https://doi.org/10.1093/nar/gkh103.

77. McCarthy DJ, Chen Y, Smyth GK. 2012. Differential expression analysis of
multifactor RNA-Seq experiments with respect to biological variation.
Nucleic Acids Res 40:4288 – 4297. https://doi.org/10.1093/nar/gks042.

78. Luo W, Brouwer C. 2013. Pathview: an R/Bioconductor package for
pathway-based data integration and visualization. Bioinformatics 29:
1830 –1831. https://doi.org/10.1093/bioinformatics/btt285.

79. Kim IH, Shim JI, Lee KE, Hwang W, Kim IJ, Choi SH, Kim KS. 2008.
Nonribosomal peptide synthase is responsible for the biosynthesis of
siderophore in Vibrio vulnificus MO6-24/O. J Microbiol Biotechnol 18:
35– 42.

Kim et al.

July/August 2020 Volume 5 Issue 4 e00659-20 msphere.asm.org 18

https://doi.org/10.1126/scisignal.aal4501
https://doi.org/10.1111/eci.12949
https://doi.org/10.3389/fendo.2015.00170
https://doi.org/10.1182/blood-2002-02-0538
https://doi.org/10.1093/intimm/dxf069
https://doi.org/10.1038/nri2707
https://doi.org/10.1186/1471-2105-6-144
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1371/journal.ppat.1007767
https://doi.org/10.1007/s00248-012-0021-2
https://doi.org/10.1128/AEM.03811-13
https://doi.org/10.1007/s00294-017-0796-2
https://doi.org/10.1016/s1369-5274(03)00025-0
https://doi.org/10.1016/s1369-5274(03)00025-0
https://doi.org/10.1016/s0006-291x(74)80224-x
https://doi.org/10.1074/jbc.M206893200
https://doi.org/10.1074/jbc.M206893200
https://doi.org/10.1111/mmi.12224
https://doi.org/10.1111/mmi.12224
https://doi.org/10.1128/JB.01259-10
https://doi.org/10.1128/JB.01259-10
https://doi.org/10.4265/bio.20.263
https://doi.org/10.4265/bio.20.263
https://doi.org/10.1128/IAI.64.7.2834-2838.1996
https://doi.org/10.3389/fmicb.2014.00001
https://doi.org/10.3389/fmicb.2014.00001
https://doi.org/10.1128/IAI.01503-07
https://doi.org/10.1128/IAI.01503-07
https://doi.org/10.1128/IAI.00602-13
https://doi.org/10.1128/IAI.00602-13
https://doi.org/10.1038/nri3863
https://doi.org/10.1016/j.chom.2014.12.001
https://doi.org/10.1016/j.chom.2014.12.001
https://doi.org/10.1038/nrmicro1641
https://doi.org/10.1038/nrmicro1641
https://doi.org/10.1038/nri3608
https://doi.org/10.1385/IR:31:3:231
https://doi.org/10.3389/fimmu.2019.00705
https://doi.org/10.1126/scitranslmed.aaf1156
https://doi.org/10.1016/j.lfs.2014.04.021
https://doi.org/10.1093/infdis/jir070
https://doi.org/10.1186/s12929-017-0368-2
https://doi.org/10.1186/s12929-017-0368-2
https://doi.org/10.1146/annurev.immunol.15.1.323
https://doi.org/10.1146/annurev.immunol.15.1.323
https://doi.org/10.1007/978-1-4939-7634-8_4
https://doi.org/10.1007/978-1-4939-7634-8_4
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/nar/gkh103
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1093/bioinformatics/btt285
https://msphere.asm.org

	RESULTS
	MARTX toxin-dependent gene expression profiles. 
	DEGs in V. vulnificus-infected HT-29 cells. 
	DEGs in V. vulnificus-infected dTHP-1 cells. 
	Immune-related DEGs in HT-29 cells. 
	Immune-related DEGs in dTHP-1 cells. 
	Genes showing distinct expression patterns in different cells upon V. vulnificus infection. 
	DEGs in V. vulnificus during host cell infection. 
	Significant overexpression of siderophore biosynthetic genes in dTHP-1 cell-infecting WT V. vulnificus. 
	Differentially expressed iron homeostasis genes in dTHP-1 cells. 

	DISCUSSION
	MATERIALS AND METHODS
	Strain construction and culture conditions. 
	Bacterial infection and RNA purification. 
	RNA sequencing. 
	Gene set analysis of the human gene expression profile. 
	Gene set analysis of the Vibrio vulnificus gene expression profile. 
	RT-qPCR, Western blotting, and ELISAs. 
	Lactate dehydrogenase (LDH) release assay and bacterial cell enumeration. 
	Data availability. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

