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1 | INTRODUCTION

Abstract

Elucidation of host-pathogen interaction is essential for developing effective strate-
gies to combat bacterial infection. Dual RNA-Seq using cultured cells or tissues/
organs as the host of pathogen has emerged as a novel strategy to understand the
responses concurrently from both pathogen and host at cellular level. However, bac-
terial infection mostly causes systematic responses from the host at organism level
where the interplay is urgently to be understood but inevitably being neglected by the
current practice. Here, we developed an approach that simultaneously monitor the
genome-wide infection-linked transcriptional alterations in both pathogenic Vibrio
parahaemolyticus and the infection host nematode Caenorhabditis elegans. Besides
the dynamic alterations in transcriptomes of both C. elegans and V. parahaemo-
Iyticus during infection, we identify a two-component system, BarA/UvrY, that is
important for virulence in host. BarA/UvrY not only controls the virulence factors
in V. parahaemolyticus including Type III and Type VI secretion systems, but also
attenuates innate immune responses in C. elegans, including repression on the MAP
kinase-mediated cascades. Thus, our study exemplifies the use of dual RNA-Seq
at organism level to uncover previously unrecognized interplay between host and

pathogen.
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of both host and pathogen can provide new insights into this
process and enable the identification of new virulence fac-

Bacterial pathogens encounter changes in the environmental
condition during their infections. Both eukaryotic host cells
and bacteria would initiate a dynamic cascade of events that
culminates in the altered gene expression patterns for sur-
vival. A comprehensive understanding on the transcriptomes

Abbreviations: CsrB, carbon storage regulator B; qRT-PCR, quantitative
real-time PCR; RNA-Seq, RNA sequencing; T3SS, type III secretion
system; T6SS, type VI secretion system.
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tors in the pathogen or new regulation cascades in the host
that are responding to the attack by the specific pathogens.
RNA sequencing (RNA-Seq) is a powerful technology de-
veloped for global gene expression analysis during pathogen
infection. However, traditional RNA-Seq has outstanding
limitation on the studies of host-pathogen interaction: it is
restricted to transcriptome of either the pathogen or the host
at a time and could not provide a full picture of dynamic
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interacting responses between bacteria and host during the
infection." This weak point has been overcome by the con-
ceptual introduction of “dual RNA-Seq”.z'5 Instead of phys-
ically separation of the pathogen from infected host cells,
the transcriptomes from both host and pathogen will be se-
quenced together and only be distinguished subsequently by
in silico amalysis.l’5 This technology has been widely used
and become a powerful approach to reveal many novel mech-
anisms on the interaction between host and pathogens.("9
While many novel insights into the cross-talk between
pathogen and host have been disclosed by this technology,
the use of cultured cells or tissues/organs have inevitably ne-
glected the host responses at the organism level > Conducting
dual RNA-Seq with whole-animal would provide additional
information on bacteria-host interaction. However, the tradi-
tional animal model for bacterial infection, such as mouse or
Zebrafish, are not suitable for dual RNA-Seq at organism level
due to their relatively large size. The nematode Caenorhabditis
elegans is a simple model for studying bacteria-host interac-
tion. It is small in size, and the adult worm only have around
a thousand cells. Importantly, C. elegans is similar in various
aspects to mammalian hosts. C. elegans have been used as a
model to investigate the bacterial pathogenesis in a remark-
able large number of human microbial pathogens, including
vibrio species, such as V. cholerae and Vibrio vulm'ficus.lo’11
Vibrio parahaemolyticus is a Gram-negative halophilic
bacterium that is commonly found in estuarine, marine, and
coastal environments.'? It is an emerging bacterial pathogen
and a leading cause of human gastroenteritis associated with
seafood consumption throughout the world."*"* However, the
pathogenicity of V. parahaemolyticus has not been fully eluci-
dated." The major virulence factors that have been character-
ized so far include adhesins,15 thermostable direct hemolysin
(TDH), and TDH-related hemolysin (TRH)IG’17 as well as two
type III secretion systems, namely T3SS1 and T3SS2,'® and
the polar and lateral flagella.lg'21 Each T3SS secretes a unique
set of effectors that contribute to the virulence by acting on
different host targets and serves different functions. T3SS1
causes cytotoxicity, whereas T3SS2 is mainly associated with
ent«:rotoxicity.18 In addition, V. parahaemolyticus contains two
type VI secretion systems (T6SS1 and T6SS2), among which
T6SS2 has also been implicated in the bacterial pathogenesis.22
In this study, we established an organism dual RNA-Seq
with C. elegans as an infection host for pathogenic V. par-
ahaemolyticus. We have successfully applied this approach
to investigate the global dynamic gene expression alterations
of both V. parahaemolyticus and C. elegans during the in-
fection process. Our results revealed insights into the infec-
tion stimuli that provoke the gene expression changes driving
bacterial pathogenesis and the corresponding host responses
at organism level. We discovered the important role of the
two-component system BarA/UvrY in bacterial pathogenesis
through controlling bacterial virulence factors. Importantly,

the simultaneous monitoring on bacteria-host responses also
enabled us to identify the repression of host innate immunity
responses by V. parahaemolyticus through BarA/UvrY.

2 | MATERIALS AND METHODS
2.1 | Bacterial strains, plasmids, and growth
conditions

The bacterial strains and plasmids used in this study are
listed in Dataset S1. LB broth was used for all the experi-
ments. Culture media were supplemented with ampicillin
(Amp, 50 pg/mL) or chloramphenicol (Chl, 20 pg/mL) when
necessary.

2.2 | Construction of bacterial
strains and plasmids

In-frame deletion mutants were constructed by the SacB-
based allelic exchanges as previously described with plasmid
pDS 132,232 Briefly, for construction of AuvrY, primer sets of
uvrY L_F/uvrY 1. R and uvrY R_F/uvrY R_R were used to
amplify the upstream and downstream fragments of uvrY. A
20-bp overlap in the sequences of each PCR products introduced
by primers of uvrY_L_R and uvrY_R_F permitted a second am-
plification of about 1800-bp product containing about 900-bp
fragment upstream of uvrY and about 900-bp fragment down-
stream of the uvrY, respectively, by the primers of uvrY_L_F
and uvrY_R_R. The resultant fragment was ligated into Xbal-
digested plasmid pDS132 using the In-Fusion HD Cloning kit
(Clontech) following the user manual. The resultant plasmid
was mobilized into V. parahaemolyticus cells by Escherichia
coli DHS5aApir. Double cross-over mutants were selected on
LB agar plates supplemented with 10% sucrose. The deletion
mutants were verified by PCR. The construction of other dele-
tion mutants and the chromosomal uvrY:: 3 x FLAG in V. par-
ahaemolyticus followed a similar procedure. Complementation
of mutants were achieved by the expression of the correspond-
ing WT gene on plasmid pBAD24-cm, a pBAD24 derivative
in which the ampicillin resistant gene was replace by chloram-
phenicol. Then, transforming corresponding pBAD24-cm to
the mutant strain by a triparental mating with a helper strain of
E. coli DH5a containing pRK2073. Oligonucleotides used for
plasmid and mutant construction are listed in Dataset S1.

2.3 | C. elegans maintenance and nematode
lethality assay

C. elegans WT strain Bristol N2 was maintained at 23°C on
nematode growth medium (NGM) agar plates seeded with E.
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coli OP50 following the standard method.” The nematode
lethality assay was performed as described previously with
minor modification.”®?’ Briefly, bacteria from overnight cul-
ture were directly inoculated into the liquid media at 1:100
into 6-well microtiter dish containing 2 mL of liquid media
(80% M9 and 20% BHI). The L4 stage of C. elegans were
washed with M9 minimal media (22 mM KH,PO,, 42 mM
Na,HPO,, 86 mM NaCl, and | mM MgSO,) and then ap-
proximately 15 to 30 worms were transferred into each well.
Plates were incubated at 23°C and the live worms in the well
were recorded every day. The worms were considered to be
dead if they do not move or exhibit muscle tone during the
shaking of 6-well plate by hands.

2.4 | Bacterial colonization and
accumulation in nematodes

Nematodes infected with GFP-labeled bacteria were investi-
gated by fluorescent microscopy as previously described.”®
Plasmid expressing GFP was mobilized into V. parahaemo-
Iyticus by triparental mating technique.29 Briefly, C. elegans
infected with bacteria expressing GFP were washed five
times by M9 buffer. The washed worm was eventually re-
suspended in M9 buffer supplemented with 30 mM sodium
azide (Sigma) as the anaesthetic. The colonization of bacteria
in worm was then examined using a Carl Zeiss microscope.

Bacterial accumulation in worm was quantified followed
previous description.30 Worms infected for duration as indi-
cated in the text were collected and washed three times with
M9 buffer containing ImM sodium azide and 100 pg/mL of
gentamicin. Worms were then incubated with the same buf-
fer for 1 hour to kill the bacteria on the worm surface and
inhibit the expulsion of bacteria from the worm intestine. The
infected worms were washed three times again with M9 buf-
fer. Approximately 10 worms were transferred into a 2 mL
of micro-centrifuge tube and M9 buffer was added up to a
final volume of 1 mL. Approximately 400 mg of 1.0 mm sil-
icon carbide particles (Thermo Fisher Scientific) were added
to the tube, which was then vortexed at maximum speed for
1 minute to completely disrupt the worms to release bacteria.
The resulting suspension was diluted and plated onto LB agar
to determine bacterial colony forming units (CFU).

2.5 | Infection of C. elegans for organism
dual RNA-Seq

The L4 stage of C. elegans were infected by bacteria accord-
ing to the same procedure as described in nematode lethality
assay. Briefly, C. elegans infected by bacteria for 12, 24, 36,
48 hours as indicated in the text were collected and washed
three times with M9 buffer containing 1 mM sodium azide
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and 100 pg/mL of gentamicin for 1 hour to kill the bacteria
on the worm surface and to inhibit the expulsion of bacte-
ria from the worm intestine. Total RNA was then isolated
from C. elegans containing bacteria using the mirVana kit
(Ambion) following the user manual. The isolated total RNA
was treated with DNase I (Fermentas) (0.25 U/1 pg of RNA)
for 30 mins, followed by purification with ethanol. The Ribo-
Zero Magnetic Gold Kit (Epidemiology) from Epicentre/
[lumina was used to remove rRNA in the samples follow-
ing the manufacturer's instructions. The success removal of
rRNA was examined by Agilent RNA6000 Pico kit.

cDNA libraries for [llumina sequencing were constructed
with NEBNext Ultra Directional RNA Library Prep Kit for
[lumina (E7420) following the manufacture instruction. For
organism dual RNA-Seq, ~100 ng rRNA-depleted RNA were
used for cDNA library preparation. cDNA library quality
was assessed with Agilent High Sensitivity DNA Chip and
samples demonstrating a narrow distribution with a peak size
approximately 200-800 bp were accepted.

2.6 | Reads mapping and data analysis

The reads’ quality was assessed first by FastQC.>! Then
the raw data of reads from mixed RNA-Seq libraries were
mapped to V. parahaemolyticus RIMD2210633 and C. elegans
genome using TopHatZ32 with the default parameterization,
respectively. The corresponding mapped reads were catego-
rized as reads from V. parahaemolyticus and C. elegans for
the subsequent analysis. Reads aligned to annotated genes
were quantified with the htseq-count program using gene an-
notations from Ensembl 92. Determined uniquely mapped
read counts were served as input to DESeq2 (version 1.14.1)
for pairwise detection and quantification of differential
gene expression with default parameterization.3 3 The list of
DESeq2 determined differentially expressed genes (DEGs)
was filtered with a conservative absolute log2 with fold
change cutoff of 1 for bacteria and 0.6 for C. elegans. Lists
of differentially expressed genes were further annotated with
the pathway information from the KEGG and WormBase da-
tabase. The COG function of genes in V. parahaemolyticus
were predicted by EggNOG database. R basic package was
used to generate heat map and boxplot.

2.7 | Quantitative real-time PCR

Quantitative real-time PCR (qQRT-PCR) was performed using
the 7500 Real-Time PCR system (Applied Biosystems) to
examine the gene expression level. The RNA extraction
follows the same procedure in organism dual RNA-Seq.
Random hexamers (Sigma) were used for reverse transcript.
FastStart Universal SYBR Green Master mix (Takara) was



ZHANG ET AL.

M?ASE‘BJOURNAL

used to perform qRT-PCR. The fold change in target gene
relative to the housekeeping gene (16S rRNA for bacteria or
B-actin for C. elegans) was determined by the 2745 method.
At least two biological replicates were performed for each
qRT-PCR analysis. The experiment repeated at least twice.
Primers used for qRT-PCR are shown in Dataset S1.

2.8 | Mammalian cell culture and Infection
HeLa cells were grown in high-glucose Dulbecco's modi-
fied Eagle's Medium (DMEM) (Gibco) supplemented with
10% fetal bovine serum (FBS, Gibco) at 37°C with 5% CO,.
The infection of HeLa cells by V. parahaemolyticus was
performed following previous description.34 Briefly, HeLa
cells were seeded into 6-well tissue culture plates containing
coverslips at 1 x 10° cells per well at 24 hours before infec-
tion. HeLa cells were infected by bacteria at MOI of 10. At
different time point post infection as indicated in the text,
HeLa cells were washed with 1 X phosphate-buffered saline
(PBS) and then fixed by 3.2% (v/v) paraformaldehyde for
15 minutes, followed by permeabilization with 0.1% (w/v)
Triton X-100 for 15 minutes at room temperature. F-actin
and DNA of HeLa cells was stained with Alexa Fluor 488—
phalloidin (2 U/mL; Thermo Fisher Scientific) and Hoechst
A33342 (1 mg/mL; Invitrogen), respectively. Coverslips
were mounted on glass slides with ProLong Gold Antifade
mounting medium (Thermo Fisher Scientific) and cells were
imaged with a Zeiss microscope. Images were processed with
ZEN 2 software (Zeiss).

To conduct cytotoxicity assay, HeLa cells seeded in 96-
well plate were washed by unsupplemented DMEM (DMEM
without FBS). Fresh mid-log bacteria cultured at 23°C
(ODgyy = 0.5) were washed with 1 X PBS briefly and re-
suspended with two volumes of unsupplemented DMEM.
HeLa cells were then infected by bacteria at an MOI of 10.
Cytotoxicity was determined with CytoTox 96® Reagent
(Promega) following manufacture's user manual.

2.9 | ChIP-Seq with UvrY-3 x FLAG

ChIP (chromatin immunoprecipitation) was performed follow-
ing previous description35’3 ® with minor modifications. Briefly,
6 mL of bacterial cells were cross-linked with formaldehyde
(1%) for 25 minutes at room temperature. Glycine (0.2M) was
then added to the mixture, followed by 15 minutes incuba-
tion at room temperature to stop the reaction. Bacteria were
washed with pre-cold 1 X PBS and lysed by sonication in
500 uL of lysis buffer (50 mM HEPES-KOH, 150 mM NaCl,
1 mM EDTA, 10 mL of Triton-100, 0.1% sodium deoxycho-
late, and 0.1% SDS). The bacterial debris was removed by

centrifugation at 13 000 rpm for 30 minutes at 4°C. The super-
natant was then used for immunoprecipitation using Protein A
Dynabeads (GE Healthcare, 17-0963-03) following the manu-
facture instruction. QIAquick PCR Purification Kit was used to
collect the DNA sample, using TE buffer to resolve the DNA.
The collected DNA was kept at 4°C for ChIP-Seq ¢cDNA li-
brary preparation. cDNA libraries for Illumina sequencing
were constructed with NEBnext Ultra Il DNA Library Pre Kit
for [llumina (E7645) following the user manual.

To conduct ChIP-qPCR, 10% of each sample was removed
after the pre-cleaning step and the extracted DNA served as
the input. About 1 pL of ChIP samples and diluted input
samples were served as templates for gPCR performed with
primers annealing upstream of the potential uvrY-regulated
genes. The IP efficiency was calculated as follows: IP effi-
ciency = 100/2*ACq [normalized ChIP] where ACq [normal-
ized ChIP] = Cq [ChIP] — (Cq[input] — log2[input dilution
factor]). The fold enrichment of the target = IP efficiency of
the target /IP efficiency of the background. Oligonucleotides
used for CHIP-qPCR are listed in Dataset S1.

2.10 | Protein assay

Secreted proteins were extracted from fresh bacterial cul-
ture (ODgyy = 0.9) grown in LB broth.”’ Briefly, bacteria
were incubated at 23°C with agitation of 220 rpm till ODg,
reached 0.9, and 0.2% arabinose was added when neces-
sary to induce the expression of tested protein for 2 hours.
Bacteria were pelleted by centrifugation and the superna-
tant was used to isolate the secreted proteins by trichloro-
acetic acid—acetone (TCA) precipitation. Pelleted bacteria
were resuspended in lysis buffer (100 mM Tris-HCI pH 6.8,
3.2% SDS, 3.2 mM EDTA, 16% glycerol, 0.2 mg/mL of
bromophenol blue, and 2.5% p-mercaptoethanol). Proteins
extracted were separated by 10% SDS-PAGE, followed by
Western blot analysis.

2.11 | Zebrafish intraperitoneal
injection assay

Adult Zebrafish was acclimated at room temperature for
1 week before infection treatment. Bacteria were intraperi-
toneally injected into Zebrafish following previous pro-
tocol.®® Briefly, Zebrafish was anesthetized with 1% Ethyl
3-aminobenzoate methane sulfonate (Sigma) first, and 20 uL
of bacteria with approximately 1.0 X 10® CFU/mL were in-
traperitoneally injected into the midline of the abdomen im-
mediately posterior to the pectoral fins. Infected Zebrafish
were transferred to a freshwater tank. Fish was observed for
4 days and their mortalities were recorded.
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FIGURE 1 Establishment of an organism dual RNA-Seq with C. elegans and V. parahaemolyticus. A, V. parahaemolyticus successfully

colonizes in the intestine of C. elegans. E. coli OP50 or V. parahaemolyticus RIMD2210633 expressing GFP was mixed with C. elegans. The
worms were observed under fluorescent microscopy at 24 hours post infection. B, The workflow of organism dual RNA-Seq. L4 C. elegans were
infected with V. parahaemolyticus (infected) or with E. coli OP50 (mock). V. parahaemolyticus grown in the medium (uninfected) was used as
the bacterial control. Every sample was grown in the same medium and under the same environmental condition. C, Principal component analysis

(PCA) of mean centered and scaled rlog-transformed read count valued of infected sample of RNA-Seq data

3 | RESULTS AND DISCUSSION
3.1 | Establishment of an organism dual
RNA-Seq with V. parahaemolyticus infected
C. elegans

In our attempt to investigate the infection mechanism of V.
parahaemolyticus, we chose C. elegans as an infection model,
which was previously shown to be susceptible to pathogenic
V. parahaemolyticus.”’ Upon mixing with serotype O3:K6
strain RIMD2210633 in a liquid broth, C. elegans began
to die from 48 hours post infection, and only 40% animal

survived at 96 hours post mixing. In contrast, none of C. el-
egans died during this period of time when E. coli OP50 were
mixed with the animals (Figure S1A). To examine whether
the death of C. elegans attributed to a successful bacterial ac-
cumulation in the animal intestine, C. elegans were infected
by GFP-tagged E. coli and V. parahaemolyticus, respectively,
and bacterial colonization was examined with fluorescence
microscopy (Figure 1A). V. parahaemolyticus successfully
colonized in C. elegans as demonstrated by strong green
fluorescence. A quantification of V. parahaemolyticus by
CFU enumeration showed a ~10° bacteria per worm in aver-
age at this time point. In contrast, only weak fluorescence
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was detected in animals infected with GFP-tagged E. coli,
corresponding to above 4-log fewer bacteria recovered from
the worm. Though colonization of E. coli was increased after
24 hours, the number of V. parahaemolyticus recovered from
worm consistently has about 2-log higher than that of E. coli
(Figure S1B). Our results together suggested that V. para-
haemolyticus RIMD2210633 is pathogenic to C. elegans,
which is feasible to be used as an infection model to investi-
gate V. parahaemolyticus infection by dual RNA-Seq study.
We next established an organism dual RNA-Seq using
V. parahaemolyticus infected C. elegans. Animals infected
with bacteria were collected at 12, 24, 36, and 48 hours post
infection, and the total RNA was extracted. Subsequently
strand-specific Illumina-based deep sequencing were per-
formed and the reads were matched to the genome of C. el-
egans or V. parahaemolyticus RIMD2210633, respectively
(Figure 1B). More than 39 million reads in total were ob-
tained from each infected sample, among which over 87%
to 97% were mapped to the worm genome and ~0.025% to
3.4% to the bacterial genome (Dataset S1). For the cDNA
libraries of each mock C. elegans sample, at least 30 million
reads were generated, more than 89% of which were mapped
to C. elegans genome (Dataset S1). Furthermore, above 3
million reads were generated for each uninfected bacterial
sample and nearly 86% were mapped to V. parahaemolyticus
genome (Dataset S1). Host and pathogen global gene expres-
sion profiles were distinct, and profiles of the three biological
triplicates were clustered together (Figures 1C and S1C).

3.2 | Reprogramming of V. parahaemolyticus
transcriptome during infection

3.2.1 | Untargeted analysis of V.
parahaemolyticus transcriptome data

To identify the alterations in infection-specific gene expression,
which subsequently could lead to the precise adjustment of vir-
ulence and fitness programs of the pathogen, we profiled the
entire transcriptional landscape of V. parahaemolyticus grown
under laboratory conditions (in vitro) and at different time point
during colonization in C. elegans (in vivo) (Figure 1B). Using
Deseq2 program, genes with different expression (log2fc > 1;
log2fc < —1; adjusted P < .05) were identified at all four infec-
tion time points, with a total number between 1100 and 1800,
corresponding to half of the genome of V. parahaemolyticus.
Bacteria seem quickly adjust the gene expression profile during
infection, as only a core set of 229 transcripts being common to
all four time points of infection (Figure 2A, Dataset S2).

We analysed the dynamic transcriptome changes in V.
parahaemolyticus during C. elegans infection, and a total of
1320 altered transcripts in bacteria upon C. elegans infection
were hierarchically grouped into six clusters based on their

expression patterns (Figure 2B, Dataset S2). Genes in cluster 1
were highly induced from 12 to 48 hours and were enriched in
the amino acids transportation and metabolism as well as tran-
scription based on their COG term functions (Figures 2B and
S2A, B, Dataset S2), indicating that bacteria need to adjust
their transcription profile as well as subsequent protein syn-
thesis to overcome the challenge from the hostile environment
and facilitate their infections. When the genes in cluster 1 were
subject to KEGG annotation, of 32 genes that have been an-
notated, 12 genes were highly upregulated and associated with
amino acid synthesis (Dataset S2). The upregulations on genes
for amino acid synthesis might lead to subsequent increased
protein synthesis. Indeed, the expression of ribosome proteins
and genes involved in post-translational modification were
highly induced at 24 and 36 hours post infection, respectively
(Figure S2A, B, Dataset S2). In contrast to cluster 1, genes
in cluster 6 were mostly repressed during the whole infection
process and a significant part of these genes are involved in
signal transduction (Figures 2B and S2A, B, Dataset S2).

The remaining four clusters have different dynamic tran-
scriptome changes compared to cluster 1 and 6. Genes in clus-
ter 2, 3, and 4 were repressed or demonstrated no change at
the early infection time points, but were significantly induced
at the late stage (Figure 2B). Genes in cluster 4 were highly
induced after 36 hours post infection and were enriched in
cell motility (Figures 2B and S2A, B), indicating that bacte-
rial movement was restricted during the initial infection pe-
riod. In sharp contrast, genes in cluster 5, which contains the
majority of genes with altered expression profiles, were in-
duced at the early infection stage but subsequently repressed.
Interestingly, the function of 68% genes in this cluster is un-
known (Figure 2B, Dataset S2).

Genes in cluster 2 were induced after 12 hours post in-
fection and were enriched in translation, cell cycle control
and cell wall/membrane/envelope biogenesis, whereas those
in cluster 3 were highly induced after 24 hours post infec-
tion and were enriched in energy production (Figures 2B and
S2A, B). Examination on the transcripts related to energy
production in cluster 3 found that genes encoding enzymes
for fatty acid oxidation, glycolysis and subsequent TCA
cycle were strongly induced from 24 hours post infection
(Figure 2C, Dataset S2). In contrast, genes involved in anaer-
obic respiration were highly repressed. Interestingly, genes
encoding proteins for the electric transport chain (ETC)
(vp2300, vp0443, ccoP, and atpC) were also upregulated at
24 hours or 36 hours post infection (Dataset S2).

3.2.2 | Target analysis of V. parahaemolyticus
transcriptomic profiles

Bacterial pathogens utilize a multitude of methods to in-
vade mammalian hosts, thwarting the immune system from
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FIGURE 2 The transcriptional responses of V. parahaemolyticus during its infection to C. elegans. A, Venn diagram illustrating the
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number of differentially expressed genes (log2fc > 1; log2fc < —1; adjusted P value < .05) of V. parahaemolyticus across various time points post

infection. B, Heat map of the V. parahaemolyticus transcripts during the whole infection time course. Enriched transcripts with increased level

during infection are given in yellow, and transcripts with decreased level are indicated in blue. C, The altered expression in genes from central

carbon metabolism of V. parahaemolyticus. Genes with enhanced expression at 36 hours post infection are indicated in red font, and those with

decreased expression are indicated in blue. D, Differential expression of V. parahaemolyticus secretion systems in vivo compared to that in bacteria

grown under in vitro condition. E, Heat map of transcripts of bacterial ncRNAs during infection to C. elegans. F, Mutations in T3SS1 or T6SSs

compromised the virulence of V. parahaemolyticus to C. elegans
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responding and damaging the infected tissue sites. Secretion
systems are commonly used by pathogens to secrete viru-
lence factors from the bacterial cytosol into host cells or
the host environment to disrupt their functions and facilitate
bacterial infections. V. parahaemolyticus encodes several
secretion systems, including one general secretion pathway
(Sec-SRP), one type II secretion system (T2SS), two T3SSs
(T3SS1 and T3SS2), and two T6SSs. Both T3SSs are in-
volved in the virulence toward mammalian cells.'” The func-
tion of T6SSs are less studied but T6SS2 likely contribute to
bacterial virulence.'*** Analysis on the transcription profile
of different secretion systems found that T3SS1 was acti-
vated from 12 hours post infection, and consistently being
induced throughout the whole infection process (Figure 2D,
Dataset S2). The two T6SSs were initially repressed during
the early infection but induced from 36 hours post infection,
suggesting that T6SSs might also be involved in the infection
to C. elegans (Figure 2D, Dataset S2). In contrast, the expres-
sion of genes in T2SS, and T3SS2 was not shown significant
changes. Furthermore, the genes in Sec-SRP were slightly in-
duced from 24 hours post infection (Figure 2D, Dataset S2).

Non-coding small RNAs (ncRNAs) are post-transcrip-
tional regulatory molecules that fine-tune the important pro-
cesses in bacterial physiology toward host infection. Analysis
on the transcripts of V. parahaemolyticus colonized in C. el-
egans revealed that the expression of total 19 trans-encoded
ncRNA was subject to changes compared to those in bacteria
cultured in vitro, including the CsrB (carbon storage regulator
B) and Qrr (quorum regulatory RNA) ncRNAs. CrsB fam-
ily ncRNA is widespread among eubacteria and its members
participate in many global regulators circuits.*’ V. parahae-
molyticus contains three CsrBs and all of them were highly
repressed during the C. elegans infection, especially 12 hours
post infection (Figure 2E, Dataset S2). ncRNA Qrrs in many
other bacteria, including Vibrio cholerae, not only regulate
quorum sensing but also control the expression of virulence
factors.*'** V., parahaemolyticus have 5 Qrrs with different
expression patterns during infection: Qrr2 and Qrr5 were in-
duced, whereas the expression of other three was either re-
pressed (Qrr4) or unchanged (Qrrl and Qrr3). The ncRNA
VirA of V. parahaemolyticus was upregulated during the
whole infection process (Dataset S2). VrrA is the first ncRNA
known to control outer membrane vesicle (OMV) formation,
which has been suggested to promote the adherence, the trans-
fer of bacterial DNA and the delivery of virulence factors to
other bacteria or eukaryotic cells.®* VrrA in V cholerae has
been shown to affect virulence.* Therefore, the induction of
VirA (Figure 2E, Dataset S2) could also have an important
role in bacterial pathogenesis or contribute to the survival of
V. parahaemolyticus in C. elegans.

Two-component regulatory systems are commonly used
by bacteria to sense and respond to their environments. V.

parahaemolyticus experiences a different environment con-
dition during the colonization in the intestine of C. elegans,
which could be sensed by two-component system(s) to ad-
just its transcriptome profiles. Our analysis on the expression
of two-component system found that vpal515 and vpa0OI82
were repressed after 12 hours post infection (Dataset S3). In
contrast, vp2567, a gene encoding a sensor homologous to
BarA in Pseudomonas syringae, was significantly upregu-
lated from 12 hours post infection (Dataset S3). The homo-
logs of BarA (VP2567), together with its regulator UvrY
(VP1945), has been found in a wide range of gram-negative
bacteria and controls the production of secondary metabo-
lites and extracellular enzymes involved in pathogenicity to
plants and animals, ecological fitness, or tolerance to stress.*®
However, the function BarA/ UvrY system in V. parahaemo-
Iyticus is still unknown yet.

3.2.3 | Validation of transcriptional
alteration and the identified potential
virulent factors

The altered transcriptional profiles of selected genes were
validated by RT-PCR. Consistent with the RNA-Seq re-
sults (Dataset S3), the expression of BarA was upregulated,
whereas the expressions of vpa0I82 and vpal515 were re-
pressed during the infection to C. elegans (Figure S3A). We
also validated the induction of selected genes in TCA cycle
and ETC chain and obtained similar results as observed in
RNA-Seq analysis (Figure S3B-E). These verifications of
RNA-Seq results by RT-PCR highlight the reliability of our
organism dual RNA-Seq. The observation of the induction of
TCA cycle and ETC chain are unexpected to us as the intes-
tine of C. elegans is assumed to be a hypoxia environment,
where the genes involved in TCA cycle or ETC are expected
to be downregulated. The opposite observations indicate that
V. parahaemolyticus might be able to use oxidative TCA
cycle and alternative electron receptor for energy production
during its infection to C. elegans. The use of oxidative TCA
and alternative electron receptor under hypoxia environment
is not unprecedent. In Proteus mirabilis, the TCA cycle was
found to be utilized by anaerobic respiration.47 In the gut of
host, Salmonella uses tetrathionate as a terminal electron
to produce a growth advantage over the competing micro-
biota. 34 It is possible that V. parahaemolyticus uses similar
mechanisms to establish colonization in the intestine of the
host. Alternatively, the hostile environment in C. elegans
may decrease the membrane potential of V. parahaemolyti-
cus as observed in Pseudomonas aeruginosa.50 If so, bacte-
ria may upregulate the expression of genes involved in TCA
cycle and ETC as a feedback to compensate the decrease in
ATP production.
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We next examined whether the upregulation of secretion
systems correlated with their roles in V. parahaemolyticus
pathogenesis in the C. elegans model, we constructed in-
frame deletion mutants in T3SS1 ATPases VscN1 (Avp1668),
T6SS1 (AvipAl), T6SS2 (AclpV2), and test the virulence of
mutants toward C. elegans. As shown in Figure 2F, defects
in the function of either T3SS1, T6SS1, or T6SS2 signifi-
cantly compromised the infection of V. parahaemolyticus to
C. elegans, and the survival of animal infected by the mutants
was increased about 5 to 20% compared to those infected by
WT. These results suggest that both T6SSs and T3SS1 con-
tribute to the pathogenesis of V. parahaemolyticus for their
infections to the worms. Indeed, both T3SS1 and T6SS2 in
V. parahaemolyticus were known to be virulence factors for
mammalian host.'"®** Thus, our results suggest that C. ele-
gans is a good animal model to study the pathogenesis of
V. parahaemolyticus by organism dual RNA-Seq, which can
help discover bacterial virulence factors to mammalian host.
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3.3 | Host transcriptional responses to
V. parahaemolyticus infection

The host gene expression profile was generated by the dif-
ferential expression analysis package DESeq2, and genes
showing statistically significant changes in the expression
level by at least 1.5-fold (adjusted P < .05) were considered
(Dataset S4). To figure out the counter response of C. elegans
to V. parahaemolyticus infection, of the 46 739 profiled host
transcripts, 2136 were screened out based on genes expres-
sion alterations in C. elegans infected by V. parahaemolyticus
compared to those uninfected (Figure 3A). These transcripts
were subsequently grouped into three clusters: transcripts in
cluster 1 (Dataset S4) are consistently upregulated; transcripts
in cluster 2 (Dataset S4) were induced 12 hours or 24 hours
post infection; whereas genes in cluster 3 (Dataset S4) are re-
pressed during all the four infection time points (Figure 3A).
The elevated gene expression of selected genes from cluster
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FIGURE 3 V. parahaemolyticus infection induces rapid alterations in host gene expression. A, Heat map of C. elegans transcripts during

the whole infection course. The transcripts with a cutoff of —1.5 > FC > 1.5 are included for analysis. Enriched transcripts during infection

are given in yellow, and decreased transcripts are indicated in blue. B, Heat map of highly enriched immunity effectors in C. elegans during V.

parahaemolyticus infection. C, Heat map of genes in the mostly enriched phenotype terms from cluster 2. D, The most significant Gene Ontology

(GO) term of genes from cluster 3 of Figure 3A
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1 and cluster 2 was verified by qRT-PCR (Figure S4A, B),
confirming the validity of our dual RNA-Seq results.

To investigate whether genes with the similar expression
pattern were enriched in any specific pathway or potentially
influence any phenotype on C. elegans, we analysed genes in
each cluster using TEA (Tissue), PEA (Phenotype) and GEA
(Gene Ontology [GO]) enrichment methods. The majority
(62%) of genes in cluster 1 are specifically expressed in cells
from intestine by TEA analysis (Figure S4C, Dataset S4), and
483 genes in this cluster can be further enriched in 15 GO
terms (Dataset S4). The most highly enriched GO term, with
60 genes demonstrating the most significantly altered tran-
scriptions from this cluster, associates with the immune sys-
tem process (Figure S4D). In addition, 10 genes are involved
in the response to biotic stimulus. Manual examination on
the genes in these enriched two GO terms found that they are
specifically expressed in the intestine cells, suggesting that
there was a strong immune response to V. parahaemolyticus
infection in the worm gut (Figure S2B). Of the 60 genes as-
sociated with the immune system process, 42 were well an-
notated in NCBI. The encoding protein of these genes include
(Figure 3B, Dataset S4): (i) C-type lectins (such as CLEC-
10, CLEC-40, and CLEC-170), a family of surface receptors
known to recognize microbial carbohydrate moieties, which
can sense products from dying cells and transduce inflamma-
tory signals that modulate the immune system5 I (ii) F-box
A protein (FBXA-20, FBXA-59, FBXA-60, FBXA-82, and
FBXA-156), one family proteins with F-box motif that in-
volves in ubiquitin-mediated proteolysis, which function as
the key regulator in many pathways of cell signalling, tran-
scription, and cell divisionsz; (ii1) Lysozymes. In C. elegans,
there are ten genes encoding lysozymes for antimicrobial pro-
teins against bacteria.>® Our results showed that most of lyso-
zymes in C. elegans were induced at different time point post
infection, and LYS-2 and LYS-3 were consistently induced
throughout the infection process (Figure 3B, Dataset S4).

The transcripts in cluster 2 are induced only from 12 to
24 hours post infection, and 80% of those genes are enriched
in reproductive system by TEA (Dataset S4). Of the 822
genes in this cluster, 88 are associated with the GO terms of
meiotic cell cycle and embryo development ending in birth
or egg hatching (Figure S4E, Dataset S4), suggesting that
V parahaemolyticus infection might affect the reproduction
of C. elegans. The enrichment of genes in reproductive sys-
tem could also reflect the development of C. elegans from
L4 stage to adult, as elevated expression level in the genes
related to gonad development was observed during the time
course of 48 hours in our experiment (Figure S4F). However,
we also noticed higher expression level of these genes in the
C. elegans infected by V. parahaemolyticus, suggesting the
reproduction of C. elegans during V. parahaemolyticus infec-
tion is likely affected. PEA analysis showed that the elevated
expression of genes in cluster 2 could cause different variants

in C. elegans from 12 hours post infection (Figure S2B), in-
cluding embryonic development variant and progeny vari-
ant (Figure 3C, Dataset S4). Examination on the genes in
this cluster found that the elevation of certain genes could
repress the variant formation in C. elegans. For example,
SMO family genes play important role in repairing DNA
damage,54 SMO-1 modification on the ubiquitin E3 HERC2
triggers recruitment of further repair factors at DNA repair
foci, including the ubiquitin E3 BRCA1/BARD1°%; POS-1
has an important role in regulating the expression of mater-
nal mRNAs in germline blastomeres, and mutations in pos-
1 cause several defects in the development of the germline
blastomeres®; PUF RNA-binding proteins (RNABPs), PUF-
3/11 and PUF-5/6/7, control different specific aspects of
oocyte formation: silencing PUF-3/-11 via RNAI yielded an
embryonic lethal phenotype,57 whereas depletion of PUF-5
and PUF-6/7 together caused defects in oocyte formation
and early embryonic cell divisions.”® Our results suggest that
DNA damage might occur in the reproduction system of C.
elegans during bacterial infection. Germline DNA damage
was shown to activate the systemic immune response, such
as the UPS (ubiquitin proteasome system), and induce the
expression of host defense effectors.”® Consistently, we ob-
served that genes in UPS were upregulated (Dataset S4).
Genes in cluster 3 are highly repressed throughout the bac-
terial infection process (Figure 3A). Of those 831 genes in
this cluster, 65% have not been annotated for their functions
(Dataset S4). However, TEA showed that genes for nervous
system were only enriched, implying that nervous system
was affected by V. parahaemolyticus infection (Figure S2B,
Dataset S4). The PEA analysis suggests that V. parahaemolyt-
icus might affect C. elegans movement (Dataset S4). Indeed,
we observed that C. elegans was less active when seeded on
V. parahaemolyticus lawn compared to those on E. coli OP50.
GEA analysis showed that cluster 3 genes are most
possible enrichment in neuropeptide signaling pathway
(Figure 3D, Dataset S4), which indicating that signaling path-
way of C. elegans may be affected by V. parahaemolyticus.
There are three main signal pathways that are important for
innate immunity response in C. elegansf’oz MAP kinase-me-
diated signaling cascades, insulin-like signaling pathway,
and non-conventional signaling pathway. The crucial genes
in non-conventional signaling pathway, mpk-1, the product
of which can activate the UPS system, were induced during
V. parahaemolyticus infection.®! Consistently, genes in UPS
system were found being upregulated and enriched in cluster
1 (Figure 3A, B). In contrast, genes in MAP kinase-mediated
signaling cascades, enriched in cluster 3, were significantly
repressed upon V. parahaemolyticus infection (Dataset S4):
the expression of #ir-/ and its downstream genes, such as
nlp-29 and nip-31, as well as the genes involved in MAP ki-
nase-related signaling pathway, such as nsy-1 and sek-1, were
decreased during infection (Dataset S4). MAP kinase-related
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signaling pathway is an essential player in antimicrobial de-
fense.%” This MAP kinase-related signalingpathway is orthol-
ogous to the mammalian apoptosis signal-regulating kinase 1
(ASK1) - MAPK kinase 3/6 (MKK3/6) - p38 MAPK cascade,
which is also involved in triggering innate immune responses.
Knock-down of tir-1 in C. elegans abolished the activation of
MAP kinase-related signaling pathway.63 The observation of
downregulation of MAP kinase-mediated signaling cascades
suggests that V. parahaemolyticus might repress host innate
immunity pathway for better survival. We did not observe
significant transcript changes in genes for insulin-like signal-
ing pathway (such as daf-16, skn-1) (Dataset S4).

3.4 | Importance of BarA/UvrY for
modulating host transcriptional responses

Innate immunity is the first line defense of host to control mi-
crobial infection. In C. elegans, several defense effectors have
been reported, such as defensin (ABF-2), saponin (SPP-1),
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and several others with homology to antimicrobial proteins:
lysozymes (LYS-1 to LYS-10), thaumatin-like protein (THN),
and a CUB-domain containing protein, F08G5.6.% Upon in-
fection by Salmonella typhimurium, the expression of abf-2
and spp-1 in C. elegans was highly induced.® Similarly, thn-
2 were also upregulated upon the infection by Enterococcus
faecalis and Microbacterium nematophilum.66 Interestingly,
we found that the expression of spp-1, thn-2, and abf-2 were
significantly repressed after 24 hours post V. parahaemolyti-
cus infection (Figure S5A, Dataset S4). The downregulation
of these genes was further confirmed by qRT-PCR analy-
sis (Figures 4A and S5B). In addition, the genes involved
in MAP kinase signaling pathway were also downregulated
(Figures 4B and S5C, Dataset S4).

Two-component system plays important role to sense and
respond to their environmental changes, especially during
host infection. We investigated the contribution of BarA/
UvrY in C. elegans infection as the expression of BarA was
enhanced upon the infection process. We then hypothesize
that BarA/UvrY might contribute to the decreased expression
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FIGURE 4 BarA/UvrY regulates host immune response. A, The expression of spp-1, thn-2 and abf-2 in WT worms exposed to E. coli OP50
or V. parahaemolyticus. B, The expression of selected genes from MAP kinase signaling pathway in the C. elegans exposed to E. coli OP50 or V.

parahaemolyticus. C, V. parahaemolyticus infection triggers the upregulation of genes associated with ER stress response. For (A), (B) and (C),

the expression of genes was examined by qRT-PCR analysis in the C. elegans exposed to E. coli OP50 or V. parahaemolyticus at 48 hours post

infection. Results indicate mean + SD of four replicates from two independent experiments. P values were determined by paired t test (*P < .05;

*¥*P < .01; *** P < .001). D, Innate immunity factors in C. elegans contribute to the defense against V. parahaemolyticus infection. Mutations in

selected innate immunity factors result in decreased survival of C. elegans against the infection by V. parahaemolyticus
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level of the abovementioned genes. In-frame deletion mutant
of uvrY was constructed. We infected C. elegans by V. par-
ahaemolyticus WT or AuvrY and compared the expression
of genes in MAP kinase signaling pathway by qRT-PCR at
24 and 48 hours post infection. Our results showed that the
expression level of tir-1, nsy-1, sek-1, pmk-1, and atf-7 in C.
elegans infected by AuvrY was increased to a similar level
as those in worms seeded on E. coli, and was significantly
higher than those in worms infected by WT (Figures 4B and
S5C). In contrast, the expression of abu-1, abu-7, abu-8, abu-
10, abu-11,abu-14, abu-12, and abu-15 in worms, which play
a role in infection tolerance,®” were highly induced upon the
infection by WT but not AuvrY (Figures 4C and S5D). These
results suggest V. parahaemolyticus represses selected im-
munity factors during its infection. V. parahaemolyticus was

previously shown to either activate or repress p38-MAPK
pathway by different effectors of T3SS in distinct mammalian
cell lines.%%% Our study on bacteria-host interaction at or-
ganism level likely imply the comprehensive effect of V. par-
ahaemolyticus on MAP kinase pathway during its infection.
To examine whether the repressed immunity factors are
important for worm to control bacterial infection, V. parahae-
molyticus was used to infect C. elegans WT or tir-1, pmk-1, atf-
7 animals, and the survival of worm was examined. Animals
defect in tir-1(1m3036), pmk-1(km25), and atf-7(gk715) exhib-
ited enhanced susceptibility to V. parahaemolyticus infection
(Figure 4D), which is consistent with the previous study re-
sult 7" Our results suggest that V. parahaemolyticus inhib-
its the host innate immunity in C. elegans via downregulation
of MAP kinase pathways much as it does in mammalian cell
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FIGURE 5 BarA/UvrY contributes to V. parahaemolyticus pathogenesis. A, Deletion of barA or uvrY resulted in increased survival of

C. elegans. B, AbarA and AuvrY are highly attenuated in a Zebrafish model. C, Deletion of uvrY compromised bacterial virulence toward HeLa

cells. Cells were examined by fluorescent microscopy. The DNA and actin of HeLa cells were stained by Hoechst (red) and phalloidin (yellow),

respectively. D, Cytotoxicity of V. parahaemolyticus to Hela cells examined by lactate dehydrogenase (LDH) assay
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lines.”*’ However, our current results could not differentiate

whether the repression of these immunity factors could enhance
the colonization of V. parahaemolyticus in C. elegans or bacte-
rial toxicity to the host, which warrant further study.

3.5 | Importance of BarA/UvrY for
virulence of V. parahaemolyticus

To demonstrate the contribution of BarA/UvrY to the viru-
lence of V. parahaemolyticus, AbarA and AuvrY were used
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to infect C. elegans and the survival of C. elegans was in-
vestigated. Our results demonstrated that the survival of
C. elegans infected with AbarA and AuvrY were significantly
improved by 20 to 30% compared to those infected by WT
(Figure 5A). The decrease in virulence of AbarA or AuvrY
toward C. elegans was fully recovered by a complementation
of the WT copy of individual gene in trans. Importantly, in
a Zebrafish model, a similar attenuation was also observed
for both AbarA and AuvrY (Figure 5B). V. parahaemolyti-
cus was previously shown to induce cell rounding and rup-
ture in HelLa cell,74 we tested whether deletion of barA/uvrY
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and secretion of Hepl and Hep?2 in various mutants. RpoB was used as

the loading control
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compromised the bacterial virulence in these cells. As shown
in Figure 5C, V. parahaemolyticus WT caused significant cy-
totoxicity to HeLa cells from 60 minutes post infection: HeLa
cells were detached, became round and eventually died. In
contrast, most HeLa cells infected with AuvrY spread prop-
erly in the dish and less cells were detached. A quantification
showed that only about 30% HeLa cells infected by AuvrY
mutant died at 270 minutes post infection, in contrast to near
100% HeLa cells died at the same time point (Figure 5D).
Taken together, our results demonstrated that the two-com-
ponent system BarA/UvrY is an important virulence factor in
V. parahaemolyticus.

3.6 | The regulation of BarA/UvrY on
T3SSs and T6SSs

As T3SSs are critical virulence factors in V. parahaemolyti-
cus, we examined whether T3SSs are under the control of
BarA/UvrY, and T6SSs were also included for analysis. Our
results showed that deletion of uvrY or barA compromised the
expression of selected genes from both two T3SSs and two
T6SSs by 2 to 10-fold at 23°C (Figure S6A, B). Furthermore,
Western blot analysis showed that the expression and secre-
tion of effectors from T3SS2 (VopC),** T6SS1 (Hepl), and
T6SS2 (Hcp2)75 were significantly decreased in AuvrY, and
these defects were fully recovered by a complementation of
AuvrY with WT copy of uvrY (Figure 6C, D).

We next investigated the direct target of UvrY in V.
parahaemolyticus by ChIP-Seq with a chromosomally en-
coded 3 X FLAG-tagged UvrY (Dataset S1). A ChIP-qPCR

Spp-1 Abf-2 Thn-2
MAP kinase signaling pathway

C. elegans

confirmed by examination of the selected candidates from
ChIP-Seq that UvrY at least binds to the promoter regions of
three ncRNA (CsrB1, CsrB2, and CsrB3), the gene of T3SS1
regulator VP1698, and the gene of potential T6SS1 regulator
VP1407 (Figure S7A, Dataset S1).

Carbon storage regulator family ncRNA represents a
conserved regulator that plays important role in regulating
the bacterial physiology in many other bacteria.”® Deletion
of uvrY significantly reduced CsrB expression level in vitro
when bacteria were cultured in LB medium at 23°C, suggest-
ing that UvrY positively control CrsBs in vitro (Figure 6A).
Furthermore, simultaneous deletion of all three CrsB ncRNA
significantly increased the expression level of genes in both
T3SSs and T6SSs, indicating that CsrB negatively regulates
T3SSs and T6SSs (Figure 6B). CsrA is one inhibitory tar-
get of CsrBs in many bacteria.”””° Consistently, deletion of
csrA dramatically reduced the expression level of T3SSs and
T6SSs as examined by qRT-PCR or Western blot analysis
(Figures 6C, D and S7B), suggesting a negative regulatory
cascade of T6SS/T3SSs by CsrB through CrsA. Interestingly,
the expression levels of CsrBs were decreased in AuvrY
under the in vitro condition (Figure 6A). In contrast, CsrBs
were repressed during C. elegans infection, where BarA was
induced (Figure S3A, Dataset S3). These results suggest that
the regulation circuit during in vivo infection is more com-
plicated than in vitro condition. Indeed, CrsBs are regulated
by many factors in other bacteria.*® Furthermore, though
UvrY binds to promoter region of vp/698, the negative reg-
ulator of T3SS1, we did not find significant changes on the
expression level of vyp/698 in AuvrY under in vitro condition
(Figure S7C).
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UvrY binds to the promoter region of vp/407, a gene
predicted to encode a transcriptional regulator immediately
downstream of type VI gene vpl408 (Figure S7A). Deletion
of uvrY compromised the expression of vp/407 by at least
2.5-fold (Figure S7C). We hypothesized that VP1407 is a
positive regulator controlling T6SSs. Indeed, the expression
of selected genes, including clpV and vgrG, from T6SSs was
significantly decreased in Avp 1407 as examined by qRT-PCR
(Figure S7D), which is consistent with the reduced level of
Hcpl and Hep2 in both bacterial pellet and the corresponding
supernatant (Figure 6C, D), suggesting that UvrY controls
both T6SS1 and T6SS2 through VP1407.

In summary, we have successfully established an organism
dual RNA-Seq with C. elegans as a host model. Our studies
with this technology on the interaction between pathogenic V.
parahaemolyticus and C. elegans have provided the snapshots
of the dynamic reorganization of cell transcriptions at organ-
ism level during the infections (Figure S2B). The analysis
on the gene alterations have revealed insights into the cross-
talk between pathogen and C. elegans host at the organism
level (Figure 7). We discovered a number of virulence factors
used by V. parahaemolyticus, including T3SS1 that has been
shown to contribute to bacterial pathogenesis in mammalian
host. In addition, we also identified that the two-component
system BarA/UvrY plays a critical role for the pathogenesis
in V. parahaemolyticus: it controls T3SSs and T6SSs though a
regulatory cascade including the ncRNA CrsB/CsrA system.
Importantly, our organism dual RNA-Seq analysis revealed
that V. parahaemolyticus represses the innate immunity of C.
elegans host during its infection through BarA/UvrY, demon-
strating that our organism dual RNA-Seq is a powerful tool to
define the host-pathogen cross-talk at organism level.
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