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TIR domain-containing protein is an important member for some bacterial pathogens to subvert host defenses.
Here we described a fish virulent Yersinia ruckeri SC09 strain that interfered directly with Toll-like receptor (TLR)
TIR function by a TIR-containing protein. Firstly, the novel TIR-containing protein was identified by bioinformatics
TepA analysis and named as TcpA. Secondly, the toxic effects of TcpA in fish was demonstrated in vivo challenge
xz’iﬁ:e evasion experiments through knockout mutant and complement mutant of tcpA gene. Thirdly, The study in vitro revealed

that TcpA could down-regulate the expression and secretion of IL-6, IL-1B and TNF-a. Finally, we demonstrated
that TcpA could inhibit the TLR signaling pathway through interaction with myeloid differentiation factor 88
(MyD88) in experiments such as NF-kB dependent luciferase reporter system, co-immunoprecipitation, GST pull-
down and yeast two-hybrid. The study revealed that TcpA was essential for virulence and was able to interact
with the TIR adaptor protein MyD88 and inhibit the pre-inflammatory signal of immune cells and promote the
intracellular survival of pathogenic Yersinia ruckeri SCO9 strain. In conclusion, our results showed that TcpA
acted as a new virulence factor in Y. ruckeri could suppress innate immune response and increase virulence by
inhibiting TLR and MyD88-mediated specific signaling, highlighting a novel strategy for innate immune evasion

in bacteria.

1. Introduction

Yersinia ruckeri is the etiological agent of enteric redmouth disease
(ERM) in rainbow trout and has been reported worldwide from many
different species [1]. Over the past few decades, ERM disease has in-
duced substantial economic losses in fish due to the associated mor-
tality and veterinary costs [2]. Despite the general administration of an
effective vaccine in fish, outbreaks continue to occur, which are mainly
attributed to specific strains [3,4]. However, very little is known about
the virulence mechanisms of Y. ruckeri even ERM is serious in fish.
Many potential virulence factors have been reported, such as extra-
cellular toxins [5,6], a high affinity iron uptake system named ruck-
erbactin [5], flagellar motility genes [7], two-component system [8],
etc. To further systematically understand Y. ruckeri and its virulence,
we had reported the complete genome of Y.ruckeri SC09, a highly
virulent strain isolated from diseased fish with severe septicaemia in
China [9]. In the genome of SC09, we found a great deal of horizontal

gene transfer (HGT) events in Y. ruckeri, and these HGT carried many
genes related to immune evasion, which prompted us to further study
the correlation between immune evasion and the virulence of Y. ruckeri.

Among the gene horizontal transfer elements in the genome of
SC09, the most representative one is a class called Integrative and
conjugative elements (ICEs). ICEs are a class of newly recognized mo-
bile DNA elements in prokaryotes [10]. Many ICEs harbor a tyrosine
recombinase gene and are flanked by direct repeats corresponding to
the 3’ end of a conserved gene (e.g., a tRNA gene), which suggest in-
tegration happen via site-specific recombination in the 3’ end of this
gene [11]. Furthermore, ICEs typically have a core of conserved mod-
ular structures that mediate their integration, excision, conjugation,
and regulation, interspersed with “accessory regions” that are variably
present across members of a species [12]. A mobile element named ICE
(r2) in SC09 (NJ56_RS12425-NJ56_RS12600) was integrated between
an intact or partial tRNA-Asn copy. Interestingly, a class of bacterial
proteins which were homology to the Toll/IL-1 receptor (TIR) domain
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had been identified, it was encoded by the ICE(r2) and acted as “ac-
cessory genes”. One of these proteins had been named as TcpA, encoded
by NJ56_RS12465, which was specific in SC09 and absent in other Y.
ruckeri strains, such as RS41 (NCBI RefSeq: NZ_CQBN00000000.1),
OMBL4 (NCBI RefSeq: NZ_CPUZ00000000.1) and CSF007-82 (NCBI
RefSeq: NZ_CCYO00000000.1) strains. The TIR domain is essential for
the interaction between the Toll-like receptor (TLR) and adaptor, and is
onset of a signalling cascade resulting in nuclear translocation of the
transcription factor, NF-xB, followed by the production of inflammatory
cytokines and type I interferons [13]. TIR domain interactions play a
key role in activating conserved cellular signal transduction pathways
in response to pathogen signals [14]. Accordingly, SC09 may target TLR
signaling to facilitate its escape from the host innate immune response
and enhance virulence by TcpA. In fact, the intracellular survival of Y.
ruckeri had been detected in previous studies [15].

In the present study, a novel Y. ruckeri TIR-containing virulent
protein named as TcpA were identified through in vivo and in vitro ex-
periments. The results showed that TcpA efficiently inhibited TLR sig-
naling and contributed to toxicity in vitro and in vivo. Besides, we pro-
posed TIR-containing protein TcpA represent a new class of virulence
factors in Y. ruckeri and modulated host inflammatory responses during
infection.

2. Materials and methods
2.1. Bacterial strains

Wild-type Y. ruckeri SCO09 was isolated from diseased fish in a
commercial farm in Jianyang, Sichuan province of China, and was
routinely cultured in Luria-Bertani (LB) medium at 28 °C. The virulent
Y. ruckeri SC10 strain was isolated from the aquatic environment.

2.2. Construction of Y. ruckeri AtcpA mutant and complemented strains

Gene knockout was previously described by Luo et al. [16]. The tcpA
gene sequence (gene accession number: NJ56_RS12465) of the Y.
ruckeri SC09 strain (genome accession number: NZ_CP025800) is
available in GenBank. The left and right homology arm primer se-
quences of tcpA were GGAATCTAGACCTTGAGTCGAAGAACATTTGCG
GGTATAGAGTG/AGATGACGCTAGTGTTGATGGAGTTTCAAGGAGGTA
ATGTCGTATGCTAA (upstream, A) and TTAGCATACGACATTACCTCC
TTGAAACTCCATCAACACTAGCGTCATCT/ACAGCTAGCGACGATATGT
CTGTAAATGGTGTCAAGTCTTCGGTA (downstream, B). The left and
right homology arms AB of the tcpA gene were constructed, and AB was
cloned into pLP12 (Guangzhou KnoGen Biotech Co., Ltd.) to form the
pLP12-tcpA construct. pLP12-tcpA was transformed into competent the
E. coli strain 32163 (Guangzhou KnoGen Biotech Co., Ltd.) by electro-
transformation. A positive strain resistant to chloramphenicol was iso-
lated and designated pLP12-tcpA-$2163. The co-culture of 32163 cells
containing pLP12-tcpA positive clones with Y. ruckeri SC09 resulted in
conjugation and allowed screening for the first homologous re-
combination in the mutant SC09 strain in LB plates (20 pg/mL
CM + 0.3% p-glucose). The SCO9 strains with the insertion mutation
occurred was screened on LB plates (0.4% i-arabinose) to obtain a
AtcpA strain with a second homologous recombination. As previously
described [16], the SC09 and SC10 strains were re-transformed with the
tcpA-pBAD33cm-rp4 vector [17], and the expression of tcpA gene was
induced with arabinose.

2.3. Fish infection model

In the logarithmic growth phase, the wild-type Y. ruckeri SC09 and
recombinant SC09AtcpA were inoculated intraperitoneally (dose:
5 x 107 CFU) into 15 random rainbow trout (weight, 60-100 g), and
fish death was determined. Rainbow trout survival curve analysis and
mapping were performed using GraphPad Prism software version 8.0.
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The growth curves of Y. ruckeri SC09 and SCO09AtcpA were determined
to rule out the effect of the difference in growth ability of the knockout
strain on the infection model. To investigate infection and histological
differences in immune organs after fish infection, the liver, spleen, and
kidney of dead rainbow trout were homogenized under aseptic condi-
tions, and the homogenates were diluted 10 times. Bacterial counts
were performed using conventional plate counting methods. Bacteria
cells were counted on a plate containing nutrient agar supplemented
with triphenyl tetrazolium chloride, and the bacterial load was de-
termined in each organ. Furthermore, the liver, kidney, and spleen of
rainbow trout were harvested in mid-infection (5 days after infection)
for routine paraffin embedding and HE staining.

2.4. Bacterial adherence, invasion, and intracellular survival assays

Head kidney macrophages cells of rainbow trout were separated
according to the method of Jiang et al [18] and used to determine the
effects of the Y. ruckeri tcpA gene on bacterial adherence, invasion, and
intracellular survival. The cells were seeded at about 2 x 10° cells per
well in 24-well plates and grown in Medium 199 (M199) (Hyclone)
with 10% fetal bovine serum (FBS) (Hyclone) at 20 °C for 24 h. For the
adherence assay, the cell monolayer was washed twice with M199 and
infected with Y. ruckeri SC09 or Y. ruckeri SCO9AtcpA at a multiplicity of
infection (MOI) of 1.5. Bacteria were centrifuged onto the cells at
400 x g for 5min, and cells were then incubated at 20 °C for 1 h. Non-
adherent bacteria were removed by rinsing the wells twice with D-PBS
(Hyclone). The cells were released from the plate by adding 100 pl of
0.2% Triton X-100 in sterile water, and subsequently 900 ul of M199
was added. This cell suspension was 10-fold serially diluted with D-PBS
and spread onto LB plates to determine the number of viable bacteria.
For the invasion assay, cell culture, bacterial infection, and bacterial
counting were performed as described above for the bacterial ad-
herence assay, except that the extracellular bacteria were killed by in-
cubation of the monolayers with M199 containing gentamicin (100 pg/
ml) for 1 h after incubation with bacteria and twice washes with D-PBS.
For the bacterial intracellular survival assay, cell culture and bacterial
counting were performed as described above for the bacterial ad-
herence assay. Rainbow trout head kidney macrophages cells were in-
fected with Y. ruckeri SC09 or Y. ruckeri SCO9AtcpA at a MOI of 1.5 and
incubated in M199 with 3% FBS and 50 g/ml gentamicin. The cells
were then washed and lysed at 1, 4, 8, 12, 18, 24, 48 and 72h post-
infection (hpi) to determine the amount of bacterial recovery. All assays
were performed in sextuplicate wells, and the results are averages for at
least six independent experiments. Further, the intracellular survival
state of the cells 48 h after infection of the wild type bacteria was ob-
served by a transmission electron microscope. In order to verify that
gene knockout would result in loss of TcpA protein capacity in the cells,
we used rabbit anti-TcpA to test the ability of knockout, wild-type and
replenished strains to produce proteins. At the same time, in order to
prove the effectiveness of the replenishing strain, we further com-
plemented the expression plasmid of tcpA in the SC10 strain without
tcpA in the chromosome, and also used rabbit anti-TcpA to test the
protein production.

2.5. Engyme-linked immunosorbent assays and qPCR

To quantify IL-6, IL-1p and TNF-a in culture supernatants, we ap-
plied ELISA sets of fish (Jiangsu Meimian industrial Co., Ltd). For qPCR,
the tissue homogenate and the supernatant from infected cells were
prepared for extraction of total RNA with RNAiso Plus (Takara, Dalian,
China) according to the manufacturer's standard protocol. cDNA was
synthesized from the extracted RNA using the Prime Script RT reagent
Kit (TaKaRa, Dalian, China). The gene expression levels of immune-
related genes (IL-6, IL-1p3, TNF-a) were analysed by real-time PCR.
Thus, B-actin of rainbow trout was selected because of the less varia-
bility presented. Specific primers used for rainbow trout were: IL-1B3-F:
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TGAGAACAAGTGCTGGGTCC and IL-1p3-R: GGCTACAGGTCTGGCTT
CAG (Product 148 bp); IL-6-F: GAGTTTCAGAAGCCCGTGGA and IL-6-
R: AGCTGGTACACTTGCAGACC (Product 149 bp); TNF-a-F: CACACT
GGGCTCTTCTTCGT and TNF-a-R: CAAACTGACCTTACCCCGCT
(Product 155 bp).

2.6. Construction of prokaryotic expression vectors

The full-length Y. ruckeri SCO9 tcpA was cloned into pET28a
(Invitrogen) generating the pET28-tcpA. The following primers were
used: 5-ATGGCTAGAGAAATTAA-3’ and 5-GCATACGACATTAC
CTC-3". pET28-tcpA was used for production of TcpA recombinant
protein. The full-length Y. ruckeri SC09 tcpA was also cloned into pGEX-
6P-1 (Invitrogen) generating the pGEX-tcpA, which carries the tac
promoter, N-terminal GST tag and ampicillin resistance gene. The fol-
lowing primers were used: 5-CGGGATCCATGGCTAGAGAAATTAA-3’
and 5’- CGCTCGAGGCATACGACATTACCTC-3". pGEX-tcpA was used for
production of TcpA-GST recombinant protein.

2.7. Construction of eukaryotic expression vectors

pCMV-HA-MyD88 plasmid was purchased from Wuhan Miaoling
Bioscience & Technology Co., Ltd. TcpA was cloned into the eukaryotic
expression plasmids pCMV-Flag-2B (Stratagene) generating the plas-
mids pTcpA-Flag using the following PCR primers: 5-ACCATGGATTA
CAAGGATGAATGGCTAGAGAAATTAA-3’ and 5- GGGCCCCCCCTCGA
GGTCGAGCATACGACATTACCTC-3'.

2.8. Transfection and NF-xB-dependent luciferase reporter assay

Rainbow trout head kidney macrophages cells were transiently
transfected using Lipofectamine™ 3000 Transfection Reagent (Life) for
12h, according to manufacturer's instructions, for a total of 0.3 ug of
DNA consisting of 50 ng TLR-4 and TLR-2 plasmids (Wuhan Miaoling
Bioscience & Technology Co.,Ltd), 200 ng of pBIIXLuc reporter plasmid
and 50 ng of FLAG-tcpA expression vector. The total amount of DNA
was kept constant by adding empty vector. Where indicated, cells were
treated with E. coli LPS (Invivogen) and Pam2CSK4 (Invivogen), for 8 h
and then cells were lysed and luciferase activity measured using Dual-
Glo® Luciferase Assay System (Promega). The tcpA constructs were
obtained from SC09 genomic DNA by recombinase Exnase II
(ClonExpress II, Vazyme) and then cloned in pCMV-Tag 2B.

2.9. Co-immunoprecipitations (CO-IP)

Rainbow trout head kidney macrophages were infected with the
wild-type SC09 for 12h. Cells were washed twice in ice-cold PBS,
harvested and cell lysis buffer was added. Cell lysis and processing for
co-immunoprecipitation were performed using the Pierce™ Co-
Immunoprecipitation Kit (Thermo Scientific). The eluted IP samples
were detected by Western blotting using rabbit anti-TcpA (prepared in
this study) or anti-MyD88 (Abcam) antibody.

2.10. Pull-downs from cell extracts

Rainbow trout head kidney macrophages were transiently trans-
fected with pCMV-HA-MyD88 plasmid using Lipofectamine™ 3000
Transfection Reagent (Life). Eighteen hours after infection, cells were
washed in ice-cold PBS, harvested and resuspended in RIPA buffer
(Sigma). Extracts were then centrifuged at 16,000 g at 4 °C for 20 min.
The supernatant was incubated with TcpA-GST recombinant protein
during 3hat 4°C, then incubated within gravity flow column con-
taining Glutathione-Sepharose column (GE) during 1h beforehand
washed in water and pre-equilibrated in equilibrium buffer 20 mM
Tris—-HCl. The column was washed successively two times in equili-
brium buffer and eluted in 1% Triton PBS. Proteins eluted were
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separated by SDS-PAGE, transferred to a PVDF membrane, incubated
with anti-HA (abcam), anti-MyD88 (abcam) or anti-TcpA antibodies for
50 min and detected with horseradish peroxidase (HRP)-conjugated
secondary antibodies.

2.11. Yeast two-hybrid assay

The plasmids used for the Y2H were constructed by the recombinase
Exnase II (ClonExpress II, Vazyme). myD88 and Y. ruckeri SC09 tcpA
were amplified by PCR respectively from the pCMV-HA-MyD88 vector
and from SC09 genomic DNA with Exnase II primers. PCR products
were then separately cloned into the entry vector pGBKT7 downstream
of the Gal4 DNA-binding domain (BD) (Clontech) with screening
marker gene trp and pGADT7 downstream of the Gal4 activation
Domain (AD) with screening marker gene leu. Y2HGold Yeast compe-
tent cells were transformed with BD and AD fusion protein vectors,
respectively. Diploid yeasts carrying both plasmids were obtained by
mating and selected on synthetic dextrose medium (SD) lacking leucine
(lew) and tryptophan (trp). Protein interactions were assessed on
medium lacking histidine (his). The p-galactosidase expression filter
assay using the LacZ reporter gene. The primers used for two-hybrid
constructs were: GWMyD88F- CATATGGCCATGGAGGCCGAGCTGCAG
GAGGTCCCGGCGC; GWMyD88R- GCGGCCGCTGCAGGTCGACGTCAG
GGCAGGGACAAGGCCT; GWtcpAF- CATATGGCCATGGAGGCCAGATG
GCTAGAGAAATTAA; GWtcpAR- CTGCAGCTCGAGCTCGATGGGCATA
CGACATTACCTC.

3. Results
3.1. Genomic location of tcpA in Yersinia ruckeri

Integrative and conjugative elements (ICEs) are widespread mobile
DNA in prokaryotes [19]. Numerous ICEs harbor a tyrosine re-
combinase gene and are flanked by direct repeats corresponding to a
conserved gene [20]. ICEs typically have some modular structures that
mediate their integration, excision, conjugation, and regulation, inter-
spersed with “accessory regions” that are variably present across dif-
ferent species [21]. The mobile element ICE(r2) in SC09
(NJ56_RS12425-NJ56_RS12600) was integrated between an intact or
partial tRNA-Asn copy. ICE(r2) is flanked on one side by an integrase
gene and carries a VirB/VirD4 type IV secretion system operon (T4SS,
NJ56_RS12510-NJ56_RS12550) that may mediate conjugation from
donor to recipient cells analogous to conjugative plasmid translocation.
A bacterial protein with homology to the Toll/IL-1 receptor (TIR) do-
main encoded by SC09-ICE(r2) that act as “accessory genes” has ad-
ditionally been identified. This protein have been designated TcpA,
encoded by NJ56_RS12465 (genes are colored in red, Fig. 1). The TIR
domain is essential for Toll-like receptor (TLR) and adaptor interac-
tions. TIR domain interactions play a key role in activating conserved
cellular signal transduction pathways in response to pathogen signals
[22]. Therefore, it is reasonable to hypothesize that TIR domain-con-
taining proteins (Tcps) from Y. ruckeri SCO9 disrupt the TLR signal
transduction system in host cells to facilitate escape from the host in-
nate immune and enhance bacterial survival.

3.2. TcpA is required for Yersinia ruckeri SC09 virulence during infection in
vivo and in vitro

To analyze the virulence of TcpA during infection, we constructed
an in-frame tcpA-deletion mutant of SC09 and the AtcpA + pTcpA
mutant, which is complemented with a plasmid containing the tcpA
gene controlled by its promoter. We used an acute in vivo infection
model of rainbow trout to evaluate the involvement of TcpA in Y.
ruckeri induced fish disease. The SC09 wild-type strain caused 50%
lethality 6 days after inoculation (Fig. 2A). In contrast, we found that
the SCO9AtcpA mutant showed a slight but significant (P < 0.01; **)
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Fig. 1. ICE(r2) with putative ICE regions in bacterial genomes. Operon structure of Integrative and conjugative elements (ICEs). Int: integrase. T4SS: Type 4

secretory system.

attenuation in virulence in fish (Fig. 2A). Fish infected with E. coli
DH5a with low-toxicity to fish act as a negative control (Fig. 2A). These
differences were not due to an in vitro growth defect of the mutant
(Fig. 2B). SCO9AtcpA infected fish showed decreased cell recruitment
and an enhanced bacterial clearance in liver, spleen and kidney com-
pared to the wild-type strain (Fig. 2C-E, P < 0.01; **). Tissue damage
was also detected in fish after infection with wild-type SC09, but not
with the SC09AtcpA mutant. Histopathological examination of the in-
fected fish showed marked changes in the liver, kidney, and spleen
(Fig. 2E-G). Severe vacuolar degeneration and necrosis of the hepatic
cells was observed in liver (Fig. 2F); glass-like substrate was observed in
kidney tubules (Fig. 2G); the spleen medulla of fish became loose and
exhibited edema (Fig. 2H). Together these results show that TcpA is
required for Y. ruckeri SC09 infection in vivo.

Given the innate immune-evasion molecule TcpA may interfere with
the host's innate immune response, which may further increase the
intracellular survival capacities of bacteria. To test this hypothesis we
investigated the ability of bacterial adherence, invasion and in-
tracellular survival in vitro. Rainbow trout head kidney macrophages
were infected with the wild-type SC09, SC09AtcpA mutant and
AtcpA + pTcpA mutant, respectively. The results showed that no sig-
nificant difference between the wild-type SC09 and SC09AtcpA mutant
was found for bacterial adherence (Fig. 3A), invasion (Fig. 3B), or
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invasion ratio (number of invasive bacteria/number of adherent bac-
teria) (Fig. 3C). Thus, tcpA does not appear to have a role in Y. ruckeri
adherence to and invasion into macrophages of rainbow trout. How-
ever, an intracellular survival assay demonstrated reduced survival of
AtcpA mutant in rainbow trout head kidney macrophages compared to
that of wild-type SC09 and AtcpA + pTcpA mutant after 18 hpi
(Fig. 3D), indicating a role of tcpA in intracellular survival within
rainbow trout macrophages. Moreover, as visualized using TEM, intact
wild-type SC09 strains were detected inside the macrophages at 48 h
post infection and several bacteria were contained in autophagocytic
vacuoles (Fig. 3E). In addition, we have found that western blots
couldn't be detected the TcpA protein in AtcpA mutant, while the pro-
tein in AtcpA + pTcpA mutant could be detected again (Fig. 3F). The
SC10 (non-tcpA Y. ruckeri strain) couldn't be detected the TcpA protein,
but we can express TcpA protein in SC10 and detected TcpA again
(Fig. 3F). Together these results show that TcpA is required for Y.
ruckeri SCO9 infection in vitro.

3.3. TcpA affect the secretion and transcription of proinflammatory
cytokines

The intracellular survival assay in macrophages stimulated us to test
whether this was due to immune evasion or inactivation of innate

Fig. 2. TcpA is required for Yersinia ruckeri SC09 virulence in vivo. A. Rainbow trout survival curve. Rainbow trout were infected with Y. ruckeri SCO9AtcpA and
with wild-type Y. ruckeri SC09. Test of Mantel-Cox was used with **P < 0.0001. Fish infected with E. coli DH5a with low-toxicity to fish act as a negative control. B.
Growth curve of wild-type Y. ruckeri SC09 and SCO9AtcpA. C-E. Rainbow trout were infected with Y. ruckeri SCO9 or SCO9AtcpA strains (n = 15/group). Bacterial
load in the liver (C), spleen (D) and kidney (E) were assessed through cultured the tissue homogenate. Non-parametric two-tailed T test was carried out with (C)
**p < 0.01, (D) **P < 0.01 and (E) **P < 0.01. F-H. Pathological lesions of rainbow trout infected with wild-type Y. ruckeri SC09. Necrosis areas in liver (F,
White dotted line); glass-like substrate in kidney tubules (G, White dotted line); edema in spleen medulla (H, asterisk).
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immunity. To test this hypothesis, the innate response to wild-type
SC09, SCO9AtcpA mutant and AtcpA + pTcpA mutant were further
studied in the rainbow trout head kidney macrophages. We first
quantified the IL-6, IL-1 and TNF-a in culture supernatants by ELISA
Sets. The results showed that infection with the AtcpA mutant stimu-
lated a much higher IL-6 (Fig. 4A), IL-1f3 (Fig. 4B) and TNF-a response
(Fig. 4C) in macrophages cells at 18, 24 and 48 hpi, respectively, than
the wild-type SC09 strain or the AtcpA + pTcpA complemented mutant
strain. To further confirm the effect of tcpA on macrophages was due to
decreasing of the cytokine transcription levels. We also tested the ex-
pression of the IL-6, IL-1B and TNF-a in the rainbow trout head kidney
macrophages. These data clearly indicated that infection with the AtcpA
mutant caused a much higher expression of IL-6 (Fig. 4D), IL-1f
(Fig. 4E) and TNF-a response (Fig. 4F) in macrophages cells at 18, 24

50-
40
30-
20

10

O
OQ

Fish and Shellfish Immunology 94 (2019) 58-65

Fig. 3. The tcpA deletion mutant from the
Yersinia ruckeri SC09 affects intracellular
survival, but not adherence and invasion ca-
pacities in primary rainbow trout head
kidney macrophages. Adherence (A), invasion
(B), and invasion ratios (C) for the wild-type
SC09, SCO9AtcpA mutant and AtcpA + pTcpA
mutants in primary rainbow trout head kidney
macrophages, with no significant changes seen
for infections at an MOI of 1.5. The invasion
ratio was evaluated as the number of inter-
nalized bacteria/number of adherent bacteria.
ns, no significant difference. (D) Bacterial in-
tracellular survival of the SCO9AtcpA mutant was
significantly decreased compared to that of the
wild-type SC09 and AtcpA + pTcpA mutants at
18, 24, 48 and 72 hpi, for infections at an MOI of
1.5. **P < 0.01. (E) Transmission electron mi-
crographs of primary rainbow trout head kidney
macrophages fixed at 48 h after infection in vitro
with wild-type Y. ruckeri SC09. (F) Western blots
from representative inocula used for the infec-
tion experiments, showing expression of TcpA
(18kDa) in the different Y. ruckeri strains vi-
sualized using a polyclonal rabbit anti-TcpA with
control blot against the standard cytoplasmic
protein EF-Tu (43 kDa) below.
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and 48 hpi, respectively, than the wild-type SC09 strain or the
AtcpA + pTcpA complemented mutant strain. Together these results
show that TcpA could affect the secretion and transcription of proin-
flammatory cytokines.

3.4. Yersinia ruckeri TcpA affect TLR signaling

Given the results above and the results of bioinformatics analysis
(TcpA belongs to the family of bacterial TLRs), we then investigated the
ability of TcpA to specifically interfere with TLR signaling using an in
vitro NF-kB-dependent luciferase reporter system. Ectopic expression of
tcpA in rainbow trout head kidney macrophages transfected with the
NF-xB luciferase reporter vector and the plasmid encoding TLR4 or
TLR2 was stimulated by LPS or PAM. TcpA inhibited the TLR4-
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Fig. 4. TcpA reduce cytokine secretion and expression of macrophages cells. (A-C): IL-6, IL-13 and TNF-a secretion by rainbow trout head kidney macrophages
cells that were either not infected or infected with Y. ruckeri wild-type SC09, Y. ruckeri SCO9AtcpA, the AtcpA + pTcpA mutant were determined by ELISA. Cytokine
levels were determined at 2 h, 4 h, 8 h, 12 h, 24h and 48h of infection. (D-F): The expression of IL-6, IL-13 and TNF-a in macrophages cells that were either not
infected or infected with Y. ruckeri wild-type SC09, Y. ruckeri SCO9AtcpA, the AtcpA + pTcpA mutant were determined by qPCR. Cytokine expression levels were
determined at 2 h, 4 h, 8 h, 12 h, 24h and 48h of infection. Error bars indicate s.d. of six individual cultures. **P < 0.01, ANOVA on ranks.

mediated NF-kB response to LPS (Fig. 5A). TcpA also impaired the NF-
kB response to the potent TLR2 agonist PAM in cells transfected with
TLR2 (Fig. 5B). These results suggest that TcpA may interfere with a
common molecule of these TLR pathways, such as MyD88. We then
tested whether TcpA could interact with MyD88. Rainbow trout head
kidney macrophages were infected with the wild-type SC09 and co-
immunoprecipitated (CO-IP) suggesting TcpA and MyD88 could be part
of the same complex (Fig. 5C). This association was confirmed using
purified GST-tagged TcpA immobilized on Ni-NTA resin, which re-
tained HA-MyD88 (Fig. 5D). In addition, we observed by directed yeast
two-hybrid that TcpA was able to interact with MyD88 (Fig. 5E).

4. Discussion

In the current study, we found that fish pathogen Yersinia ruckeri
SC09 produced TLR homologs to inhibit TLR signaling and promoted
immune evasion. Previously we used whole-genome sequencing to
obtain the genome-wide sequence of Y. ruckeri SC09 [9], and by com-
parative genomics we found specific ICE elements in the bacterial
genome. ICE elements are currently thought to mediate the horizontal
transfer of genes in bacteria [23]. This element can provide the host
with some specific “cargo” genes to help the host better adapt to a
variety of complex environments, or to provide certain toxic cap-
abilities to the host bacteria [24]. We identified the ICE(r2) element of
Y. ruckeri SC09 genome carries a tcpA gene (NJ56_RS12465) associated
with immune evasion, and we guess that the gene provides the host
with the ability to toxic and immune evasion. We first demonstrated the
correlation between tcpA gene and fish disease through in vivo experi-
ments. TcpA was also shown to increase bacterial burden and tissue
damage in fish. Meanwhile, tcpA from Y. ruckeri SCO9 promoted the
intracellular accumulation of bacteria in vitro. Further, tcpA can affect
the transcription and secretion of some important proinflammatory
cytokines during infection of fish primary immune cells. Finally, we
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found that TcpA could interact with MyD88, resulting in the inhibition
of MyD88-induced activation. Therefore, we believe that this gene acts
as a virulence factor for bacteria that impairs the signal transduction of
the innate immune system, thereby helping the bacteria to escape from
immunity and replicate in large amounts in host cells. This is the first
virulence gene found in Y. ruckeri with immune evasion. This finding
helps us to better understand aquatic pathogens and propose more ef-
fective means of prevention and control.

Toll/interleukin-1 receptor (TIR) domain plays an important role in
the innate immune response of animals, including fish [13]. In recent
years, the TIR domains of many microorganisms have been gradually
identified and found to destroy the animal's natural immune system
[22,25]. In fact, the TIR-homologous genes is not only found in Y.
ruckeri, but current research has found that the genes are ubiquitous in
Escherichia coli [26], Brucella [27], Yersinia pestis [28], Pseudomonas
[29] and Staphylococcus aureus [30]. Studies of the TIR-homologous
genes in other bacteria have also demonstrated its toxicity and ability to
provide immune evasion to host bacteria [26-30]. It is worth noting
that in these bacteria, only the highly virulent strains carry the TIR-
homologous genes [26-30], while the gene knockout of the virulent
strain is significantly less toxic. It was also found in our study that the
highly virulent Y. ruckeri SC09 strain carries the TIR-homologous gene
(tcpA gene), while the non-toxic environmental bacteria Y. ruckeri SC10
do not have this gene or TIR-homologous genes.

Some products of bacteria, including lipopolysaccharide, pepti-
doglycan, etc., can be used as a dangerous signal in the infection area
[31]. When these signals interact with the TLR, the cells are activated to
exercise the corresponding immune function [13,14]. The danger signal
is present to alert the host to the natural immune system. The TIR of
bacteria can play a competitive role in blocking signal transmission
because it is similar to the intracellular portion of TLR [22,25,27,29].
Bacterial TIR may cause immune signals to be blocked by competitively
binding to the MyD88 linker protein in the NF-kB signaling pathway
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Fig. 5. TcpA impairs TLR signaling by binding to MyD88. (A) The luciferase reporter plasmid and the TLR4 plasmid were transiently transfected into rainbow
trout head kidney macrophages with or without the TcpA plasmid. After 24 h, the cells were stimulated with LPS for 6 h, and luciferase activity was determined. The
white band represents the negative control (empty vector), the black band represents LPS-stimulated cells, and the gray band represents cells transfected with the
TcpA plasmid and stimulated by LPS. Data correspond to median =+ standard errors of the relative luciferase activity from five independent experiments. (B) This
part of the experiment was similar to (A), except that the plasmid was TLR2, and the cells were stimulated with PAM. (C) Co-immunoprecipitation (co-IP) ex-
periments were performed on cells infected with wild-type SC09 or PBS (control). After co-IP, the anti-TcpA antibody was used to detect protein interactions, and the
anti-MyD88 antibody was used to detect proteins bound to beads, and the inputs were detected with anti-MyD88 antibody and anti-TcpA antibody, respectively. (D)
Pull-down experiments were performed by the in vitro expression of HA-MyD88 protein and the prokaryotic expression of GST-TcpA protein immobilized on a Ni-NTA
resin. An empty vector was used as a control. The anti-HA and anti-MyD88 antibodies were used to detect protein interactions (lower blot) by Western blotting, and
the anti-GST antibody was used to detect the binding of the GST-TcpA protein to the resin. The flowthrough (FT), two washes (W), and elution (E) are shown in each
lane. (E) Recombinant plasmids containing Gal4 BD and Gal4 AD were co-transformed into yeast cells and screened on plates lacking leucine (Leu) and tryptophan
(Trp) (left panel). Gal4 BD- and Gal4 AD-recombinant plasmids were co-transformed into yeast cells and screened on plates lacking histidine (His) in the presence of
20 mM 3AT (middle panel). Transformants grown on this medium present an interaction between TcpA and MyD88. The expression of the reporter 3-galactosidase
gene in yeast produces blue yeast, and indicated the occurrence of protein interactions (right panel). Empty vectors for AD- and BD-plasmids served as negative
controls, and MyD88 homodimerization served as a positive control. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

[27,29]. Our study showed that the TcpA protein in the Y. ruckeri SC09 kB signaling pathway is blocked, the production of downstream in-

strain does interact with the MyD88 protein. In addition, in vitro ex- flammatory cytokines may also be affected. Our data suggest that the
periments also demonstrated the ability of the TcpA protein to block the tcpA gene does significantly affect NF-kB-mediated transcription and
TLR2-and TLR4-mediated activation of NF-xB. NF-kB is an important production of some cytokines. These are beneficial for the bacteria to
transcription factor in the fish immune system that initiates the ex- further infect the host and survive and replicate within the host cells.
pression of many cytokines that mediate inflammation [32]. If the NF- Our observations also corroborate the intracellular viability of the wild
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type Y. ruckeri SC09 and the colonization ability of the host organs.

TcpA as a TIR-homologue is a very interesting protein. Our study
showed that TcpA was adjacent to the type IV secretion system (T4SS)
in the ICE element, suggesting that the secretion of TcpA may be related
to the T4SS. In the TIR-homologous genes study of E. coli [26] and
Brucella [27], it was found that the secretion of these genes was
mediated by the T4SS. Therefore, it was a meaningful research to un-
cover the underlying mechanism of the interaction between TcpA and
T4SS in Y. ruckeri in the future study.
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