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ABSTRACT

Edwardsiella piscicida is the leading pathogen threatening worldwide aquaculture industries. The
2-component system (TCS) EsrA-EsrB is essential for the pathogenesis of this bacterium. However,
little is known about the regulon and regulatory mechanism of EsrA-EsrB or about the factors that
mediate the interaction of TCS with bacterial hosts. Here, our RNA-seq analysis indicated that EsrB
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strongly induces type Il and type VI secretion systems (T3/T6SS) expression and that it modulates Edwardsiella piscicida;
the expression of both physiology- and virulence-associated genes in E. piscicida grown in DMEM. effectors; EsrB; RNA-seq;
EsrB binds directly to a highly conserved 18-bp DNA motif to regulate the expression of T3SS and T3SS; T6SS

other genes. EsrB/DMEM-activated genes include 3 known and 6 novel T3SS-dependent effectors.
All these effector genes are highly induced by EsrB during the late stage of in vivo infection in fish.
Furthermore, although in vivo colonization by the bacterium relies on EsrB and T3/T6SS expression,
it does not require the expression of individual effectors other than EseJ. The mutant lacking these 9
effectors showed significant defects in in vivo colonization and virulence toward turbot, and, more
importantly, a high level of protection against challenges by wild-type E. piscicida, suggesting that it
may represent a promising live attenuated vaccine. Taken together, our data demonstrate that EsrB
plays a global regulatory role in controlling physiologic responses and the expression of T3SS and
its cognate effector genes. Our findings will facilitate further work on the mechanism of molecular
pathogenesis of this bacterium during infection.

Introduction , . e .
biofilm formation, and antibiotic resistance. These

During growth in a dynamic environment or infection of
a specific host and disease progression, bacterial patho-
gens must correspondingly adjust their gene expression
profiles to adapt to the changing signals present in these
scenarios. Two-component system (TCS)-mediated sig-
nal transduction is one of the vital strategies adopted by
bacteria to enable dynamic changes in virulence- and
stress adaptation-related gene expression."> TCS typi-
cally consists of a membrane-bound sensor histidine
kinase (HK) that perceives environmental stimuli and a
response regulator (RR) that usually controls gene
expression and has been shown to modify numerous
cellular processes, e.g., virulence, quorum sensing,

responses confer upon bacteria the capacity to efficiently
adapt to various niches and lifestyles.” Elucidating the
genes controlled by TCS will facilitate the understanding
of the mechanisms underlying TCS scouting of environ-
mental/host cues and switching gene expression and
ultimately lead to the development of antibacterial
therapies.*

Edwardsiella  piscicida  (formerly included in
E. tarda),”®”® a member of the Enterobacteriaceae,
colonizes a broad range of hosts including fish and
mammals and causes fatal hemorrhagic septicemia
and gastro- and extra-intestinal infections.'*'"'* As
a leading pathogen that threats fresh and seawater
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aquaculture farms, E. piscicida causes huge economic
losses to the world aquaculture industry, especially
for farmed flatfish (turbot and flounder). A number
of virulence factors are involved in the pathogenesis
of this bacterium, including adhesins and tempera-
ture-sensitive hemagglutinin (Tsh), which bind to
host surfaces and initiate infection,!>'*'> and EthA
hemolysin, which facilitates invasion and the process
of internalization into hosts.'® Once it enters the host
tissues, the Edwardsiella bacterium utilizes several fac-
tors, including gadB to counteract the host’s
defenses,'” siderophores to acquire nutrients within
the host, and extracellular enzymes to aid bacterial
Spreading‘18,19,20,21

E. piscicida invades and colonizes various cells,
including Hep-2, Hela, epithelioma papillosum of carp
(EPC), macrophage-like cells J774A.1 and fish primary
phagocytes.”»*»**** E. piscicida attaches to host cells and
translocates effector proteins into these cells via type III
and type VI secretion systems (T3SS and T6SS, respec-
tively), which are necessary for bacterial survival, replica-
tion and pathogenesis.”>*® These 2 secretion systems
enable the bacterium to enter, survive and replicate
inside epithelial cells and phagocytes and to spread and
invade deeper tissues.'®*>*” At present, only 3 T3SS
effectors have been documented in E. piscicida. EseG
(ETAE_0866) is a T3SS effector that localizes the host
membrane fraction after translocation; it destabilizes
microtubules when overexpressed in mammalian cells
through a conserved domain that includes amino acid
residues 142-192.*%" Ese] (ETAE_0888) is also a trans-
located T3SS effector; it reduces bacterial adhesion to
EPC cells and facilitates intracellular bacterial replica-
tion.>® ETAE_1757 was recently identified as a novel
T3SS effector that is translocated into the host nucleus
and inhibits the phosphorylation of MAPK in host
cells.”* Identification and characterization of other T3SS
and T6SS effectors and their roles in pathogenicity will
facilitate understanding of the exquisite mechanisms of
the bacterium’s interaction with its hosts.

Genome-wide analysis indicates that 33 putative
TCS systems are encoded by E. piscicida.” Systematic
mutation of the single RR gene reveals that EsrA-EsrB
is the most essential TCS in E. piscicida pathogenesis.”"
Like their counterparts SsrA, SsrB and SPI-2 in
Salmonella,’**>** EsrA and EsrB and the associated
T3SS locus may be horizontally acquired and may
have evolved to coordinate the expression of virulence
and adaptation to host microenvironments by the
reprogramming of ancestral genes unlinked to the
T3SS locus.® Although the exact stimulus recognized
by HK EsrA remains elusive,’® EsrA-EsrB plays a key
role in regulating the expression and secretion of T3SS

and T6SS by directly binding to the promoters of T3SS
genes and to that of EsrC, which further regulates the
expression of other T3SS and T6SS genes in the
bacterium.”*>*>* Tt is still unknown whether other
genes, especially those associated with the invasion
process, and their regulatory mechanisms are con-
trolled by EsrB during in vivo and in vitro infection of
hosts. With its critical role in the regulation of
pathogenesis in the bacterium, EsrB merits consider-
ation as a valuable target for the construction of a live
attenuated vaccine against edwardsiellosis in fish.**>”
In this study, we compared the transcriptomes of
E. piscicida wild-type and AesrB strains cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) that
induces expression of T3SS and T6SS genes and may
mimic conditions encountered during infection of mac-
rophages.*>**>*> This comparison can contribute to a
detailed understanding of E. piscicida pathogenesis and
the mechanisms underlying its interaction with its hosts.

Results
RNA-seq profiling of the E. piscicida transcriptome

Previous genomic and comparative genomic analyses
established that E. piscicida EIB202, like other strains of
this species classified as E. tarda genotype I (EdwGI),
encodes one set of T3SS genes and one set of T6SS
genes.” In the T3SS gene cluster, the concomitant
2-component system (TCS) EsrA-EsrB is essential for
the bacterium’s pathogenesis.*”" To better decipher the
regulatory roles and the regulatory mechanisms of the
response regulator EsrB, we performed RNA-seq analysis
with EIB202 and AesrB RNA isolated from LB (n = 3)
and DMEM cultures (n = 3) and compared their differ-
ential gene expression. DMEM was used to induce the
expression of T3SS and T6SS proteins possibly by
mimicry of in vivo or intracellular condition.***"*>*
When grown in LB, there was no apparent growth differ-
ence between WT and AesrB, whereas in DMEM, the
growth of AesrB was markedly faster than that of WT,
suggesting a regulatory role of EsrB in E. piscicida meta-
bolic pathways during growth in DMEM (Figs. S1A and
S1B). Approximately 2.7~7.1 million high-quality reads
were obtained from each RNA sample (Fig. S2A).
Because rRNAs were removed, most (greater than 97%)
of these reads corresponded to the sense strand of anno-
tated ORFs or to non-coding RNAs (unannotated
regions) (Fig. S2B). The correlation coefficient (R?) of
normalized expression per gene between biologic
replicates ranged from 0.96 to 0.98, and most of T3SS
and T6SS genes were induced only in samples of WT
E. piscicida cultured in DMEM (Fig. S3).



Comparative analysis of E. piscicida gene expression
under different conditions

To identify genes that are differentially expressed under
different conditions, i.e, WT in DMEM vs. WT in LB
and WT in DMEM vs. AesrB in DMEM, we used DESeq,
a differential expression analysis package that models
read abundance using a negative binomial distribution.**
Numerous genes scattered on the chromosome were
affected under both comparisons (Fig. 1, Table S1). Most
significantly, 30 of 35 T3SS cluster genes (ETAE_0854-
ETAE_0888) and all of the 16 T6SS (ETAE_2428-
ETAE_2443) cluster genes were significantly upregulated
by >4-fold in both comparisons (Fig. 1). When the data
from WT cultures grown in DMEM or LB were com-
pared, 224 (6%) and 579 (16%) of the annotated 3,649
annotated chromosome ORFs and 53 plasmid ORFs’
were found to be up and downregulated (> 4-fold,
P, < 1 x 107?), respectively (Fig. 2A). More remark-
ably, 388 (11%) and 618 (17%) genes were up and down-
regulated (> 4-fold, P,g; < 1 X 1077), respectively, when
WT and AesrB cultures grown in DMEM were com-
pared. These data suggested that EsrB may serve both as
a repressor and as an activator in E. piscicida. To gain
insight into the extent to which EsrB and growth in
DMEM account for gene expression profiles, we com-
pared the RNA-seq data and observed significant over-
laps between different comparisons. The Venn diagrams
in Fig. 2 show overlaps among genes with increased
(Fig. 2B, left) or decreased (Fig. 2B, right) transcript
abundance in response to the different conditions. There
are 104 co-upregulated genes and 191 co-downregulated
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genes (> 4-fold, P,gj < 1 X 1072) in these comparisons.
Both EsrB and DMEM highly induced the expression of
T3SS and T6SS genes, which comprise over one-third of
the co-upregulated genes (Table S1). Of note, over one-
third (n = 49) of the genes identified as differentially
expressed are annotated as function unknown. Thus, 295
differentially expressed genes were identified and
classified into COG categories (Fig. 2C). Genes associ-
ated with intracellular trafficking and secretion, i.e., the
T3SS and T6SS genes, represented the most highly
enriched category of genes induced by EsrB and DMEM.
Notably, the genes repressed by EsrB and DMEM are
involved in energy production, in the metabolism
of amino acids, carbohydrates, coenzymes and lipids,
in protein biosynthesis (transcription and translation)
and in cell motility.

To gain further insight into how E. piscicida gene
expression is related to pathogenesis and physiology, we
grouped some differentially expressed virulence genes
based on their MA plots (Fig. 3). This analysis further
demonstrated that several functional categories of genes,
including those regulated by T3SS and T6SS, are signifi-
cantly enriched among the differentially expressed genes
(Fig. 3A and B, Table S1). The iron acquisition system is
essential for survival as well as for host colonization by
Edwardsiella.">*”*>*® Here, many genes associated with
iron sequestering and transporters (hemin uptake and
siderophore-mediated iron uptake systems) were,
interestingly, found to be highly induced under both
EsrB and DMEM growth conditions. DMEM is
nutrient-depleted, therefore, it is likely that iron trans-
port genes were upregulated to enhance uptake of the
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Figure 1. RNA-seq analysis of differential gene expression of wild type (WT) and AesrB cultured in DMEM (n = 3) and LB (n = 3) based
on normalized transcript levels. The middle circles correspond to forward and reverse NCBI gene annotation and include named genes
(blue), hypothetical genes (gray), rRNA (orange) and tRNA (pink). The outermost and innermost circles show the forward and
reverse log, of differential abundance in WT in DMEM versus WT in LB (left) or WT vs. AesrB in DMEM (right), respectively. ORFs whose
abundance is significantly higher or lower (fold > 4, P,q; < 1 X 1072 than the normalized average expression level are shown in green
and red, respectively. The regions highlighted in blue and yellow correspond to T3SS and T6SS, respectively.
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Figure 2. Comparative analyses of the E. piscicida transcriptional response to DMEM and EsrB abrogation. (A) Pie charts representing
differentially transcribed genes in WT and AesrB cells grown in DMEM and LB. (B) Venn diagrams showing overlaps among genes with
significantly increased (left) or decreased (right) transcript abundance (fold > 4, P,q; < 1 x 107?) in response to the different culture
conditions. (C) COG categories of co-upregulated (red) or co-downregulated (blue) genes cultured under different conditions as indi-

cated in (B).

iron needed for growth in this medium. We further
tested this by growing the WT and AesrB strains in LB
and DMEM to which the iron chelator, DP, had been
added (Figs. S1C and S1D). A fur (ferric uptake regula-
tor) null mutant (fur~) was used as a control and it was
significantly impaired in its growth in all the conditions
tested. In DMEM supplemented with DP, all the strains
grew extremely slowly, whereas in LB medium contain-
ing DP, WT grew faster than AesrB (P<0.05), indicating
that esrB is essential for proper functioning of the iron
uptake system in the bacterium.

In contrast, annotated ORFs associated with
hemolysins (ETAE_0818, ETAE_0821, ETAE_1008,
ETAE_2089, ETAE_2937, ETAE_3034-3045) were
among the genes whose expression was co-

downregulated, as were 3 adhesion genes (ETAE_0315,
ETAE_0323 and ETAE_2842) and 3 genes associated
with  outer membrane proteins (ETAE_0817,
ETAE_1267 and ETAE_1528) (Fig. 3). The expression of
these early-stage virulence genes (grouped as surface-
structure-related genes) was temporally different from
that of T3SS and T6SS, which is consistent with previous
findings that during intracellular survival of the bacte-
rium inside macrophages, expression of T3SS proteins
such as EsaC and EseB is significantly increased, whereas
the production of flagellar proteins and EthA is
decreased.’® Interestingly, our previous RNA-seq data
showed that an intracellular E. piscicida population
released from pyroptotic macrophages has enhanced
virulence compared with DMEM-cultured bacteria.*’ In
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Figure 3. MA plots showing changes in gene expression
between WT in DMEM vs. LB (A) and WT vs. AesrB in DMEM
(B). The log, of the ratio of the abundances of each transcript
between the 2 conditions (M) is plotted against the average
log, of the abundance of that transcript in both conditions
(A). T3SS, T6SS, iron uptake, effectors, surface structure and
effector genes are highlighted.

general, the results showed that T6SS genes were signifi-
cantly upregulated and that most of the T3SS genes
remained unchanged (Fig. S4). These findings suggest
that the real conditions in the intracellular environment
may vary from those during growth in DMEM or that
there are other unknown factors that specifically trigger
EsrB-dependent T6SS expression at various stages of
infection.

As a global regulator, EsrB may regulate multiple
pathways simultaneously. RNA-seq data showed that
some metabolic genes were indeed regulated by EsrB, as
with the DMEM condition. Some genes encoding nutri-
ent-transporting  systems that transport essential
nutrients for bacterial growth and proliferation were co-
upregulated (Table S1). On the other hand, due to the
limited nutrients present in DMEM, several genes associ-
ated with basal metabolism and protein synthesis were
co-downregulated in DMEM and by EsrB; these included
dehydrogenase genes, carbohydrate transport genes and
amino acid transport system genes. Genes associated
with nitrite/nitrate reduction reactions that require metal
ions as catalysts were also co-downregulated. Our data
indicate that EsrB, the global transcription factor, serves
as a repressor and an activator of metabolic and viru-
lence genes, specifically T3/T6SS genes, thereby enabling
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the bacterium to adapt to different conditions and
niches.

EsrB binds directly to the promoters of T3SS
and other genes at a conserved 18-bp
consensus motif

We further investigated how EsrB controls the expres-
sion of the above-described genes. We first confirmed
that EsrB is essential for the expression of the T3SS and
T6SS proteins during growth in DMEM. Our investiga-
tion indicated that 7 extracellular proteins, EseB\C\D\J
from T3SS and EvpC\P\I from T6SS, were detected
when WT was cultured in DMEM but were absent from
WT grown in LB and from AesrB grown in DMEM
(Fig. 4A and B), similar to the findings for other E. pisci-
cida strains.’>*® The AraC family regulator EsrC, which
is encoded in the T3SS gene cluster, is essential for T3SS
and T6SS gene expression.’®”” When EsrC was abro-
gated, the extracellular T3/T6 proteins were also missing,
and the introduction of an EsrC expression plasmid into
the mutant restored T3/T6SS protein production
(Fig. 4A), suggesting that both EsrB and EsrC control
T3/T6SS expression. Electrophoretic mobility shift assays
(EMSAs) showed that EsrB bound specifically to a DNA
probe that included the upstream regions of the esrC and
esaM genes in the T3SS gene cluster (Fig. 4C). In com-
parison to the negative control gyrB, to which EsrB does
not bind (Fig. 4C), both esrC and esaM were significantly
enriched by EsrB as measured by the ChIP-qPCR test
(Fig. 4D). We performed DNase I protection assays to
map the binding sites for EsrB in the P.,c and P,
regions and found 2 distinct EsrB binding sites in these 2
promoter regions (Fig. 4E and F). Taken together, the
data show that EsrB binds directly to the promoter
regions of esrC (—74- —57 relative to ATG) and esaM
(—76- —59), indicating that EsrB plays both direct and
indirect roles in the regulation of T3SS.

The identification of 2 binding motifs in esrC and
esaM, together with the list of genes regulated by EsrB as
revealed by RNA-seq, enabled us to identify an addi-
tional 7 promoter regions containing a putative EsrB
binding box using the program FIMO (Fig. 4G and H).
Alignment of these binding sequences indicated a highly
conserved consensus sequence similar to the SsrB bind-
ing motif in ssaM and ssaG from Salmonella enterica.”
Similar to the Salmonella SsrB binding box, the hepta-
meric sequence (ATCAGGT) was identified in a 7-4-7
tail-to-tail architecture that created an 18-bp degenerate
palindrome. This palindrome was also found at other
sites in the T3SS region (ETAE_0873 (escC) and esaR) in
addition to esrC and esaM. Other non-T3SS genes con-
taining a putative EsrB binding consensus include



1360 Y.LIUETAL.

AesrB AesrC esrB* esrC* 4
OEM LB DREw DMEM DREM DHEM B o
EseJ — == - el
£3
A Evpl — ] =
EseC — | gy e % 2
- a
o
£ 1
EseB and EseD —> A o i -
EvpP —> ! - 0 \ \. 5 \.
EveC — @D - & & & &
é‘@ A &@ &@
59 ‘_ae
C EsrB@M) 0 37 0 37 0 37 0 37
—-— = | | e . B D 6
J ‘ 25
- e b ol - E =
esrC esaM esaR ETAE_1586 By
& -
2, -
EsrB(UM) 0 37 0 3.7 51 ...... e
0
S LS E P E
L L ¥ s & ’
- - -t wd <U &
ETAE_2233 ETAE_ZﬁBG gyrB Promotor
E esrC ‘ : EsrB PesaM ‘

( ’ “ “’ Hl l! (0 M) | J” \\I | | EsrB
ot \'1\‘\4 ,,I‘J.;H' ‘H Jl ‘,‘ |A ‘| “" A, J' i 17‘||.g"‘l'!".7_“l‘ b (0 pM)
\(u H ‘\”% I | | I
! M l |‘L‘ |Ha WN Jfr{&,ﬂ\ EsrB W ,_u\lwn L J.u‘-n‘!_‘_lj.'.,n "‘.\‘h/ Eerh)

TR T Cscmaal 66 pM)
P-value -
(x10°9) H
CEIT 1.75
cei 175
cThG 19.3 3
CTGT 95.6 I A A Q -
CTGC 69.2 -
ngff: ?‘;nlqm’}“-[‘}?”n,n-[b?

Figure 4. EsrB binds directly to a specific DNA motif to control the expression of T3SS and other genes. (A) ECP profiles of EIB202 WT
and AesrB were detected by SDS-PAGE. Strains were cultured in LB and DMEM, respectively, at 30°C for 24 h without shaking. (B) Total
protein secreted when the strains were grown in LB or DMEM conditions. The secreted proteins were quantitatively assayed against con-
trols consisting of DMEM. **, P < 0.01 based on one-way ANOVA. (C) EMSA of the indicated promoter regions using purified EsrB. The
amounts of EsrB protein used are indicated; 20 ng of each Cy5-labeled probe was added to the EMSA mixtures. The specificity of the
shifts was verified by adding a 10-fold excess of nonspecific competitor DNA poly(dI-dC) to the EMSA mixtures. Bound (B) and unbound
(U) DNA bands are indicated. (D) ChIP-gPCR analysis was used to determine the binding of EsrB to target promoter regions in E. pisci-
cida. The results shown are normalized to the expression of the control gene gyrB and the results from the sample without EsrB, which
was arbitrarily set as 1. The results were calculated using the AACT method. (E-F) Footprinting analysis of EsrB binding to a binding site
in the esrC and esaM promoter. Electropherograms of a DNase | digest of the promoter probes (200 ng) after incubation with 0 or
66 1M EsrB are shown. The respective nucleotide sequences that were protected by EsrB are indicated below, and the specific binding
motifs are highlighted. (G) Alignment of the EsrB-binding motifs from the promoter regions of EsrB-controlled genes as revealed by
RNA-seq analysis. The established binding motifs from ssaG and ssaM in Salmonella enterica are also shown. P-values are shown for the
genes identified with FIMO. (H) The EsrB binding motif derived from the binding sequences (G) generated by the MEME tool. The height
of each letter represents the relative frequency of each base at the given position in the consensus sequence.

ETAE_2816 encoding for a BadM/Rrf2 family transcrip-
tional regulator, ETAE_2758 encoding a putative T2
ribonuclease, and ETAE_2233 (artM), and ETAE_2586
(sdhA) that are related to metabolic pathways in arginine

utilization and tricarboxylic acid (TCA) cycle. Among
these genes, ETAE 2816, ETAE_2233, and ETAE_2586
were significantly downregulated by EsrB as revealed by
RNA-seq (Fig. 4G and Table S1).



EMSAs were further performed with the specific pro-
moter regions of esaR, ETAE_2233, ETAE_2586, and
ETAE_1586 (see below) containing the binding box; the
results confirmed that there are functional DNA ele-
ments for EsrB binding in these regions (Fig. 4C). EsrB
did not bind the promoter regions of these genes in the
absence of the specific consensus sequence. Furthermore,
ChIP-gPCR analysis also indicated that EsrB binds
directly to the specific promoter regions of esaR,
ETAE_2233, ETAE_2586, and ETAE_1586 (Fig. 4D).
Taken together, these results show that EsrB controls the
expression of T3SS and other genes throughout the
genome through interaction with the specific 18-bp
binding box.

The EsrB regulon includes T3SS effectors that
are translocated into HelLa cells with different
efficiencies

Based on the above-mentioned observations that EsrB
directly binds to and switches on the expression of T3/
T6SS clustered genes as well as other genes scattered on
the chromosome in E. piscicida, we hypothesized that
their respective translocated effector genes might be
simultaneously controlled by EsrB or growth in DMEM.
Thus, TEM-1 based effector translocation assays were
performed to determine whether any of the co-upregu-
lated genes are potential translocated effectors. In this
assay, effector-B-lactamase fusions are translocated into
host cells, where their B-lactamase activity results in
cleavage of the CCF2 substrate and emission of blue light
at 450 nm; in the absence of B-lactamase activity and the
preservation of intact CCF2, excitation at 409 nm results
in intramolecular FRET and the emission of green light
at 520 nm*>*® (Fig. S5A). A total of 6 hemin uptake
genes, 5 putative siderophore synthesis and uptake genes,
and 26 T3/T6SS apparatus genes were excluded from the
104 co-upregulated genes, resulting in 67 remaining can-
didates; these were subjected to further translocation
assays (Fig. S5B). A total of 9 candidate genes showed
positive extracellular secretion (Fig. S6B) and intracellu-
lar translocation (Fig. 5A) in HeLa cells and are very
likely to be effectors of E. piscicida. The amino acid
sequences of the 9 effector proteins were analyzed by
bioinformatics (Table 1). Most of the putative effectors,
except for EseG and Ese]J, were scattered on the chromo-
some outside the T3SS gene cluster (Fig. S6A). EseG
(ETAE_0866), a known T3SS effector in Edwardsiella
bacteria, plays an important role in microtubule disas-
sembly.”” Ese] (ETAE_0888) is a newly identified T3SS
effector that has been shown to inhibit bacterial adhesion
to EPC cells and to facilitate intracellular replication.>
Translocation of this full-sized effector (1359 aa) into
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EPC cells was verified by the cAMP-based translocation
assay.”® EseN (ETAE_1757, formerly EseH)** was
recently identified as a T3SS effector and as a homolog of
SpvC in Salmonella and of OspF in Shigella flexneri;
these proteins have been shown to translocate to the host
nucleus and to inhibit the phosphorylation of proteins in
the JNK MAPK pathways. Thus, in a translocation assay
that used the expression plasmid pCX340 without the
effector gene as a negative control, all 3 of these gene
products were validated as effectors (Fig. 5A).

The remaining 6 EstB/DMEM-regulated genes repre-
sent novel putative effectors (Fig. 5A and Table 1).
ETAE_1586 may function either as a releasing peptidase
or as a toxin, as it has a papain-fold toxin domain that
is commonly found in bacterial polymorphic toxin sys-
tems. ETAF_1604 has an exosort VPLPA motif and
thus may function as an exosortase. ETAE 2186 is a
putative thioredoxin (Trx) with the universally con-
served active site -Cys-Gly-Pro-Cys-. ETAE_2188 is a
hypothetical protein with a conserved DUF1471
domain. ETAE_2438 has a PAAR (proline-alanine-ala-
nine-arginine repeat protein)-like motif that facilitates
the formation of a sharp conical extension of the VgrG
spike, which facilitates T6SS-mediated ~secretion.*’
ETAE_3282 is a hypothetical protein without any con-
served sequence, motif or structure. To determine
whether the 9 translocation-positive candidates are sub-
strates of T3SS or T6SS, pCX340-derived plasmids
expressing the candidate effector-TEM fusions were
transformed into T3SS and T6SS mutants lacking the
corresponding apparatus genes (EseBCD for T3SS and
EvpAB for T6SS), and the TEM-1 translocation assay
was performed as described above. All 9 candidates
were translocated into HeLa cells in a T3SS-dependent
manner (Fig. 5A). Various translocation efficiencies
were observed for the putative effectors; the
ETAE_0888 (EseJ) and ETAE_0866 (EseG) fusions dis-
played the highest translocation efficiencies, and
ETAE_1604 and ETAE_2186 displayed the lowest
translocation efficiencies (Fig. 5B). Quantitative end
point (2 h) translocation analysis also indicated that
T6SS might be involved in modulating the translocation
efficiencies of ETAE_2438 and ETAE_2188 (Fig. 5B).
Translocation of these effectors was further analyzed
using single-time-point translocation (STPT) assays; the
result indicated that all effectors reached their respective
maximal levels in the host cells after ~4 h observation
(Fig. 5C). Taken together, RNA-seq analysis led to the
conclusion that 9 candidate T3SS-dependent effectors
were directly (e.g., ETAE_1586, Fig. 4) or indirectly
controlled by EsrB in vitro and translocated into host
cells. These findings will facilitate the further detailed
study of the molecular basis of E. piscicida pathogenesis.
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Table 1. Putative E. piscicida T3SS effectors identified by comparative transcriptomic analysis.

Fold change
Locus Function Size (aa) Conserved domain WT DMEM/LB WT/AesrB DMEM
ETAE_0866 T3SS effector EseG 339 PRK15358 super family: SPI-2 effector SseF 1533 70.5
ETAE_0888 T3SS effector Ese) 1359 Undetected 445 344
ETAE_1586 hypothetical protein 246 Tox-PL superfamily 7.2 48
ETAE_1604 hypothetical protein 49 Exosort VPLPA 4.7 134
ETAE_1757 T3SS effector EseN 216 PRK15245: phosphothreonine lyase 281.1 164.0
ETAE_2186 thioredoxin (H-type, TRX-H) 125 TRX family 237.7 873
ETAE_2188 hypothetical protein 89 DUF1471 724 57.0
ETAE_2438 T6SS protein EvpJ 100 PAAR motif 183.7 46.2
ETAE_3282 hypothetical protein 39 Undetected 7.9 5.0

EsrB is essential for the expression of effector genes
in vivo and in vitro

We further investigated the influence of EsrB on effector
gene expression during infection of ]J774A.1 macro-
phages and turbot fish. WT and AesrB released from
J774A.1 were prepared.”” Healthy turbots were infected
intraperitoneally (i.p.) with WT and AesrB at a dosage of
10°> CFU/fish. The livers, major immune-organ and colo-
nization site for E. piscicida,”* from 5 fish for each repli-
cate were harvested at 3 and 7 DPL As a control to verify
the RNA-seq analysis results, WT and AesrB cells grown
in DMEM were also harvested. RNA samples were
extracted from 3 replicates and analyzed by qRT-PCR.
The results showed that, compared with the housekeep-
ing gene gyrB, EsrB strongly induced the expression of
the 9 effector genes when EIB202 was grown in vitro in
DMEM (Fig. 6A). Similarly, the 9 effector genes were
highly upregulated by EsrB in J774A.1 and turbot, espe-
cially at 7 DPI, to different extents (Fig. 6A), verifying
the EsrB-dependence of effector gene expression in vitro
and in vivo. It is notable that expression of all 9 effector
genes was dramatically triggered at the late stage of infec-
tion (7 DPI) in turbot compared with 3 DPI. This sug-
gests that unknown host factor(s) resulting from the
bacterial infection might further exacerbate the EsrB
dependency of T3SS gene expression in vivo as the infec-
tion progresses.

The putative effector genes are required
for colonization in turbot

We are intrigued by the possible roles of these EsrB-
dependent effectors in bacterial colonization of the host.
Therefore, the turbot model was used to perform com-
petitive index sequencing (CI-seq) analysis of candidate
effector genes that might contribute to bacterial survival
and growth. We generated 9 deletion mutants of the
respective effector genes as well as a mutant with the
deletion of all 9 effector genes (9A). All these mutants,
together with WT bacteria and the AT3SS and AT6SS

mutants, were barcoded,®® and their competitive indices
were measured. The WT bacteria were tagged with 4
bar-coded sequences; the other strains each received 2
specific tags, as technical replicates to determine the reli-
ability of sequencing. The bacteria were mixed in equal
proportions, co-injected into turbot, and harvested at 3
and 7 DPI from the livers, spleens and kidneys of 3 bio-
logic replicates of infected fish. For each replicate, 5 fish
tissues were sampled and pooled to maximally normalize
the variations in individual fish. CI-seq libraries were
prepared and subjected to sequencing on the Miseq plat-
form. There was an excellent correspondence between
the 2 technical replicates (R? = 0.9578) and the 3 bio-
logic replicates (R* = 0.96-0.97) (Fig. S7). The data
revealed that the AesrB, AT3SS, and AT6SS mutants
showed significantly lower CIs (~1 to 3 logs) in the liv-
ers, spleens, and kidneys of the infected fish at both 3
and 7 DPI (Fig. 6B). Interestingly, the mutant lacking all
9 putative effectors (9A) displayed dramatic colonization
deficiency similar to that of the AesrB, AT3SS, and
AT6SS mutants in all the sampled tissues (Fig. 6B). As
previously reported, EseG seems to play no dominant
role in in vivo colonization by E. piscicida.”® Except for
the ETAE_0888 mutant, no other mutants displayed
defective colonization compared with WT. The strain
with the deletion of ETAE_0888 (Aese]) showed a mar-
ginal reduction in CI at 3 DPI and a significant (~5-
fold) decrease at 7 DPI (Fig. 6B), demonstrating the
essential role of ETAE_0888 (Ese]) in in vivo coloniza-
tion. These data also suggest that during the progress of
infection, dynamic changes and possible redundancy in
the effectors interacting with the host occur.

Systematic disruption of the effectors leads

to attenuation of virulence and immune protection
in vivo

We characterized the virulence of WT, AesrB, AT3SS or
9A strains toward turbots. The results indicated that the
LDs, value of EIB202 was 2.2 x 10° CFU/fish (Fig. 7A).
The AesrB mutant showed the highest virulence
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Figure 6. Characterization of the in vitro and in vivo expression of the putative effectors (A) and their fitness contribution in E. piscicida
during infection of turbot fish (B). (A) gRT-PCR analysis of the expression of the putative effectors during bacterial growth in DMEM,
J774A.1 or in vivo in turbot fish at 3 or 7 DPI. The preparation of total mRNA from E. piscicida WT and AesrB cells grown in the above-
mentioned conditions is detailed in Materials and Methods. *P < 0.05, **P < 0.01 based on Student’s t-test. (B) Barcoded WT and in-
frame deletion mutants of the putative effectors were recovered from turbot fish inoculated with a pool of WT and mutant strains, and
competitive indices (Cl) were calculated based on the ratios of individual mutant/WT tags in output vs. input. Data from liver, spleen
and kidney at 3 and 7 DPI are shown as the mean + SEM. *P < 0.05, **P < 0.01 based on ANOVA followed by Dunnett’s test for multiple
comparisons comparing the data with the corresponding WT (barcode A,B)/WT(barcode C,D). All the experiments were conducted in

triplicate with liver, spleen, and kidney samples that were pooled (n = 5) at each time point.
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observation period, WT bacteria showed explosive
growth in all the organs of infected turbot, whereas the
AesrB, AT3SS, and 9A mutants all displayed significant
defects in propagation in the organs, confirming that the
putative effectors contribute to the in vivo fitness and
colonization ability of the bacterium (Fig. 6B).

The strong virulence attenuation (~3 logs) and
restricted in vivo propagation observed in the 9A strain
suggest that these effectors might be promising potential
targets for the construction of a live attenuated vaccine
(LAV). To test this idea, we inoculated healthy turbot
with PBS or with WT and the mutant strains. The con-
trol group of fish injected with PBS showed 80% accu-
mulated mortality (Fig. 7C). The mortality rates of the
fish vaccinated with AesrB, AT3SS and 9A were 32.9%,
23.9% and 20.2%, respectively, with corresponding rela-
tive protection ratios (RPSs) of 58.9%, 70.1% and 74.8%
(Fig. 7C). Production of serum antibodies against each of
the E. piscicida mutants was further analyzed (Fig. 7D).
ELISA analysis showed that the antibody titer of fish vac-
cinated with 9A was significantly higher than that of fish
vaccinated with AesrB. Collectively, these results demon-
strate that systematic disruption of the putative effectors
leads to dramatic virulence attenuation and that such
disruption has strategic merit for the development of a
promising LAV.

Discussion

Edwardsiella piscicida is a Gram-negative, broad-host-
range pathogen that causes hemorrhagic septicemia in
many commercially important fish species.'”'> A better
understanding of E. piscicida pathogenesis may make it
possible to produce an appropriate and effective vaccine
to prevent edwardsiellosis. Several virulence factors have
been reported to be involved in the pathogenesis of this
bacterium, including T3SS, which enables it to escape
phagocytic killing and to replicate intracellularly in phag-
ocytes,”> and T6SS, which also contributes to the estab-
lishment of colonization inside the host.”® The EsrA-
EsrB TCS has been shown to be essential for regulation
of the expression of T3SS and T6SS.>"*” However, the

scope of the regulatory roles of EsrA-EsrB on the viru-
lence and physiology of Edwardseilla bacteria is still
unknown. We used RNA-seq analysis to compare the
gene expression of E. piscicida grown in DMEM, a condi-
tion that mimics bacterial growth during the infection of
macrophages,***"*>** and, to resolve the regulatory role
of EsrB, upon EsrB abrogation. These analyses resulted
in the finding of a conserved EsrB binding consensus
motif in the regulated genes and a repertoire of T3SS-
dependent effectors, including 3 established effectors and
6 putative novel effectors that are essential for E. pisicida
infection of its host.

Multiple RNA-seq-based comparative analysis of the
transcriptomes of WT E. piscicida grown under various
conditions (LB, DMEM, and J774A.1) provided an over-
view of the differential expression of virulence genes in
E. piscicida (Fig. 3 and Fig. S4). In addition to the T3SS-
and T6SS-associated genes, iron uptake- and transport-
associated genes were significantly upregulated under
DMEM and J774A.1 conditions, confirming that the
uptake of iron and certain other essential nutrients is
essential for the growth of the bacterium in intracellular
niches (Fig. 3 and Figs. S1 and S4). This is expected, as
iron is important for bacterial growth, and natural sea-
water and the body of the bacterial host contain low con-
centrations of freely available iron. Iron has also been
confirmed to be involved in the regulation of virulence
gene expression.">'®*” Most genes associated with the
early stage of infection, e.g., those encoding adhesin,
hemolysin, proteins of fimbria and flagella, and some
outer membrane proteins,”® were downregulated when
the bacteria were grown in DMEM (Fig. 3, Fig. $4) rather
than in LB or J774A.1. Specifically, EsrB could signifi-
cantly down-regulate flgC, fliP, and other flagellar bio-
synthesis related genes (Table S1), which was also
oberved for SsrB in S. enterica,> reinforcing the idea that
these surface structures (including flagella) may not be
required for intracellular survival and/or that their
expression patterns during infection differ from those of
the T3SS and T6SS genes.

In addition to the previous findings that EsrB is
important for the expression of virulence-associated loci

Figure 7. (see previous page) Evaluation of virulence and vaccine efficiency of 9A in turbot fish. (A) Virulence was analyzed in turbot.
Fish were inoculated intramuscularly (i.m.) with a series of dilutions of the WT and mutant strains. The infected fish were monitored for
3 weeks. (B) Infection kinetics of E. tarda strains in turbot. Following i.m. infection with the corresponding strains at a dose of 1 x 10°
CFU/fish, the fish were sampled in triplicate at 0, 1, 3, 5, 7, 10, 14, 18, 22, and 28 d. The organs (liver, spleen, kidney, and intestine) from
3 fish were mixed and homogenized, and serial dilutions of the homogenates were plated on DHL agar plates. The bacterial count was
normalized by dividing the bacterial count (n = 3) by the weight of the mixed sample. *, P < 0.05; **, P < 0.01 based on student’s
t-test analysis of the bacterial counts at 14 DPI. (C) Survival curve of vaccinated turbots after challenge. Vaccinated or PBS mock-
vaccinated turbot were challenged by injection of WT bacteria. The survival curves were recorded for 28 d after challenge.

skskok

, P < 0.001 based on Kaplan-Meier survival analysis with a log rank test with Prism software (Graphpad Software). The derived

relative protection index (RPS) of each strain is shown in the right panel. *, P < 0.05 based on one-way ANOVA. (D) Serum IgM titers
against E. piscicida at 35 DPI were assayed by ELISA. The data reflect the mean absorbance and SEM (n = 5).



(T3SS and T6SS) in E. piscicida (Figs. 1 and 3),>' our
comparative analysis also intriguingly demonstrated that
EsrB acts as a global regulator, controlling the expression
of ~990 genes involved in numerous pathways (Figs. 2
and 3B). Many of these affected genes are also modulated
by growth in DMEM (Fig. 3B, Table S1). It is likely that
coordinated control of the expression of these genes
makes it possible for the bacterium to respond to differ-
ent environments, rewire its regulatory networks and
adapt to new conditions/niches. Indeed, other 2-compo-
nent signal transduction systems, including BasSR,
NtrBC, and BaeSR, are differentially expressed upon
EsrB deletion when cells are grown under DMEM condi-
tions. Some nutrient transport genes that ensure the
uptake of essential nutrients were co-upregulated; these
include the genes for the amino acid transport protein
AzIC (ETAE_2754), the mannose-specific PTS system
ManZ/Y/X (ETAE_1557-1559), and the molybdate ABC
transporter ModA/B/C (ETAE_0924-0926) (Fig. 2,
Table S1). In contrast, some basal metabolism and pro-
tein synthesis genes were co-downregulated; these
included the genes encoding the arginine transport sys-
tem ArtP/I/M/J], the glutamine transport system GInP/Q,
and the glutamate/aspartate transport system GltJ/K/L
(Fig. 2, Table S1). Genes encoding ArtM (ETAE_2233)
contains an EsrB binding consensus sequence which
mediates direct binding of EsrB to repress artM expres-
sion (Figs. 4C, D, and E, Table S1). Another aspect of
regulatory roles of EsrB by its directly binding to and
downregulation of ETAE_2586 (sdhA) might be associ-
ated to inhibition of TCA cycle and electrons transfer in
E. piscicida during infection (Figs. 4C, D, and E,
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Table S1). Thus, EsrB is a multifaceted factor that con-
trols the expression of genes associated with both physio-
logic adaptation and virulence. Our recent comparative
proteomics investigation also indicated that several
dozen proteins involved in information storage and
processing, cellular processes and signaling, and metabo-
lism were significantly differentially expressed in WT
and esrB mutant strains. Intriguingly, EsrB participates
in the reactive oxygen species stress response by nega-
tively regulating the expression of KatB/KatG, SodB and
Tpx.”' Taken together, the gene expression profiling
results presented here delineate i) the spatio-temporal
variations in gene expression patterns that occur outside
and inside the host cells, and ii) the variations in envi-
ronmental cues and physiologic signals that trigger viru-
lence/metabolism-related gene expression in E. piscicida
during infection (Fig. 8).

The mapping of the regulatory logic of a regulator
facilitates a mechanistic understanding of how it deploys
within the regulatory architecture to permit a given sig-
nal input to result in a fine-tuned gene expression out-
put. With the distinct EsrB binding motifs from esrC and
esaM promoter and EsrB regulated genes available, we
identified an 18-bp consensus motif to which EsrB binds
directly. Interestingly, this consensus sequence is highly
conserved in the previously established SsrB binding
motifs of Salmonella enterica and Sodalis glossinidus **;
both of these species belong to a neighboring genus of
Edwardsiella bacteria.” The 18-bp consensus motif also
contains 7-4-7 architecture with ATCGGGT palin-
drome repeats and is similarly localized to the promoter
region of T3SS genes, i.e., esrC, esaM, escC, and esaR, as
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Figure 8. Schematic overview of the regulatory roles of TCS EsrA-EsrB in E. piscicida. The virulence master regulator EsrB can modulate
the expression of genes associated with various processes during infection. In particular, unknown signals from the intracellular
environment trigger a phosphorylation relay from EsrA to EsrB, which then directly or indirectly activates T3SS, T6SS and cognate effec-
tor translocation into the host cells. EsrB-activated processes are depicted in red; those inhibited by EsrB are shown in blue.
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well as the effector gene (ETAE_1586) (Fig. 4G and H).
Elaborate mutation analysis has demonstrated that the
architecture of the SsrB binding motif is flexible and that
even a single dyad of the palindromic sequence can acti-
vate gene expression.>> Future similar functional analysis
of the EsrB binding motif will help map more binding
sites across the genome and will specifically facilitate the
identification of additional effector candidate genes.
Mutational analysis will also illuminate the molecular
basis and dependence of the interaction of EsrB with the
cognate binding motifs.

Althogh TCS EsrA-EsrB behaves similarily as its
counterpart SsrA-SsrB in Salmonella in regarding to
regulation of the expression of T3SS genes and related
effectors (Figs. 1 and 4),%* these 2 TCSs differ from each
other. The genes esrA and esrB are divergently tran-
scribed with their distinct promoters, while ssrA and ssrB
share the same promoter (Fig. S6A).>** Meanwhile, there
is no EsrC homolog in Salmonella. These variations sug-
gest that these 2 TCSs might have their distinct expres-
sion and regulation paradigms. In Edwardsiella bacteria,
EsrC is subjected to tight regulation of EsrA-EsrB (Fig. 4,
Table S1), and facilitates the expression of T3SS and
T6SS genes.”® As an AraC-type regulator, EsrC could
activate and repress gene expression depending on vari-
ous conditions, *° thus enabling the different regulatory
roles for EsrB in Edwardsiella as compared with SsrB in
Salmonella. Specifically, as the thorough search with
FIMO didn’t find an EsrB binding site in T6SS genes
(data not shown), and could only identify several direct
interactions of EsrB to T3SS genes (esrC, esaM, escC, and
esaR) and one in effector gene (ETAE_1586) (Fig. 4C-
H), we thus hypothesize that EsrC shall play important
roles in mediating EsrB regulation of T3SS and T6SS
genes’ expression (Fig. 4A-B), especially in the expres-
sion of T3SS effectors by binding directly to these genes
in E. piscicida (Fig. 8), as documented in E. ictaluri and
E. tarda.”>>**” Our data support the idea that the regula-
tory circuits of SsrB/EsrB family proteins have been well
conserved during evolution (Fig. 4G).”> However, it will
be intriguing to decipher further the DNA module that
choreographs EsrB-mediated pathogenic behavior and
physiologic adaptation in Edwardsiella infection.

Both DMEM and EsrB strongly induce the expression
of the T3SS and T6SS genes (Figs. 1 and 4). We thus
anticipated that mining of the co-upregulated genes
might lead to the identification of T3SS- or T6SS-depen-
dent effectors. Indeed, the established TEM-1 transloca-
tion assay allowed us to identify 3 known effectors and 6
novel effectors among the 104 co-upregulated genes
(Table 1). In many cases, type III secretion is activated
upon host cell contact and depends on specific regulatory
proteins.”>>* Furthermore, internalization of bacteria is

required for the translocation of T6SS effectors into
phagocytic cells.”* These 2 mechanisms procedurally
direct protein secretion and translocation, and more
effectors are translocated into host cells after bacteria-
host contact, thereby dictating the terms of bacterium-
host cell interactions. Future work with different translo-
cation systems, e.g., use of the cyaA fusion assay and cell
line models, might permit the identification of additional
effectors. Furthermore, the TEM-1 assay relies on
B-lactamase, which is a relatively large tag that may not
be compatible with T6SS, whereas T3SS can even trans-
locate the notable effector Ese] (ETAE_0888), which
may be as large as ~150 kp, with high efficiency and at
high translocation rates (Fig. 5 and Fig. S6B). This may
underlie the finding that all the effectors identified in
this study were T3SS-dependent. Furthermore, the bioin-
formatics analysis and the results of the gel shift assays
suggested that EsrB might both directly (e.g.,
ETAE_1586) (Figs. 4C and D) and indirectly regulate the
expression of these effector genes, which might also con-
tribute to their different expression levels or transloca-
tion rates (Fig. 5 and Fig. S6B).

Phylogenomic investigation has established that
Edwardsiella bacteria can be classified into at least 5 spe-
cies that contain various sets of T3SS loci in their
genomes; these species are E. ictaluri (1), E. piscicida (1),
E. tarda (0), E. anguillarum (2), and E. hoshinae (0). In
silico analysis indicated that all 9 putative T3SS effectors
harbor domains that probably directly interact with the
host (Table 1). Recently, Dubytska et al. identified 9
putative T3SS effectors using bioinformatics and a cyaA-
based translocation assay.5 5> Of these 9 effectors, 5 con-
tain leucine-rich repeat protein (LRR) domains with var-
ious numbers of repeats. Interestingly, stringent BLASTP
analysis indicated that, among the 9 effectors identified
here, ETAE_3282 is not found in the published E. icta-
luri genomes. At the same time, ETAE_3282, 1586 and
1757 (EseN) are not shared by E. anguillarum. All 9
putative effectors appeared to be absent from the
genomes of E. hoshinae ATCC33379 and E. tarda
ATCC15947 (Tables 1 and S2). Furthermore, of the
reported list of 9 effectors in E. ictaluri, only EseG and
EseN are shared by E. piscicida, and the remaining
7 effectors are absent in all the other species,” suggesting
a specific basis for the evolution of pathogenic mecha-
nisms and host specificity in the evolutionary history of
these Edwardsiella species.

E. piscicida is able to evade host immune defenses and
to proliferate in epithelial cells and phagocytes.'®***
T3SS has been shown to be essential for the bacterium to
colonize and cause disease in the hosts. Although all 9 of
the identified effectors are highly induced in vivo in the
host, we asked which effectors are potentially essential



for the pathogenicity of the bacterium (Table 1, Fig. 6A).
CI-seq experiments indicated that of the 9 effectors iden-
tified, only Ese] (ETAE_0888) is essential for bacterial
colonization in fish (Fig. 6B). A previous investigation
indicated that Ese] plays multifaceted roles in E. piscicida
by reducing bacterial adhesion to EPC cells and facilitat-
ing intracellular bacterial replication by inhibiting the
host’s ROS production.”® However, given the marginal
virulence attenuation observed (2.3-fold increase in
LDs,) when Ese] was deleted®® along with the fact that
no significant decrease in CI index was found for other
strains, we speculated that redundant roles or pathways
are targeted by the effectors. We might also speculate
that these effectors seem not to be involved in the
interaction of T3SS with other factors or in facilitating
secretion caused by other effectors. The detailed molecu-
lar functions of ETAE 0888 and other effectors are
currently under investigation.

It was intriguing to find that the strain with the dele-
tion of the 9 effectors (9A) showed dramatic virulence
attenuation, although residual virulence could be
observed; high doses (> 10" CFU/fish) of 9A could cause
fish death. This could be attributed to the presence of
intact T6SS and to the translocation of other unknown
effectors by functional T3SS. However, the finding that
9A could not propagate efficiently in fish, along with the
potent protection it provided against WT challenge
when inoculated into naive fish at a low dose, demon-
strated that systematic disruption of the effectors will be
a valuable strategy for the construction of a highly effi-
cient live attenuated vaccine for use in the aquaculture
industry. This is reasonable, as in the host the T3SS
translocation apparatus or its needle structure will be
highly induced and assembled, and these structures have
been demonstrated to represent important protective
antigens that are recognized by host immune sys-
tems.>>° Indeed, 9A seemed to be more immunogenic
and triggered higher antibody titers and RPS than the
AesrB stain and the AT3SS mutant, in which the T3SS
translocation apparatus is abrogated (Fig. 7C and D).

In conclusion, our data provide a wealth of informa-
tion regarding E. piscicida gene expression during infec-
tion, especially in macrophages. The data also provide
clues about the environment this bacterium encounters
within the host and the effectors that govern the bacterial
response and its interaction with various host niches.
Moreover, EsrA-EsrB, which governs global regulatory
cycles, was confirmed to be essential for E. piscicida
infection and colonization of the host. In addition to
controlling genes involved in the physiologic response to
the host environment, EsrB also controls the expression
of T3SS of T6SS and that of a repertoire of T3SS-depen-
dent effectors that are crucial for the bacterium’s
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interaction with the host during the process of infection.
The overview of the gene expression response to host
environment stimuli and the dissection of global regula-
tory roles of EsrB facilitated the identification of a set of
T3SS-dependent effectors, thereby advancing the study
of the molecular basis of the bacterium’s pathogenesis
and disease control strategies. Finally, we anticipate that
even greater understanding of the interplay between fish
hosts and leading pathogens will be obtained by future
RNA-seq-based analyses of the dynamic transcriptomes
of both the pathogen and the host during infection
progression.

Materials and methods
Bacterial growth and cell culture

The bacterial strains used in this study are listed in
Table 2. Edwardsiella piscicida strains were grown over-
night at 30°C in Tryptic Soy Broth (TSB), on tryptic soy
agar (TSA), or on des-oxycholate hydrogen sulfide lac-
tose (DHL) plates. Escherichia coli strains were cultured
in Luria broth (LB) at 37°C. For the induction of T3SS
and T6SS proteins, E. piscicida strains were statically
grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
at 30°C. E. coli Topl0F, DH5« and CC118 Apir were
used for plasmid harvest, and SM10 Apir was used for
plasmid conjugation. When required, appropriate antibi-
otics were included in the medium at the following con-
centrations: 100 pg/ml carbenicillin, 10 pg/ml colistin,
12.5 pg/ml tetracycline, 34 pg/ml chloramphenicol,
25 pg/ml gentamicin, and 50 pg/ml kanamycin. HeLa
cells (ATCC CCL™2) and J774A.1 cells (ATCC TIB-67)
were cultured at 37°C in a 5% CO, atmosphere in
DMEM supplemented with 10% fetal bovine serum
(FBS).

Construction of deletion mutants

In-frame deletion mutants were generated by sacB-based
allelic exchange as described previously.”” Upstream and
downstream fragments were generated by PCR using the
primer pairs P1/P2 and P3/P4, respectively; the primer
sequences are given in Table S3. Overlap PCR with
primer pair P1/P4 was used to generate fragments with
in-frame deletions. The resulting fragments were cloned
into the sacB suicide vector pDMK after linearization of
the vector with BglII/Sphl and were transformed into
CC118 Apir; clones were validated using the primer pair
pDMK-PF/PR. After sequencing, the plasmids were
transformed into sm10 Apir and then mated into EIB202
by conjugation. Double crossover processes were selected
sequentially on TSA medium containing Col and Kan



1370 Y.LIUETAL.

Table 2. Strains and plasmids used in this study.

Strain or plasmid

Characteristics

Reference or source

E. piscicida

65

EIB202 Wild-type strain, Col’, Cm" CCTCC No. M 208068

AesrB EIB202, in-frame deletion of esrB, Col", Cm" 3

AesrC EIB202, in-frame deletion of esrC, Col", Cm" Lab collection

fur- EIB202, null mutant with a transposon at -111 bp of fur, Col’, Gm" Lab collection

EIB202 AP EIB202, deletion of pEIB202, Col" 64

AT3SS EIB202, deletion of eseB-eseD, Col’, Cm" 38

AT6SS EIB202, deletion of evpA-evpB, Col’, Cm" 38

esrBt EIB202, AesrB, containing pAKgfp1:flag-esrB, Col’, Amp" This study

esrC™ EIB202, AesrC, containing pAKgfp1:flag-esrC, Col’, Amp' This study

AP AT3SS AT3SS, pEIB202 cured, Col’, Cm" This study

AP AT6SS AT6SS, pEIB202 cured, Col’, Cm" This study

A0866 EIB202, in-frame deletion of ETAE_0866 from bp 4 to 882 This study

A0888 EIB202, in-frame deletion of ETAE_0888 from bp 4 to 4074 This study

A1586 EIB202, in-frame deletion of ETAE_1586 from bp 4 to 738 This study

A1604 EIB202, in-frame deletion of ETAE_1604 from bp 4 to 147 This study

A1757 EIB202, in-frame deletion of ETAE_1757 from bp 27 to 632 This study

A2186 EIB202, in-frame deletion of ETAE_2186 from bp 7 to 363 This study

A2188 EIB202, in-frame deletion of ETAE_2188 from bp 91 to 267 This study

A2438 EIB202, in-frame deletion of ETAE_2438 from bp 3 to 300 This study

A3282 EIB202, in-frame deletion of ETAE_3282 from bp 4 to 147 This study

9A EIB202, in-frame deletion of ETAE_0866, 0888, 1586, 1604, 1757, 2186, 2188, 2438 and 3282 This study

Barcoded strains 16 EIB202 strains marked with 2 different barcodes (WT with 4 barcodes) respectively inserted in This study
chromosome neutral site between ETAE_3536 and ETAE_3537, Col', Kan"

E. coli

Top10F F'llaclg Tn10(TetR) mcr & 180 lacZ Am15 Alac X74 deoR recA] Invitrogen

DH5a A(lacZYA-argF) U169 (¢80 LacZ AM15) Stratagene

CC118 Apir Apir lysogen of CC118, A(ara-leu) araD AlacX74 galE galK phoA20 thi-I rpsE rpoB argE(Am) recAl 66

SM10 Apir thi thr leu tonA lacY supE recA=RP4-2-Tc:Mu, pirR6K, Kan" 67

BL21(DE3) Host strain for protein expression Novagen

Plasmids

pMD19-T PCR cloning vector, Amp' TaKaRa

pCX340 pBR322 derivative, cloning vector used to fuse candidate effectors to TEM-1 B-lactamase, Tet" 8

pAKgfp1 pBBRMCS4 with gfomut3a Lab collection

pET28a Expressing vector, Km" Novagen

pET28a-EsrB pET28a carrying the esrB ORF, Km' This study

pCX340-effectors pCX340 derivative containing each candidate effectors lshis study

pNQ705

Suicide vector, pir dependent, R6K, Cm"

pNQ705G pNQ705 derivative with Gm fragment inserted in site, Cm', Gm" Lab collection
pNQ705G-barcodes pNQ705G derivative containing each barcodes between ETAE_3536 and ETAE_3537 This study
pDM4 Suicide vector, pir dependent, R6K, sacBR, Cm" 69

pDMK pDM4 derivative with Km fragment inserted in Sall site, Km', Cm" >7
pDMK-TED pDMK derivative containing 2208-bp deletion in the eseB-eseD locus, Cm", Kan" 64
pDMK-devpAB pDMK derivative containing 1089-bp deletion in the evpAB locus, Cm", Kan" 38
pDMK-0866 pDMK with ETAE_0866 fragment deleted 4 to 882 bp This study
pDMK-0888 pDMK with ETAE_0888 fragment deleted 4 to 4074 bp This study
pDMK-1586 pDMK with ETAE_1586 fragment deleted 4 to 738 bp This study
pDMK-1604 pDMK with ETAE_1604 fragment deleted 4 to 147 bp This study
pDMK-1757 pDMK with ETAE_1757 fragment deleted 27 to 632 bp This study
pDMK-2186 pDMK with ETAE_2186 fragment deleted 7 to 363 bp This study
pDMK-2188 pDMK with ETAE_2188 fragment deleted 91 to 267 bp This study
pDMK-2438 pDMK with ETAE_2438 fragment deleted 3 to 300 bp This study
pDMK-3282 pDMK with ETAE_3282 fragment deleted 4 to 147 bp This study

and then on TSA with 12% (v/v) sucrose to complete
homologous recombination. The targeted mutants were
confirmed by PCR and by sequencing of the region sur-
rounding the deletion. The 9A strain was obtained by 8
additional runs of double crossover processes.

ECP preparation and western blotting

EIB202 was seeded into 50 ml of DMEM and cultured at
30°C for 24 h. EIB202 AP with pCX340 was subcultured
in DMEM with tetracycline and induced with 0.4 mM

isopropyl- 8-D-thiogalactopyranoside (IPTG) before har-
vesting. After pelleting of the cells at 5000 rpm for
5 min, the cell-free supernatant containing added
protease inhibitors was filtered through a 0.22-um
low-protein-binding Millex filter (Millipore) and then
concentrated to 250 pl using a 10,000-molecular-weight-
cutoff Amicon Ultra-15 centrifugal filter device
(Millipore). The protein concentration of the superna-
tant was determined using a Bradford protein assay Kkit.
For SDS-PAGE, 25 ul loading buffer was added to bacte-
rial cell pellets that had been resuspended in phosphate-



buffered saline (PBS) or concentrated supernatant, and
the samples were boiled for 10 min. SDS-PAGE was used
to compare the ECP profiles of EIB202 strains. For west-
ern blotting, SDS-PAGE-separated proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(Millipore). The membranes were blocked with 10%
nonfat milk in PBS containing 0.05% Tween-20, incu-
bated with a 1:2000 dilution of mouse monoclonal TEM-
1 (ab12251 antibody, abcam) or RNAP (4RA2 antibody,
Santa Cruz) antibodies, and then incubated with a
1:2000 dilution of anti-mouse peroxidase-conjugated
IgG secondary antibodies (Sigma). Finally, the blots were
visualized using ECL reagent (Thermo Fisher).

Total RNA extraction and mRNA enrichment

The WT strain and the AesrB mutant were cultured in
LB and DMEM, respectively, at 30°C without shaking
for 24 h. RNA samples were extracted using an RNA iso-
lation kit (Tiangen). DNase I (Promega) and Ribo-
Zero-TRNA removal kits for Gram-negative bacteria
(Epicentre) were used to remove DNA and rRNA follow-
ing the manufacturer’s instructions. Prior to reverse
transcription, regular PCR was routinely performed
using the isolated RNA sample as a template to confirm
that there was no DNA contamination. Samples used for
RNA-seq were validated using an Agilent 2100 Bioana-
lyzer (Agilent Technologies), and the final concentration
was measured using a Qubit 2.0 Fluorometer (Thermo
Fisher).

RNA-seq transcriptome generation and data analysis

First-strand cDNA synthesis from rRNA-depleted sam-
ples was performed using TruSeq RNA sample Prep
(INlumina). The cDNA was purified using the RNA Clean
and Concentrator-25 kit (Zymo Research). Following
second-strand synthesis, the reactions were cleaned up
with AMPure XP beads followed by end repair, adenyla-
tion of 3’ ends and ligation of adapters. The reaction
products were cleaned with AMPure XP beads and
treated with uracil-N-glycosylase using the AmpErase kit
(Applied Biosystems). Finally, PCR (10 cycles) was used
to amplify the library and to enrich the fragments that
were ligated to the sequencing adapters. Libraries were
sequenced on the HiSeq 2000 platform to yield 100-
base-pair end-reads. Adapter sequences and low-quality
bases (PHRED quality scores < 5) were trimmed by the
Trimmomatic package using the default parameters, and
truncated reads smaller than 35 bp were discarded.”®
Then, the BWA program *° was used to align the
remaining reads to the reference sequences of E. piscicida
EIB202 (Chr, CP001135.1; plasmid, CP001136.1). The
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number of reads mapped to each gene was determined
by Picard tools (http://broadinstitute.github.io/picard/faq.
html) and normalized to the reads per kilobase of genic
region per million mapped reads (RPKM) to obtain the
relative level of expression. An analysis of variance was
performed on the average expression of the 2 biologic
replicates to identify genes that showed differential
expression under 2 tested conditions (adjusted P < 0.05
and fourfold change). The differential expression
analysis was performed using the DEGseq package.*
The changes of interest were validated using qRT-PCR.
The RNA-seq data sets have been deposited in the NCBI
GenBank under accession number SRP077869.

Cloning, expression, and purification of EsrB

Full-length EsrB was amplified using the primer pair
esrB-for/rev (Table S3) derived from EIB202 genomic
DNA. The PCR product was subcloned into pET28a and
then transformed into E. coli BL21 (DE3) cells for
expression to generate EsrB. An overnight culture was
inoculated into LB broth containing 50 pg/ml kanamy-
cin and grown until the ODgyy reached 1.2. Protein
expression was induced with 0.5 mM isopropyl 1-thio-
B-D-galactopyranoside, and the cells were grown at
25°C overnight. The cells were then harvested by centri-
fugation and resuspended in lysis buffer (20 mM HEPES,
20% (w/v) sucrose, 250 mM NaCl, 7.5 mM MgCl,-6H,0,
1 mM DTT, 10 mM imidazole, pH 7.0). The cell suspen-
sion was subjected to high pressure followed by centrifu-
gation to obtain the soluble protein, which was applied
to a nickel column (Biorad) and eluted with binding
buffer (250 mM NaCl, 20 mM HEPES, 1 mM DTT, 5%
(w/v) glycerol, pH 7.0) containing 300 mM imidazole.
The eluted fractions were analyzed by 12% SDS-PAGE.
Fractions containing EsrB were pooled and dialyzed
against binding buffer without imidazole. Protein frac-
tions were stored at -80°C after quick-freezing in liquid
nitrogen.

Electrophoretic mobility shift and DNase
I footprinting assays

For the electrophoretic mobility shift assays (EMSA),
purified 6His-tagged EsrB was incubated with various
Cy5-labeled DNA probes (Table S3) in a total volume of
20 pl (1 wpl EsrB, 20 ng DNA probe, 250 ng poly (dI-
dC), and 17.5 ul binding buffer). After the mixture was
incubated at 25°C for 30 min, the samples were resolved
by 6% polyacrylamide gel electrophoresis in 0.5 x TBE
(Tris/boric acid/EDTA) buffer on ice at 100 V for
120 min. The gels were scanned using a Typhoon FLA
9500 (GE Healthcare).
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Dye primer-based DNase I footprinting assays were
performed as described previously.” Briefly, the pro-
moter region was PCR amplified using pfu DNA poly-
merase and M13F-47 and M13R-48 primers, which
carry 6-FAM at the 5" end (Table S3). The FAM-labeled
probes were purified using a Wizard SV Gel and PCR
Clean-Up System (Promega) and quantified using a
NanoDrop 2000C (Thermo Fisher). For each assay,
200 ng of the probes were incubated with different
amounts of EsrB in a total volume of 20 ul. After the
mixture was incubated for 30 min at 25°C, 5 ul of a solu-
tion containing 0.2 ul DNase I (Promega) and 2.5 ul of
reaction buffer were added. The mixture was then incu-
bated for 1 min at 25°C. The reaction was stopped by the
addition of 5 pl DNase I stop solution. The samples
were extracted with phenol/chloroform and precipitated
with ethanol, and the pellets were dissolved in 10 pul of
MiniQ water. Approximately 2 ul of digested DNA was
added to 7.75 ul of HiDi formamide (Applied Biosys-
tems) and 0.25 ul of GeneScan-500 LIZ size standards
(Applied Biosystems). The samples were analyzed on a
3730 DNA Analyzer with a G5 dye set that was run on
an altered default genotyping module that increased the
injection time to 30 s and the injection voltage to 3 kV.
The results were analyzed using GeneMarker 2.2.0
(SoftGenetics).

ChIP-qPCR

Five optical density units of bacterial genomic DNA
(gDNA) were extracted using gDNA extraction columns
according to the product manual (Tiangen). The gDNA
was diluted in 100 ] MiniQ water to a final concentration
of 100 ng/pl in a 0.5 ml tube. Sonication was performed in
a Bioruptor machine (Diagenode) with 30 s ON/ 90 s OFF
for 12 cycles. The sheared DNA length was in the range of
200-600 bp as shown by electrophoresis in a 2% agarose
gel. The sheared DNA was used as the input sample in the
following analysis. The binding reaction was performed in
a total volume of 20 p1 (test group: 1 pl EsrB, 1 ul sheared
gDNA, 500 ng poly (dI-dC), 17 ul binding bufter; control
group: 1 pul sheared gDNA, 500 ng poly (dI-dC), 18 ul
binding buffer). After the mixture was incubated for
30 min at 25°C, 5 copies were merged to obtain one
100 w1 sample, and 700 pl binding buffer containing 0.5%
formaldehyde was mixed with each sample at room tem-
perature for 10 min to perform cross-linking of
protein-DNA complexes. The reaction was stopped by
adding 200 ul of glycine buffer. The samples were then
incubated with 50 ul Dynabeads® His-Tag (Thermo
Fisher) for 1 h. The beads were washed twice with 1 ml of
a low-salt wash buffer (1% Triton X-100, 1 mM EDTA pH
8.0, 150 mM NaCl and 10 mM Tris-HCl pH 8.0), twice

with 1 ml of a high-salt wash buffer (1% Triton X-100,
1 mM EDTA pH 8.0, 500 mM NaCl and 10 mM Tris-HCI
pH 8.0) and 4 times with TE buffer (1 mM EDTA pH 8.0
and 10 mM Tris-HCl pH 8.0). The beads were resus-
pended in 200 wl elution buffer (10 mM EDTA and
50 mM Tris-HCl pH 8.0), 8 ul of 5 M NaCl was added to
each sample, and the tubes were incubated at 65°C over-
night to reverse the DN A-protein crosslinking. The output
DNA was extracted with phenol/chloroform and precipi-
tated with ethanol, and the pellets were dissolved in 30 ul
of MiniQ water.

The enriched DNA targets were amplified using gPCR
with the primers listed in Table S3 and calculated using
the following AACt method. For each DNA target, ACr
of the input fraction and output fraction was calculated
in both the test and control groups. Each value was then
divided by the corresponding ACr that was obtained for
the nonspecific gyrB intragenic region. The enrichment
ratio was calculated from the AACr value of the test
group divided by that of the control group. FIMO
(http://meme-suite.org/tools/fimo) was used to search
similar sequences from genes regulated by EsrB based on
RNA-seq.

Construction of TEM-1 fusions

The pCX340 plasmid was digested with Ndel/Kpnl or
Ndel/EcoRI (NEB) at 37°C for 1 h for linearization. PCR
amplification with the primers listed in Table S3 was per-
formed to obtain each candidate effector’s ORF frag-
ments from the EIB202 genome. Overlap PCR was
performed to eliminate restriction sites without amino
acid changes if the ORFs contained an Ndel restriction
site or any 2 or all of the 3 restriction sites. The products
were ligated with pMD19-T using solution I (TaKaRa)
and transformed into ToplOF. After sequencing with
M13-F/R, the plasmids were digested with Ndel/Kpnl or
Ndel/EcoRI, ligated with linearized pCX340 and trans-
formed into DH5a. Clones were validated using the
primer pair pCX340-F/R. The resulting plasmids were
transformed into EIB202 AP, AT3SS and AT6SS by elec-
troporation (2000 V, 3 ms). The expression of TEM-1
fusions was validated by western blotting with anti-$ lac-
tamase antibody (abcam).

Translocation assay

Vectors expressing 67 E. piscicida candidate proteins
fused to TEM-1 were transformed into WT and T3SS
and T6SS mutant strains by electroporation. To evaluate
the translocation of TEM-1 fusions, B-lactamase activity
in infected HeLa cells was measured as described previ-
ously with minor modifications.*® HeLa cells were seeded
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into wells of a 24-well glass-bottom black plate at 1.5 x
10° cells per well in DMEM with 10% fetal bovine serum
(FBS) for 18 h at 35°C in a 5% CQO, incubator. Bacteria
were inoculated into TSB, supplemented with tetracy-
cline, and grown at 35°C without shaking the night
before infection. The HeLa cells were washed once with
DMEM, and bacteria were applied to the HeLa cells at a
multiplicity of infection (MOI) of 100 in DMEM without
serum. Three hours later, the HeLa cell monolayers were
washed 3 times with pre-warmed DMEM, and the infec-
tion was allowed to proceed for an additional 4 h in
DMEM. The Hela cells were washed once with DMEM
and loaded with the fluorescent substrate CCF2/AM
(LiveBLAzer-FRET B/G Loading Kit, Invitrogen). The
cells were incubated in the dark for 2 h at 35°C and then
observed under a Nikon A1R confocal microscope. Blue
cells (TEM-1-positive) and total cells in different foci
were counted to determine the proportion of blue cells
(PBC). In addition, the infection process was performed
as above for the single-time-point translation (STPT)
assay. Immediately after addition of the CCF2/AM sub-
strate solution, the plates were placed in a plate reader
(Spectramax mb5e, Molecular Devices) set at 35°C. The
cells were excited at 409 nm, and emission at 465 nm
and 525 nm was recorded as cleaved (blue) and
uncleaved (green) fluorescence at 20-min intervals.

Preparation of macrophage-released E. piscicida

Macrophage-released E. piscicida were prepared as
described previously.*” WT and AesrB were grown over-
night in TSB at 30°C with shaking and then diluted into
fresh TSB with shaking at 30°C until the optical density
at 600 nm reached 0.8. Suspensions of harvested bacteria
in PBS were added to macrophage cells at a MOI of 10:1.
The plates were then centrifuged at 600 g for 10 min.
After 8 h infection, the supernatant was centrifuged at
600 g for 5 min to remove cellular debris, and the har-
vested supernatant was further centrifuged at 13,000 g
for 10 min to collect the macrophage-released bacteria.

Quantitative real-time PCR (qRT-PCR)

One microgram of RNA was used as a template for first-
strand cDNA synthesis with the PrimeScript reverse
transcriptase (Takara). qRT-PCR analysis was performed
in a total volume of 20 ul containing 1 ul of diluted
cDNA, 1 ul of each primer (10 mM stock, Table S3),
10 ul of FastStart Universal SYBR Green Master and
7 wul deionized water. qRT-PCR was performed with the
7500 RealTime PCR System (Applied Biosystems) under
the following conditions: 95°C for 10 min and 40 cycles
at 95°C for 15 s and 60°C for 1 min. Melting curve

VIRULENCE (&) 1373

analysis of the amplification products was performed at
the end of each PCR to confirm that only one PCR prod-
uct had been amplified. Relative quantification was per-
formed using the comparative CT (2744€T) method,®
with the housekeeping gyrB gene as an internal standard.

Turbot maintenance, LDs, assay, infection dynamics,
immunization and challenge

Turbot maintenance, immunization and challenge were
performed as described previously.”®” Healthy turbot
weighing 30 £ 3 g were acclimatized in an aerated tank
for at least 2 weeks with a continuous flow of sand-fil-
tered seawater at 14 ~16°C. For characterization of in
vivo expression of the putative effectors, 40 fish were
intraperitoneal (i.p.) challenged with 100 ul WT or
AesrB suspension (10° CFU/ml). At 3 and 7 d after injec-
tion (DPI), the livers of 5 fish from each group were
aseptically collected, and RNA samples were obtained
from liver using an RNA isolation kit (Tiangen). For the
investigation of LDs, values, 160 fish were infected intra-
muscularly (i.m.) with 4 dilutions of bacterial suspen-
sions of WT, AesrB, AT3SS or 9A respectively, 10 fish i.
m. injected with PBS were included as control. The mor-
tality rates were recorded over a period of 3 weeks after
infection. The LDs, values were calculated by the method
described by Ferndndez et al.®* For the investigation of
infection kinetics, suspensions of each strain were spec-
trophotometrically adjusted to ODggo as 1. The fish in
the treatment group (~35 turbot for each strain) were
challenged by i.m. injection of 100 pl of bacterial suspen-
sion (10° CFU/ml), while the control group containing
35 turbot received 100 ul PBS per fish. Three fish from
each group were sampled at 0, 1, 3, 5, 7, 10, 14, 18, 22
and 28 DPI. Liver, spleen, kidney and intestine were
aseptically sampled and weighed to normalize the sam-
ples. Then, the organs were digested with trypsin and
homogenized in 500 p1 PBS. The homogenates were seri-
ally diluted and plated in triplicate on DHL plates con-
taining Col or Amp; the plates were incubated at 30°C
for 48 h. The colonies that displayed black centers were
counted. For immunization and challenge, healthy tur-
bots were randomly grouped with 120 fish per group.
The fish were inoculated by i.p. injection with 10° CFU
of AesrB, AT3SS or 9A respectively in 0.1 ml PBS or with
0.1 ml PBS as control and kept in 100 L tanks supplied
with aerated sand-filtered seawater at 16°C. At 35 d
post-inoculation, serum samples were collected from
each group, and the fish were evenly sub-grouped into
30 fish per container and i.m. challenged with wild-type
EIB202 at a dose of 4 x 10° CFU/fish (approx. 2 x
LDs,) in 0.1 ml of PBS.”” Relative percent survival (RPS)
was calculated according to the following formula:
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RPS = (1- % mortality of immunized fish/% mortality of
PBS mock-immunized fish) x 100%. All turbot experi-
ments were conducted at the aquaculture station in Yan-
tai, Shandong Province, China, according to protocols
approved by the Animal Care Committee of the East
China University of Science and Technology (2006272).
The Experimental Animal Care and Use Guidelines of
the Ministry of Science and Technology of China
(MOST-2011-02) were followed.

Competitive index sequencing (Cl-seq)

Cl-seq was performed in turbot via sequence tag-based
analysis.””> WT E. piscicida and 13 mutants (AesrB,
AT3SS, AT6SS, A0866, A0888, A1586, A1604, A1757,
A2186, A2188, A2438, A3282 and 9A) were tagged with
4 (for WT) or 2 distinct 16-bp barcodes, respectively, at
a neutral chromosome site between ETAE_3536 (glms)
and ETAE_3537. Briefly, pNQ705G was digested with
Sacl/Xbal. The glms fragments (500 bp) were PCR-
amplified using the primer pair GLMS_F/R (Table S3),
digested with Sacl/Xbal and ligated with linearized
pNQ705G. The resulting plasmids were transformed
into WT E. piscicida or mutants by conjugation. Cultures
of bacteria were equivalently mixed after determination
of ODgg, the genomic DNA of bacterial mixtures was
extracted as input, and 50 turbots were then infected i.p.
with 100 ul of bacterial suspension containing 1 x 10°
mixed bacteria. The livers, spleens and kidneys of 5 fish
were respectively pooled at 3 and 7 DPI and homoge-
nized in 1 ml of PBS. The homogenates were plated on
LB agar plates supplemented with Col and Gm and incu-
bated at 30°C for 24 h. Genomic DNA of the bacteria
washed out from the plates was extracted as output.
A total of 20 mg genomic DNA was sheared into
200 - 800 bp fragments in a Bioruptor (Diagenode) set at
30 s ON/ 90 s OFF for 12 cycles. Libraries were
constructed using the VAHTS Turbo DNA library prep-
aration kit (Vazyme) and sequenced on an Illumina
MiSeq platform. The reads were processed and mapped
to the barcode sequences that represented each strain.
The number of mutant output reads was normalized
according to the following formula: Normalized mutant
output reads (NMO) = mutant output reads (MO) x
average WT input reads (AWI) / average mutant input
reads (AMI).

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed as described previously.®* Sera
were collected from the infected fish at 5 weeks post-vac-
cination. The serum was diluted 20-fold in PBS and used
for ELISA. Microtiter plate wells were coated with 100 ul

of killed bacteria by overnight incubation at 4°C. Excess
cells were discarded, and the wells were blocked with
100 ml of PBS containing 2% bovine serum albumin
(BSA) for 3 h at 22°C. After removing the blocking solu-
tion and washing 3 times with PBS containing 0.05%
Tween-20 (PBST), 100 ml of serially diluted turbot
serum was placed in each well for 3 h at 22°C. The plates
were washed and incubated with 100 ml of mouse anti-
turbot IgM monoclonal antibody (Aquatic Diagnostic)
for 1 h, washed 3 times, and further incubated with
100 ml of goat anti-mouse IgG-HRP (Tiangen) (1:1000)
for 1 h at 22°C. Finally, the wells were washed 3 times,
and TMB solution (Tiangen) was added as a color-devel-
oping substrate. After the addition of 2 M H,SO, to ter-
minate the reaction, the absorbance at 450 nm was
recorded using a Spectramax plate reader (Molecular
Devices).
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