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ABSTRACT LuxS/Al-2 is an important quorum sensing system which affects the
growth, biofilm formation, virulence, and metabolism of bacteria. LuxS is encoded
by the luxS gene, but how this gene is associated with a diverse array of physiologi-
cal activities in Edwardsiella piscicida (E. piscicida) is not known. Here, we constructed
an [luxS gene mutant strain, the AluxS strain, to identify how LuxS/Al-2 affects
pathogenicity. The results showed that LuxS was not found in the luxS gene mutant
strain, and this gene deletion decreased E. piscicida growth compared to that of the
wild-type strain. Meanwhile, the wild-type strain significantly increased penetration
and motility in mucin compared to levels with the AluxS strain. The 50% lethal dose
(LDso) of the E. piscicida AluxS strain for zebrafish was significantly higher than that
of the wild-type strain, which suggested that the /uxS gene deletion could attenuate
the strain’s virulence. The Al-2 activities of EIB202 were 56-fold higher than those in
the AluxS strain, suggesting that the /uxS gene promotes Al-2 production. Transcrip-
tome results demonstrated that between cells infected with the AluxS strain and
those infected with the wild-type strain 46 genes were significantly differentially reg-
ulated, which included 34 upregulated genes and 12 downregulated genes. Among
these genes, the largest number were closely related to cell immunity and signaling
systems. In addition, the biofilm formation ability of EIB202 was significantly higher
than that of the AluxS strain. The supernatant of EIB202 increased the biofilm for-
mation ability of the AluxS strain, which suggested that the /uxS gene and its prod-
uct LuxS enhanced biofilm formation in E. piscicida. All results indicate that the
LuxS/AI-2 quorum sensing system in E. piscicida promotes its pathogenicity through
increasing a diverse array of physiological activities.

KEYWORDS Edwardsiella piscicida, LuxS/Al-2, quorum sensing, biofilm formation,
virulence

quorum sensing (QS) system was first discovered and described in Vibrio fischeri

(V. fischeri) and Vibrio harveyi (V. harveyi), and it could regulate gene expression in
response to increasing cell population density through autoinducer molecules (1).
Based on the difference in autoinducer molecules, QS is classified into four types (2).
One of these, autoinducer-2 (Al-2), is one of the universal languages for intraspecies
and interspecies communication (3), which is a metabolic by-product of an luxS
gene-encoded synthase, an enzyme involved primarily in the conversion of ribosylho-
mocysteine into homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD), and the luxS
gene is ubiquitous in the bacterial genomes (4-6). Except for the function of regulating
the cell population density of bacteria, this system also plays a key role in the growth
characteristics of bacteria and various physiological and biochemical functions, such as
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FIG 1 The uxS gene deletion in E. piscicida EIB202 was generated and identified. Lane 1, the wild-type
strain EIB202; lane 2: the mutant AluxS strain; lane M, DNA marker DL5000.

bioluminescence, sporulation, motility, conjugation, antibiotic production, biofilm for-
mation, and secretion of virulence factors for infection or colonization (7-9).

Edwardsiella piscicida is an important zoonotic pathogen with a broad host range
which particularly infects many farm-reared marine species and is responsible for large
economic losses to aquaculture (10-12). Previous studies reported that LuxS of Edward-
siella spp. played a role in the antibacterial effect and its pathogenicity (13-16).
However, the exact mechanism underlying the benefit of a functional LuxS system for
physiological activities in the critical stage of E. piscicida has yet to be defined. But in
some other bacteria, it was reported that the LuxS/Al-2 of Haemophilus parasuis (H.
parasuis) affects its growth characteristics, biofilm formation, and virulence (2). LuxS of
Borrelia burgdorferi performs a significant function during mammalian infection (17),
and the LuxS/Al-2 of Streptococcus pneumoniae (S. pneumoniae) is necessary for its
biofilm formation and colonization and regulates the expression of the genes involved
in virulence and bacterial fitness during pneumococcal biofilm formation (18). LuxS of
Salmonella enterica is considered a regulator of virulence and colonization. In Esche-
richia coli (E. coli), mutation rate plasticity is genetically switchable, dependent on the
LuxS gene, and is socially mediated via cell-cell interactions (19). However, the luxS
gene mutation in Campylobacter jejuni (C. jejuni) affected its motility through mucin and
colonization under limited conditions (20). So the function of the QS-related gene /uxS
is very complicated, and the function of the /uxS gene in the pathogenicity of bacteria
needs further research.

Since luxS is involved in a very important regulating system, some /uxS gene mutant
strains were generated to study the function of this gene in E. coli, C. jejuni, and
Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans) (20-22). However,
luxS gene deletion mutants in E. piscicida have not been available, to our knowledge,
to determine how this system is associated with a diverse array of physiological
activities and abilities and to investigate if LuxS of E. piscicida plays a role similar to or
different from that described for bacteria. Therefore, this study aimed to illustrate the
function of the QS-related /uxS gene of E. piscicida by comparing its role in pathoge-
nicity to fish and host cells to that of to a luxS gene deletion mutant strain.

RESULTS

The luxS gene deletion mutant strain of E. piscicida was successfully con-
structed. To characterize the luxS gene of E. piscicida EIB202, an in-frame deletion of
the luxS gene was constructed, resulting in the E. piscicida AluxS strain (Fig. 1). The
wild-type strain E. piscicida EIB202 and the mutant AluxS strain appeared as character-
istic transparent colonies with black centers on deoxycholate-hydrogen sulfide-lactose
(DHL) agar, reflecting hydrogen sulfide production, and had the same semitransparent
off-white colonies on tryptic soy broth (TSB) agar.
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FIG 2 Western immunoblot analysis of /luxS gene production in E. piscicida EIB202 and the mutant AluxS
strain. Lane 1, E. piscicida EIB202; lane 2, AluxS mutant strain; lane M, protein marker.

Mutational analysis of LuxS. Whole-cell proteins were analyzed with Western
immunoblotting (Fig. 2). The results showed the amounts of LuxS detected in the
wild-type strain EIB202; however, there was no LuxS production in the mutant AluxS
strain. These results demonstrate that the /uxS gene deletion significantly affected LuxS
production and that this deleted gene is essential to the functioning of LuxS.

The IuxS gene deletion of E. piscicida attenuates virulence in fish. After verifying
that the zebrafish (Danio rerio) were disease free, it was found that E. piscicida EIB202
caused mortality in zebrafish 1 to 3 days after infection by intraperitoneal injection,
whereas death occurred at 2 to 4 days after infection with the mutant strain E. piscicida
AluxS. None of the fish in the control group died during the experiment. By extending
the observation period to 15 days, infection with both strains was fully established.
Both dead and moribund fish exhibited swelling and hemorrhaging in the abdomen.
Fish infected with E. piscicida a AluxS exhibited a decrease in virulence compared to
that of fish infected with E. piscicida EIB202 (50% lethal dose [LD50] of 4.28 X 10%
CFU/fish and 9.59 X 10> CFU/fish, respectively). These results demonstrated that dele-
tion of the luxS gene of E. piscicida attenuates virulence in zebrafish.

The luxS gene deletion decreases the motility of E. piscicida through mucin. We
simulated motility through mucin and compared the wild-type E. piscicida EIB202 and
E. piscicida AluxS strains using a mucin column incubated at 28°C. It was found that the
E. piscicida EIB202 strain could penetrate to fraction 3; however, the AluxS strain could
only penetrate to fraction 4. When we compared the bacterial counts at each fraction
of the mucin column, wild-type E. piscicida EIB202 counts were significantly higher
between fractions 4 and 9 than those of E. piscicida AluxS (Fig. 3). In addition, counts
of wild-type E. piscicida EIB202 were significantly higher than those of E. piscicida AluxS
during the whole observation period. These results demonstrated that the /uxS gene
deletion has a significant effect on the mucin penetration ability (suspension ability) of
E. piscicida.

The IuxS gene promotes Al-2 production. The /uxS gene encodes an enzyme
involved in the metabolism of S-ribosylhomocysteine, finally leading to the production
of Al-2. Al-2 activities were measured in the BB152 [uxS gene mutant, the AluxS strain,
and the wild-type strain E. piscicida EIB202 by bioluminescence assay using the V.
harveyi BB170 strain. As shown in Fig. 4, the Al-2 activities of the wild-type strain E.
piscicida EIB202 were significantly increased compared to those of the /uxS gene
mutant strain. Also, the results demonstrated that the Al-2 activities of the BB152,
EIB202, and AluxS strains were 65.63-fold, 56.23-fold, and 1.01-fold higher than those
of the E. coli DH5a strain (P < 0.05) (Fig. 4). These results suggested that the luxS gene
was closely related to Al-2 in the E. piscicida EIB202 strain, that the luxS gene promoted
Al-2 production, and that the /uxS gene deletion led to an inability to synthesize Al-2.
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FIG 3 Penetration of E. piscicida EIB202 AluxS through mucus with incubation at 28°C. Columns of
30 mg/ml porcine gastric mucin in PBS were prepared in 1-ml syringes, with bacterium inoculate applied
to the top of the column. Fraction 1 represents the bottom of the column, and fraction 9 represents the

*

top. Graphs depict mean CFU counts (+SD) of each fraction in three independent experiments. *,
P < 0.05, for significant differences between counts of E. piscicida.

Biofilm formation in E. piscicida enhanced by LuxS. To investigate the differences
in biofilm formation among the wild-type strain EIB202, the AluxS mutant strain, and
the AluxS strain treated with supernatant of EIB202 under the same culture conditions,
biofilm formation was quantitatively analyzed using a microtiter plate assay at different
time points (Fig. 5). At the beginning of the first 4 h, biofilm formation was observed
at the bottom of the microtiter plates, but there was no significant difference among
the three experimental groups. However, after 6 h of cultivation, a significant difference
in biofilm formation was found between the wild-type strain EIB202 and the AluxS
strain treated with supernatant of EIB202; the same significant difference was observed
between the AluxS strain treated with supernatant of EIB202 and the AluxS strain. Also,
the biofilm formation ability of EIB202 was significantly higher than that of the AluxS
strain treated with the EIB202 supernatant and significantly higher than that of the
AluxS strain for the whole observation period. These data indicate that the luxS gene
was involved in the formation of E. piscicida biofilms.

When we analyzed the biofilm structure and viability by confocal scanning laser
microscopy (CLSM), an interesting result was found: even though the /uxS gene
deletion mutant was not able to effectively prevent biofilm formation, biofilm biomass
was strongly reduced, as can be seen qualitatively in Fig. 6. The amount of biofilm
biomass and the biofilm maximum depth for the /uxS gene mutant strain were reduced

AI-2 production (fold induction)

1

T T
BB152 EIB202 ALusX DHS5a

FIG 4 Al-2 activity in V. harveyi BB152, E. piscicida AluxS, and E. piscicida EIB202 using the V. harveyi
bioluminescence assay. V. harveyi BB152 served as a positive control, and E. coli DH5« served as a
negative control. Data are presented as means = SD of three independent experiments. *, P < 0.05, for
significant differences in levels of Al-2 production.
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FIG 5 Biofilm formation of E. piscicida AluxS and EIB202 strains. Sterile supernatant was added at 10% to
overnight cultures of the wild-type strain E. piscicida EIB202 at the beginning of culture. Data are
presented as means values of the OD,,, (=SD) for three independent experiments. *, P < 0.0,5 for
significant differences in the levels of the biofilm formation.
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compared to levels for the wild-type strain; however, the biofilm formation ability of the
luxS gene mutant strain was partly restored to wild-type strain levels after addition of
the supernatant of EIB202.

Annotation of the assembly and classification of unigenes. Gene Ontology (GO)
classification describes the properties of genes by assigning these unigenes to
biological processes, cellular components, and molecular functions. GO analysis was
performed using the blast2 GO software. EIB202 versus AluxS GO analysis showed
that the differentially expressed genes (DEGs) clustered in molecular functions,
biological processes, and cellular components (Fig. 7). Cellular process (19 unige-
nes), biological regulation (12 unigenes), regulation of biological process (12 uni-
genes), and metabolic process (12 unigenes) represented the major categories of
biology process. Cell (25 unigenes), cell part (25 unigenes), organelle (22 unigenes),
and organelle part (11 unigenes) represented the majority of cellular components;
binding (22 unigenes) and catalytic activity (5 unigenes) showed the highest
percentages in the molecular function category. The unigenes were also annotated
against the KEGG database and assigned to different pathways in six major groups,
including genetic information processing, metabolism, cellular processes, organis-
mal systems, human disease, and environmental information processing. In total, 46
transcripts had significant hits in the KEGG database for the EIB202 versus uhpA
strain, and 12 genes were related to the immune system (Fig. 8).

Functional annotation and analysis of differentially expressed genes. A total of
46 significantly differential genes were detected between the AluxS strain group and
the EIB202 group, which included 34 upregulated genes and 12 downregulated genes.
These up- and downregulated genes are presented in Table 1. Among those genes, the
largest number were closely related to cell immunity and signaling systems.

DISCUSSION

E. piscicida is a novel species within the genus Edwardsiella, which was first reported
in 2013 (23). Genome sequence studies showed that the E. piscicida genome included
the LuxS system (24). Much progress has been made over the last decade in under-
standing the role of LuxS, which is a metabolic enzyme with a key role in the
production of the Al-2 molecule used for signaling in some species, including E.
piscicida (5-7). However, a luxS gene deletion mutant of E. piscicida was first con-
structed, to our knowledge, in this study. In the present study, we investigated the
effect of the E. piscicida luxS gene mutation on growth, penetration through mucin,
biofilm formation capability, and pathogenicity in the zebrafish model. All results
indicate that LuxS plays a key role in many physiological activities in E. piscicida.
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FIG 6 Effects of the luxS gene deletion on the biofilm formation of E. piscicida EIB202. Sterile supernatant at 10% was added
to overnight cultures of the wild-type strain EIB202 at the beginning of culture. a, EIB202 at 6 h; b, AluxS strain at 6 h; c,
AluxS strain with supernatant at 6 h; d, EIB202 at 12 h; e, AluxS strain at 12 h; f, AluxS strain with supernatant at 12 h; g,
EIB202 at 24 h; h, AluxS strain at 24 h; i, AluxS strain with supernatant at 24 h.

A mutant AluxS strain was constructed, and a polarity effect also was verified to
make sure that the change in the function of the AluxS strain was attributed only to the
luxS gene rather than to other upstream or downstream genes. In this study, the result
showed that there was no LuxS production in the mutant AluxS strain, which demon-
strates that the luxS gene deletion significantly affected LuxS production and that this
deleted gene is essential to the functioning of LuxS. In addition, this study found that
the growth characteristics of the examined strains, the wild-type and the mutant strain,
were similar except that the growth rate of the AluxS strain was lower than that of the
wild-type strain. As with other studied bacterial species, E. piscicida maximally produces
Al-2 during periods of high metabolic activity. The results demonstrated that the Al-2
activities of BB152 and EIB202 were significantly higher than those of the mutant strain.
These results suggested that the /uxS gene promoted Al-2 production and that the /uxS
gene deletion led to an inability to synthesize Al-2. A LuxS/Al-2 system was reported to
exist in C. jejuni, Aeromonas hydrophila (A. hydrophila), E. coli, Actinobacillus pleuropneu-
moniae (A. pleuropneumoniae), Lactobacillus paraplantarum, A. actinomycetemcomitans,
S. pneumoniae, and H. parasuis, etc., and LuxS inactivation affected the growth and/or
virulence of the above-mentioned strains (2, 3, 8, 18, 21, 22, 25, 26).

The luxS gene was previously identified as a virulence determinant contributing to
pathogenicity in bacteria, such as E. coli, A. pleuropneumoniae, etc. (21, 26). To further
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FIG 7 The transcripts of cells infected with EIB202 compared to those infected with the AluxS strain using the GO annotation method. The
transcripts were assigned to different terms in three major categories of the GO database, namely, biological process, cellular component,
and molecular function.

evaluate the role of the /uxS gene in the pathogenesis of E. piscicida in vivo and in vitro,
the LDs, in zebrafish and the motility of E. piscicida through mucin, respectively, were
measured. The LD, experiment showed that the virulence of the AluxS strain was
attenuated about 23-fold. The result of the experiment measuring penetration through
mucin found that the number of cells and the distance penetrated by the AluxS strain
were sharply decreased compared to those of the wild-type strain for the whole
experimental period, suggesting that the /uxS gene deletion decreased the colonization
ability and the virulence of E. piscicida. Although the effect of reducing the penetration
ability of C. jejuni was not significant, the result is consistent with conclusions obtained
from other bacteria, such as C. jejuni, H. parasuis, and S. pneumoniae (2, 18, 27). These
data disprove prior conclusions and suggest that LuxS in E. piscicida does indeed
perform a significant function(s) during fish infection.

To investigate the function of LuxS, the corresponding key genes and complex
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FIG 8 The transcripts of cells infected with EIB202 compared to those infected with the AluxS strain using KEGG annotation. The transcripts
were assigned to different pathways in six major categories of the KEGG database, including genetic information processing, metabolism,

cellular processes, organismal systems, human disease, and environmental information processing.

pathways were identified when the host cells were infected with the E. piscicida
wild-type strain EIB202 and the /uxS gene mutant strain. In this study, we used a
transcriptome sequencing (RNA-Seq) platform and bioinformatics analysis to study
the transcriptomic response of macrophages and to identify their potential functions
and metabolic pathways using GO and KEGG annotations (28). The results with the
EIB202 versus AluxS strain showed that a total of three GO terms were significantly
enriched, and the top GO terms on the list included cellular response to interferon beta,
response to interferon beta, and cellular response to interferon alpha. KEGG pathway
analysis further showed that genes associated with 11 pathways were significantly
enriched; these included genes associated with herpes simplex infection, ribosome
biogenesis in eukaryotes, the NOD-like receptor signaling pathway, endocytosis, ribo-
some biogenesis in eukaryotes, viral myocarditis, Fc gamma R-mediated phagocytosis,
antigen processing and presentation, viral carcinogenesis, the mRNA surveillance path-
way, and graft-versus-host disease. Among these pathways, some were closely related
to cell immunity and signaling systems. These data indicate that the /uxS gene plays a
key role in an E. piscicida-infected host.

The formation of a biofilm begins with the attachment of free-floating microorgan-
isms to a surface, and it was reported that biofilm formation on biological surfaces in
the host at the site of colonization played a key role in most infections because biofilm
formation provides increased protection of bacteria from antibiotics and host defenses
(29, 30). Therefore, some infections or diseases may effectively be prevented by
inhibiting the formation of organisms by developing some materials or drugs based on
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TABLE 1 Up- and downregulation in the cells infected with EIB202 compared to levels with AluxS strain infection

Group and GenelD Symbol Description
Upregulated genes
100041230 Hist1h4m Histone H4-like
102639653 LOC102639653 KRAB box and zinc finger, C2H2-type domain containing
68195 Rnaset2b Ribonuclease T2B precursor
108167809 LOC108167809 Uncharacterized protein LOC105244343 isoform X1
105244999 Gm40514 Uncharacterized protein LOC105244999, partial
100859931 Gm20604 AK010878-Moap1 protein
100043125 Cd300ld5 Predicted gene 11710 precursor; predicted gene 11710 isoform X1
100040500 Gm2808 Tubby-related protein 4-like
381308 Mnda Interferon-activated protein 205-B isoforms 1 and 2
236312 Pyhin1 Pyrin and HIN domain-containing protein 1
217310 Hid1 RIKEN ¢cDNA C630004H02, isoform CRA_b and CRA_a
108167415 LOC108167415 Uncharacterized protein LOC105246138
100039060 0610010B08Rik KRAB box and zinc finger, C2H2 type domain containing
280668 Adam1la Disintegrin and metalloproteinase domain-containing protein 1a precursor
100042856 Gm4070 Interferon-induced very large GPTase 1
108167806 LOC108167806 Uncharacterized protein LOC105246138
328918 Zscan30 Zinc finger and SCAN domain-containing protein 30 isoform X1 and X3; zinc finger
protein 397 opposite strand
621823 Psme2b Proteasome activator complex subunit 2 isoform 1
381287 A530032D15Rik SP140 nuclear body protein family member isoform X3; SP140 nuclear body protein
family member
15061 Ifi44l Interferon-induced protein 44-like
100040213 Gm2666 Proteinase-activated receptor 1-like
219132 Phf11d PHD finger protein 11;11-like; 11D
13549 Dyrk1b Dual specificity tyrosine phosphorylation-regulated kinase 1B isoform X1, X2, and X3,
isoform CRA_b, isoform p65
665433 HistTh2ao Histone H2A type 1-B/E
15959 Ifit3 Interferon-induced protein with tetratricopeptide repeats 3, isoform X1, isoform X2
209086 Samdol Sterile alpha motif domain-containing protein 9-like
94094 Trim34a Tripartite motif-containing protein 34A
22169 Cmpk2 UMP-CMP kinase 2, mitochondrial precursor
667370 Ifit3b Interferon-induced protein with tetratricopeptide repeats 3-like, isoform X1
15039 H2-T22 H2-T22 protein; histocompatibility 2, T region locus 22 precursor
99899 Ifi44 Interferon-induced protein 44; interferon-induced protein 44, isoform X1
229900 Gbp7 mFLJO0316 protein
100044068 LOC100044068 Interferon-inducible 1fi202b
23962 Oasl2 2'-5' Oligoadenylate synthase-like protein 2
Downregulated genes
100043813 Rps27rt 40S ribosomal protein S27
15019 H2-Q8 H-2 class | histocompatibility antigen, Q8 alpha chain precursor
432479 4930404N11Rik Uncharacterized protein ¢190rf71 homolog
105244844 Gm40378 Uncharacterized protein LOC105244844
101488212 Gm21975 Protein EVI2B precursor
668605 Gm9265 Hippocalcin-like protein 1
100039672 Msmp Prostate-associated microseminoprotein precursor
504193 Npcd Neuronal pentraxin with chromo domain isoform 1 and 2
71970 Zbed5 mCG145321, isoform CRA_a, partial; SCAN domain containing 3
22437 Xirp1 mCG14131, isoform CRA_c
50708 Hist1h1c Histone H1.2
100328588 Gm21948 Nup62-114i1 protein precursor

control of biofilm formation or enhancing the host immune system (31-34). In recent
years, some research has successfully evaluated methods to control unwanted biofilm
formation (35, 36). In this study, the biofilm formation ability of EIB202 was significantly
higher than that of the AluxS mutant treated with supernatant of EIB202 and signifi-
cantly higher than that of the AluxS mutant for the whole observation period. These
results suggested that the /uxS gene could enhance the biofilm formation ability and
that the product of the /uxS gene could secrete outside the cell and could enhance
biofilm formation ability, too. A similar study reported that inhibition of /uxS gene
expression could inhibit biofilm in E. coli and A. hydrophila (25, 37). It is well known that
bacterial biofilms increase cell survival through the improved defense of the immune
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TABLE 2 Primers used in this study for gene deletions

Primer name Primer sequence (5'-3")

luxS-P1 TGCTCTAGATCGCCGAGGTGCTGGATGGCATTAA
luxS-P2 GTGAAGCCTACATTTCGTCACCTCCTCAAT
luxS-P3 TGACGAAATGTAGGCTTCACCGATAGAAAAG
luxS-P4 CGGACTAGTTTTACCACCTCCATGTCCCCCT
LuxS-WF TGGACATTAACCCGTTCACTC

LuxS-WR GCGGTAAGCAAAGAGGAGC

16S-F TAGGGAGGAAGGTGTGAA

16S-R CTCTAGCTTGCCAGTCTT

luxS-F ATGCCGTTACTGGATAGCTTCA

luxS-R CTAGGGGTGCAGACGGGC

pDMK-F AAAGCTCTCATCAACCGTGGC

pDMK-R TGCTCCAGTGGCTTCTGTTTC

system, increased availability of nutrients, resistance to antibiotics, and better oppor-
tunities for cellular communication and transfer of genetic material.

In conclusion, the result of this study demonstrated that the deletion of the /uxS
gene in E. piscicida EIB202 reduced its ability for growth, mobility, biofilm formation,
and production of Al-2 and for infection of zebrafish. These results suggested that the
luxS gene of E. piscicida increased its growth and motility, promoted Al-2 production
and biofilm formation, and enhanced its virulence to infect fish. All results indicate that
the LuxS/AI-2 quorum sensing system in E. piscicida promotes its pathogenicity through
an increase in a diverse array of physiological activities.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Bacterial strains and plasmids used include E. piscicida
EIB202, E. coli DH5« Apir, E. coli S17-1 Apir, and V. harveyi BB152 and BB170 and plasmids pMD18-T and
pDMK, which were from previous research (11, 21, 38). E. piscicida strains were grown at 28°C in tryptic
soy broth (TSB; Becton, Dickinson, Sparks, MD) or tryptic soy agar (TSA; Becton, Dickinson) (39). E. coli
strains were cultured in Luria-Bertani (LB; Becton, Dickinson) broth at 37°C. Antibiotics, when required,
were added at the following final concentrations: ampicillin (Amp) 50 pg/ml; colistin (Col) 12.5 ug/ml;
kanamycin (Km) 50 ng/ml; streptomycin (Sm) 100 wg/ml; and gentamicin (Gm) 25 pg/ml.

The macrophage RAW264.7 cell line was purchased from the type culture collection of the Chinese
Academy of Sciences and cultured in Dulbecco’s modified Eagle’s minimum essential medium (DMEM)
(Gibco, USA) supplemented with 10% fetal bovine serum (FBS) at 37°C in a humidified 5% CO, incubator
(40). All cells were passaged twice a week and maintained in exponential growth.

Construction of the luxS gene deletion mutants. The construction of the gene /uxS deletion in E.
piscicida was performed as previously described (11). Briefly, PCR amplification was performed to prepare
the upstream and downstream fragments of /uxS with primer pairs (Table 2). The PCR products were then
obtained with the next run of overlap PCR with the primer pair luxS-WF/luxS-WR after luxS-P1/luxS-P2
and luxS-P3/luxS-P4, generating a PCR product containing an in-frame deletion fragment of 515 bp in
luxS. The overlap product was sequenced and cloned into the Xbal and Spel sites of the suicide vector
pDMK, which carried the R6K ori, sacB sucrose sensitivity gene, Cm resistance gene, and Km resistance
gene. The resulting plasmid pDMK-fucP was transformed into E. coli DH5« and E. coli S17-1; then the
plasmid was mated from E. coli SM10 Apir into E. piscicida EIB202 by conjugation (41). The unmarked
in-frame deletion mutants were selected in two sequential homologous recombination processes on LB
medium containing Col, Cm, and Km and then on LB with 10% (vol/vol) sucrose (11, 41). The targeted
in-frame deletion mutants were confirmed by sequencing of the deleted region, and it was designated
E. piscicida AluxS.

The analysis of /uxS gene product by Western blotting. Whole-cell proteins were prepared from
cells grown in TSB medium to an optical density at 600 nm (OD,,) of ~ 1 and resolved by electropho-
resis in a 0.1% sodium dodecyl sulfate-12% polyacrylamide gel. After electrophoresis, the proteins were
transferred to a nitrocellulose membrane and then analyzed by Western immunoblotting.

The Western blotting was performed as described previously (15). Briefly, bacterial cells were grown
in LB medium to an OD4, of 1 and lysed with lysis buffer (100 mM NaH,PO,, 10 mM Tris-Cl, and 8 M urea,
pH 8.0). The lysed cells were centrifuged at 4°C, and the supernatant was subjected to electrophoresis
on 0.1% sodium dodecyl sulfate-12% polyacrylamide gels. After electrophoresis, the proteins were
transferred to nitrocellulose membranes and then analyzed by Western immunoblotting with LuxS
antibodies, as described previously (7).

Al-2 detection. Al-2 detection was performed as previously described (3). The wild-type strain E.
piscicida EIB202, the mutant AluxS strain, and DH5« were cultured in LB medium to an optical density of
1 at 600 nm. The cell-free culture fluid (CF) was obtained by filtering the supernatant through a
0.22-um-pore-size filter (Millipore, Bedford, MA) and adjusting the pH to 7.0. The reporter strain V. harveyi
BB170 was diluted 1:5,000 in autoinducer bioassay (AB) medium, and the LB medium was added to the
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diluted BB170 culture at 1:10 (vol/vol). The mixture was incubated at 28°C for 8 h. Aliquots (100-ml) were
added to white, flat-bottomed, 96-well plates (Thermo Labsystems, Franklin, MA) to detect Al-2 activity.
The CFs from BB152 and DH5a were used as positive and negative controls, respectively. Luminescence
values were measured with a Tecan GENios Plus microplate reader.

Mucin penetration assay. A mucin penetration assay was performed as described previously (20,
42). One-milliliter syringes containing 1 ml of porcine gastric mucin (Sigma-Aldrich) dissolved in
phosphate-buffered saline (PBS) to a concentration of 30 mg/ml were used as mucin columns. The
concentration of 30 mg/ml was selected as it was the highest concentration of mucin that could be used
without the mucin viscosity interfering with the syringe function in the assay. A total of 100 ml of
log-phase bacterial cultures was added to the top of the mucin columns and allowed to settle for 30 min
at 28°C (11). Fractions of 0.1 ml (the first 0.1 ml collected is fraction 1, with subsequent fractions in
chronological order until the last 0.1-ml fraction, or fraction 10) were collected from the bottom of the
mucin columns, plated on TSB agar containing 12.5 mg/ml colistin, incubated overnight, and then
enumerated for bacterial quantification (11). At least three independent experiments were performed for
each strain at each temperature. Data were assessed for significant differences in the number of bacteria
(CFU) compared to values for the wild type at each fraction and total CFU from fractions 1 to 9. Fraction
10 was not included in any of the analysis as this fraction included the very top of the mucin layer mixed
with culture inoculum, thus making it impossible to determine if the bacteria in this sample had truly
penetrated the mucin (20).

Test of bacterial virulence in a fish model. The zebrafish (Dario rerio) used for virulence tests in this
study were cultured animals, and all the experiments were designed in strict accordance with regulations
of the local government (43). Fish from quarantined stocks were acclimatized for more than 1 week in
the laboratory, and the study was the approved by the Animal Ethics Committee of Shandong Agricul-
tural University (44, 45). The animals were determined to be disease free and were used as models to
assess the virulence of E. piscicida strains (EIB202 and AluxS strains). These bacterial numbers were
determined by the plate-counting method after estimations made using a hemocytometer (46). Each
group of 15 fish was injected intraperitoneally with 20 ul of PBS containing bacterial cells at 104 CFU/m,
10% CFU/ml, 106 CFU/ml, 107 CFU/ml, and 108 CFU/ml. The control groups were injected with 20 ul of PBS.
The fish were maintained in static freshwater (50% of the volume was changed daily) at 28°C for 15 days.
The LD, values were calculated as described by Reed-Munch (47).

Biofilm formation. Crystal violet (CV) staining was used to quantify biofilm formation of
wild-type E. piscicida EIB202 and the mutant AluxS strain (3). Briefly, E. piscicida EIB202 was
inoculated to an optical density of 1.0 at 600 nm; then the supernatant was obtained by centrifu-
gation at 3,000 X g for 5min, and the supernatant was filtered through a 0.22-um-pore-size
microporous filter to obtain a sterile supernatant. Overnight cultures were diluted to an optical
density of 0.1 at 600 nm. Diluted culture (one culture of the AluxS strain group was treated with 10%
sterile supernatant) was transferred to a 96-well plate (Corning, NY). After incubation at 28°C for 24
h, the wells were washed gently three times with phosphate-buffered saline (PBS), stained with 0.1%
CV for 30 min at room temperature, rinsed with distilled water, and air dried. A total of 100 ml of 95%
ethanol was added to each well to dissolve the CV. The optical density at 595 nm was determined
using a Synergy 2 microplate reader (Biotek, Winooski, VT).

CLSM analysis of the biofilms. Confocal scanning laser microscopy (CSLM) was performed as
described previously (48, 49). Briefly, overnight cultures were diluted to an optical density of 0.1 at
600 nm (one culture of the AluxS strain group was treated with 10% sterile supernatant, as described
above in “Biofilm formation”) and then transferred to a 24-well plate with a piece of cell slide placed at
the bottom of each well before. All slides were washed twice with 0.9% NaCl after being cultured for 6
h, 12 h, and 24 h. After staining with SYBR green |, the biofilms were gently rinsed with 0.9% NaCl. The
biofilm images were acquired in an Olympus FluoView FV1000 (Olympus, Lisbon, Portugal) confocal
scanning laser microscope. For each condition, three independent biofilms were used. Images acquired
from at least 20 different regions per surface were analyzed by determining the top and bottom layers
of the biofilm and calculating the maximum thickness of each region.

Total RNA library construction of infected RAW26 macrophages. Total RNA of six individuals was
extracted from RAW26 macrophages infected with E. piscicida EIB202, the AuhpA strain, and control
groups using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. RNA quality and
quantity were assessed and affirmed using NanoDrop, Qubit, and Bioanalyzer (50). The extracted RNA
from RAW26 macrophages was used to isolate mRNA with an mRNA-Seq Sample Prep kit (Illumina) for
constructing a nondirectional lllumina RNA-Seq library (28). The libraries were loaded onto flow cell
channels for sequencing using an lllumina Genome Analyzer at Beijing Genomics Institute Co., Ltd.
(Beijing, China). The cDNA library was sequenced on an lllumina Hi-Seq 2500 sequencing platform, and
reads were used for gap filling of these scaffolds to generate final scaffold sequences (28). Sequence
homology searches were performed using local BLAST programs against sequences in the NCBI nonre-
dundant (nr/nt) protein/nucleotide database and the Swiss-Prot database (E value of <1e—5) (51).

Transcriptome annotation and gene ontology analysis. All transcripts were compared to those in
the NCBI databases, including the nonredundant (nr) protein database, GO database, Cluster of Ortholo-
gous Genes (COG) database, and KEGG database, for functional annotation using a BLAST search with an
E value cutoff of 1e—5 (50). Functional annotation was performed with gene ontology (GO) terms
(www.geneontology.org) that were analyzed using Blast2 GO software (https://www.blast2go.com/), and
the COG and KEGG pathway annotations were performed using BLAST software against the COG and
KEGG databases (28).
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Statistical analysis. Student’s t test was used, with significance set at the 95% level. Error bars on
graphs indicate the standard deviations (SD).
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