
u n i ve r s i t y  o f  co pe n h ag e n  

Comparative proteomics and secretomics revealed virulence, and coresistance-related
factors in non O1/O139 Vibrio cholerae recovered from 16 species of consumable
aquatic animals

Shan, Xinying; Fu, Junfeng; Li, Xiaohui; Peng, Xu; Chen, Lanming

Published in:
Journal of Proteomics

DOI:
10.1016/j.jprot.2021.104408

Publication date:
2022

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY-NC-ND

Citation for published version (APA):
Shan, X., Fu, J., Li, X., Peng, X., & Chen, L. (2022). Comparative proteomics and secretomics revealed
virulence, and coresistance-related factors in non O1/O139 Vibrio cholerae recovered from 16 species of
consumable aquatic animals. Journal of Proteomics, 251, [104408]. https://doi.org/10.1016/j.jprot.2021.104408

Download date: 23. maj. 2023

https://doi.org/10.1016/j.jprot.2021.104408
https://curis.ku.dk/portal/da/persons/xu-peng(aa012cc3-0871-4a93-9f52-2b6559c44962).html
https://curis.ku.dk/portal/da/publications/comparative-proteomics-and-secretomics-revealed-virulence-and-coresistancerelated-factors-in-non-o1o139-vibrio-cholerae-recovered-from-16-species-of-consumable-aquatic-animals(6041fcd1-2ca3-4742-ac43-2c84a059f650).html
https://curis.ku.dk/portal/da/publications/comparative-proteomics-and-secretomics-revealed-virulence-and-coresistancerelated-factors-in-non-o1o139-vibrio-cholerae-recovered-from-16-species-of-consumable-aquatic-animals(6041fcd1-2ca3-4742-ac43-2c84a059f650).html
https://curis.ku.dk/portal/da/publications/comparative-proteomics-and-secretomics-revealed-virulence-and-coresistancerelated-factors-in-non-o1o139-vibrio-cholerae-recovered-from-16-species-of-consumable-aquatic-animals(6041fcd1-2ca3-4742-ac43-2c84a059f650).html
https://curis.ku.dk/portal/da/publications/comparative-proteomics-and-secretomics-revealed-virulence-and-coresistancerelated-factors-in-non-o1o139-vibrio-cholerae-recovered-from-16-species-of-consumable-aquatic-animals(6041fcd1-2ca3-4742-ac43-2c84a059f650).html
https://curis.ku.dk/portal/da/publications/comparative-proteomics-and-secretomics-revealed-virulence-and-coresistancerelated-factors-in-non-o1o139-vibrio-cholerae-recovered-from-16-species-of-consumable-aquatic-animals(6041fcd1-2ca3-4742-ac43-2c84a059f650).html
https://doi.org/10.1016/j.jprot.2021.104408


Journal of Proteomics 251 (2022) 104408

Available online 2 November 2021
1874-3919/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Comparative proteomics and secretomics revealed virulence, and 
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A B S T R A C T   

Vibrio cholerae can cause pandemic cholera in humans. The bacterium resides in aquatic environments world-
wide. Identification of risk factors of V. cholerae in aquatic products is imperative for assuming food safety. In this 
study, we determined virulence-associated genes, cross-resistance between antibiotics and heavy metals, and 
genome fingerprinting profiles of non O1/O139 V. cholerae isolates (n = 20) recovered from 16 species of 
consumable aquatic animals. Secretomes and proteomes of V. cholerae with distinct genotypes and phenotypes 
were obtained by using two-dimensional gel electrophoresis (2D-GE) and/or liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) techniques. Comparative secretomic analysis revealed 4 common and 45 dif-
ferential extracellular proteins among 20 V. cholerae strains, including 13 virulence- and 8 resistance-associated 
proteins. A total of 21,972 intracellular proteins were identified, and comparative proteomic analysis revealed 
215 common and 913 differential intracellular proteins, including 22 virulence- and 8 resistance-associated 
proteins. Additionally, different secretomes and proteomes were observed between V. cholerae isolates of fish 
and shellfish origins. A number of novel proteins with unknown function and strain-specific proteins were also 
discovered in the V. cholerae isolates. 
Significance: V. cholerae can cause pandemic cholera in humans. The bacterium is distributed in aquatic envi-
ronments worldwide. Identification of risk factors of V. cholerae in aquatic products is imperative for assuming 
food safety. Non-O1/O139 V. cholerae has been reported to cause sporadic cholera-like diarrhea and bacteremia 
diseases, which indicates virulence factors rather than the major cholera toxin (CT) exist. This study for the first 
time investigated proteomes and secretomes of non-O1/O139 V. cholerae originating from aquatic animals. This 
resulted in the identification of a number of virulence and coresistance-related factors, as well as novel proteins 
and strain-specific proteins in V. cholerae isolates recovered from 16 species of consumable aquatic animals. 
These results fill gaps for better understanding of pathogenesis and resistance of V. cholerae, and also support the 
increasing need for novel diagnosis and vaccine targets against the leading waterborne pathogen worldwide.   

1. Introduction 

Vibrio cholerae is a Gram-negative bacterium that can cause 
pandemic cholera in humans. It is transmitted mainly through 
contaminated drinking water and/or person-to-person close contact [1]. 
V. cholerae caused six pandemics from 1827 to 1923. The seventh 
pandemic outbroke in 1961 and lasted for more than 50 years [2]. 
Currently, cholera is endemic in 69 countries with an estimated 1.3 
billion people at risk of infection [3]. Pandemic cholera is caused by 

V. cholerae strains of serogroups O1 and O139 that can produce cholera 
toxin (CT) and toxin co-regulated pilus (TCP) [4]. Some non-O1/O139 
V. cholerae strains lacking the major toxin genes have been reported to 
cause sporadic cholera-like diarrhea and bacteremia diseases (e.g., 
[5,6]), which indicates other virulence factors exist. Thus, identification 
of virulence-associated factors in non O1/O139 V. cholerae is imperative 
for assuming food safety and human health. 

Secretory proteins play very important roles in bacterial environ-
ment adaptation, membrane receptor-dependent signal transduction 
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between cells and bacteria-host interactions [7]. Three types of secretion 
systems (T2SS, T3SS, and T6SS) have been identified in V. cholerae. For 
example, CT is secreted by T2SS that also translocates some other pro-
teins, e.g., N-acetyl-D-glucosamine binding protein (GbpA) and hem-
agglutinin/protease (HapA) [8,9]. T3SS is necessary for colonization 
and diarrheal disease in an animal mode by V. cholerae lacking the major 
virulence factors [10]. T6SS, structurally similar to bacteriophage, se-
crets and loads diverse toxic effectors [11–13]. Recently, Labbate et al. 
reported non-O1/O139 V. cholerae S12 strain isolated from Sydney, 
Australia carried a clustered regularly interspaced short palindromic 
repeats (CRISPR)-Cas module and an auxiliary T6SS locus, showing 
V. cholerae pathogenicity island 1 (VPI-1) recombination characteristics. 
Similar genomic island sequences were present in other non-O1/O139 
strains isolated from around the globe [12]. Additionally, biofilm for-
mation contributes to V. cholerae pathogenicity and its survival in 
aquatic niches. Recently, Kaus et al. found that extracellular matrix 
proteins (Bap1 and RbmC) in V. cholerae (VC_1888 NP_231522.1) play 
different adhesion roles in the biofilm that allows the bacterium to 
attach to various environments or host cell surface [14]. 

Two-dimensional gel electrophoresis (2D-GE) is a standard proced-
ure for proteomic and secretomic research [15]. Proteins are firstly 
separated according to their isoelectric point (pI) via immobilized pH 
gradient (IPG) strips, and subsequently separated according to their 
molecular weights by sodium dodecyl sulfate (SDS)-polyacrylamide gel 
electrophoresis (SDS-PAGE) [16]. 2D-GE combined with liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) technique has 
been applied in proteomic and secretomic analysis of pathogenic Vibrio 
spp. [e.g., 11–20]. For example, using 2D-GE and LC-MS/MS techniques, 
He et al. identified 14 common extracellular proteins from different 
secretomic profiles of 7 Vibrio parahaemolyticus isolates. Half of these 
proteins were involved in protein synthesis and sugar transport, and six 
were related to bacterial pathogenicity [17]. Zhang et al. investigated 
outer membrane protein (OMP) changes in Vibrio vulnificus in response 
to high concentrations of heavy metals (Cu2+, Fe2+, Fe3+, and Hg2+) in 
sewage drains. Total 32 differential protein spots were identified by 2D- 
GE and matrix-assisted laser desorption/ionization time-of-flight 
(MALDI-TOF) MS/MS techniques. These proteins were involved in 
catalysis, transport, membrane proteins progresses, receptor activity, 
energy metabolism, cytokine activity, and protein metabolism [18]. Zou 
et al. analyzed differentially expressed proteins in V. cholerae in response 
to sorbitol by 2D-GE and MALDI-TOF/MS techniques. They identified 15 
proteins in epidemic strains and 11 proteins in non-epidemic strains 
with different expression profiles. Among these, four common proteins 
were identified, including a sugar fermentation stimulation protein, a 
maltose ABC transporter, a phosphate ABC transporter, and an amino 
acid ABC transporter [19]. Previous studies have indicated that secre-
tory proteins such as NlpD, OmpU, OmpW, AcfA, and Porin are potential 
candidates for V. cholerae vaccine development [20]. 

V. cholerae resides in aquatic environments worldwide and is 
frequently detected from many species of aquatic products. China is the 
world’s largest producer, consumer and exporter of aquatic products 
[21]. Identification of risk factors of V. cholerae in aquatic products is 
imperative to ensure food safety and human health. In our previous 
studies, 2D-GE conditions were optimized and the technique was well 
established in our laboratory. For example, secretomic profiles of 7 
V. parahaemolyticus strains of clinical and aquatic product origins were 
obtained and compared, and six virulence-associated proteins were 
identified [17]. Moreover, proteomic and secretomic profiles of 
V. parahaemolyticus isolates recovered from 12 species of aquatic prod-
ucts were also obtained and characterized using 2D-GE and LC-MS/MS 
techniques [22]. Recently, a number of V. cholerae isolates were iso-
lated from many species of consumable aquatic animals by our labora-
tory [23,24]. Based on our prior research, the objectives of this study 
were (1) to characterize genetic diversity of V. cholerae isolates (n = 20) 
recovered from 16 species of consumable aquatic animals; (2) to take 
advantage of 2D-GE and LC-MS/MS techniques to determine secretomes 

and proteomes of V. cholerae isolates with distinct genotypes and resis-
tance phenotypes, and to identify common and differential extracellular 
and intracellular proteins by comparative secretomic and proteomic 
analysis; and (3) to identify potential virulence and resistance- 
associated proteins in the non-O1/O139 V. cholerae isolates. To our 
knowledge, the information in secretomics and proteomics of V. cholerae 
originating from aquatic animals is rare to date. The results in this study 
fill gaps for better understanding pathogenesis and resistance of 
V. cholerae, but also support the increasing need for novel diagnosis and 
vaccine targets against V. cholerae. 

2. Materials and methods 

2.1. Sample collection 

A total of 16 species of aquatic animals were sampled in July and 
August of 2017 from two large fish markets: Jiayan Aquatic Market (31◦

19′ 57.61′′ N, 121◦ 10′ 53.05′′ E) and Jiangyang Aquatic Market (31◦ 21′

25.90′′ N, 121◦ 26′ 50.68′′ E) in Shanghai, China. The aquatic animals 
included 12 species of shellfish and 4 species of fish (Table 1). Samples 
were collected and transported to our laboratory at Shanghai Ocean 
University in Shanghai as described previously [23,24]. 

2.2. Isolation and identification of V. cholerae 

V. cholerae was isolated and identified according to the methods 
described previously by our research group [23–25]. Briefly, 25 g of 
whole tissue of each shellfish that shell were removed or each fish in-
testine sample was individually rinsed with 225 mL of sterile 1× phos-
phate buffered saline (PBS, pH 7.4–7.6, Shanghai Sangon Biological 
Engineering Technology and Services Co., Ltd., Shanghai, China), ho-
mogenized, serial tenfold diluted, and spread onto thiosulfate citrate 
bile salt sucrose (TCBS; Beijing Land Bridge Technology Co., Ltd., Bei-
jing, China) agar plates and incubated as described previously [23–25]. 
Presumptive V. cholerae colonies were identified by biochemical tests 
[23,24]. V. cholerae isolates that were detected negative in arginine 
dihydrolase test and esculin hydrolysis test (Muwei Biotechnology Co., 
Ltd., Shanghai, China) were subjected to further identification by po-
lymerase chain reaction (PCR) assay and DNA sequencing analysis. 

Bacterial genomic DNA was prepared using TIANamp Bacteria DNA 
Kit (Tiangen Biotech Co., Ltd., Beijing, China). Oligonucleotide primers 
were synthesized by Sangon (China) (Supplementary Table S1). PCRs 
targeting V. cholera-specific lolB and 16S rRNA genes were performed 
and resulting amplicons were analyzed according to the methods 
described previously [23,24]. V. cholerae GIM 1.449 (Guangdong Cul-
ture Collection Center, Guangzhou, China) was used as a positive control 
strain. 

2.3. Virulence and virulence-associated gene assay 

The major virulence genes (ctxAB, and tcpA) and virulence- 
associated genes (ace, zot, rtxABCD, hapA, hlyA, tlh, mshA, and pilA) 
[23,24] were examined by PCR assay with oligonucleotide primers lis-
ted in Table S1. Genomic DNA of standard strains V. cholerae GIM 1.449 
and ATCC39315 (N16961) (ctxAB+, tcp+) were used as positive control 
as described previously [23,24]. Sequencing of PCR products were 
conducted by Sangon (China). 

2.4. Antibiotic susceptibility and heavy metal tolerance assays 

Susceptibility of V. cholerae isolates to ten antibiotics (Oxoid, UK) 
was determined according to the method described previously 
[21,23,24]. Tolerance of V. cholerae isolates to eight heavy metals 
(Analytical Reagent, Sinopharm Chemical Reagent Co, Ltd. in Shanghai, 
China) was also determined [21,23,24]. Escherichia coli strains 
ATCC25922 and K12 (Institute of Industrial Microbiology, Shanghai, 
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China) were used as quality control strains in antibiotic and heavy metal 
resistance tests, respectively [21,23–26]. 

2.5. Enterobacterial repetitive intergenic consensus-PCR (ERIC-PCR) 
assay 

The ERIC-PCRs was performed, analyzed, imaged, and recorded as 
described previously [23,24]. Genomic fingerprinting patterns of 
V. cholerae isolates were analyzed using BioNumerics 7.6 software and 
clustering was deduced based on unweighted pair group with arithmetic 
averages (UPGMA) algorithm [23,24]. 

2.6. Genome sequencing and analysis 

The genome sequencing of V. cholerae isolates was conducted by 
Meiji Biological Medicine technology Ltd. (Shanghai, China) using 
Genome Sequencer Illumina HiSeq Xten platform (Illumina, CA, USA), 
according to the instructions of the manufacturer. Raw sequence reads 
were trimmed and assembled using SOAP denovo (version 2.04) soft-
ware (http://soap.genomics.org.cn/). Protein-encoding genes, tRNA 
genes, and rRNA genes were predicted using Prodigal (version 2.6.3) 
(https://github.com/hyattpd/Prodigal), tRNA_scan-SE (version 1.3.1) 
[27], and RNAmmer (version 1.2) [28] software, respectively. Protein 

functions were predicted using Orthofinder (version 2.5.2) software (htt 
ps://anaconda.org/bioconda/orthofinder). Multiple sequence align-
ments were performed using Mafft (version 7.480) software (https:// 
mafft.cbrc.jp/alignment/software/), and a phylogenetic tree was con-
structed and viewed using Python (version 3.7.0) (https://www.python. 
org/downloads/release/python-370/) and Iqtree (version 2.1.3) (htt 
p://www.iqtree.org/) software. V. cholerae of clinical (i.g., N16961/ 
ATCC39315, MJ-1236, MS6 and O395 uid 58,425 strains), and envi-
ronmental (i.g., LMA3984–4 strain) origins were used as reference, 
whose complete genome sequences were available and retrieved from 
National Center for Biotechnology Information (NCBI, http://www.ncbi 
.nlm.nih.gov/genome) Genome database with accession numbers 
marked in the phylogenetic tree (Fig. 1B). The obtained draft genomes of 
V. cholerae isolates were deposited in NCBI Sequence Read Archive 
(SRA) database with accession numbers given in Fig. 1B. 

2.7. 2D-GE assay 

Extracellular proteins of V. cholerae strains were extracted according 
to the method described previously [22]. Briefly, V. cholerae isolates 
were individually incubated in tryptic soy broth (TSB) medium (pH 8.5, 
3% NaCl, Land Bridge, Beijing, China) at 37 ◦C without shaking, and 
growth curves were determined by Bioscreen Automatic Growth Curve 

Table 1 
Genotypes and resistance phenotypes of the V. cholerae isolates characterized in this study.  

V. cholerae 
strain 

Species Common name Virulence-related gene Resistance to antibiotic Tolerance to 
heavy metal 

Reference 

b3–1 Mercenaria mercenaria 
Linnaeus 

Hard clam shell ace− , ctxAB− , tcpA− , zot, hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, RIF, SPT, TM Ni2+, Zn2+ This 
study 

b8–87 Solen strictus Sinonovacula 
bamboois 

ace− , ctxAB− , tcpA− , zot, hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+, rtxD+, tlh+

STR, SPT, TET Pb2+ This 
study 

b9–50 Mactra antiquata Triangular clam ace− , ctxAB− , tcpA− , zot, hapA+, hlyA+, 
mshA+, pilA− , rtxA+, rtxB+, rtxC+, rtxD+, tlh+

AMP, RIF, STR, SPT – This 
study 

b10–49 Solen giandis Razor king clam ace− , ctxAB− , tcpA− , zot, hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, STR, SPT Cu2+, Hg2+ This 
study 

b11–89 Musculus senhousei Flat clam ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, RIF, STR – This 
study 

B1–31 Parabramis pekinensis Bream ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, STR Hg2+, Ni2+, Zn2+ [23] 

B8–16 Parabramis pekinensis Bream ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, KAN, RIF, STR Hg2+ [23] 

J9–62 Carassius auratus Crucian carp ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA− , rtxB+, rtxC+,rtxD+, tlh+

AMP, STR Cr3+, Hg2+, Pb2+ [23] 

L10–06 Aristichthys nobilis Silver carp ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

– Ni2+, Zn2+ [23] 

N3–6 Paphia undulata Corrugated buffy 
clam 

ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, RIF, TET – This 
study 

N4–21 Perna viridis Mussel ace− , ctxAB− , hapA+, hlyA+, mshA− , pilA− , 
rtxA+, rtxB+, rtxC+, rtxD+, tlh+, tcpA− , zot−

AMP, KAN, RIF, STR, SPT Cu2+, Ni2+ This 
study 

N4–58 Perna viridis Mussel ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh−

AMP, CN, RIF, SPT, TM Pb2+, Zn2+ This 
study 

N5–39 Pseudocardium 
sachalinense 

– ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

STR, SPT, SXT Cu2+, Ni2+, Zn2+ This 
study 

N6–10 Panopea abrupta Little clam ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, CN, RIF, SPT, SXT, TM Pb2+ This 
study 

N7–67 Cypraea cumingii Beauty conch ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

– Cu2+, Ni2+, Zn2+ This 
study 

N8–56 Mactra quadrangularis 
Deshayes 

Clams ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, RIF, STR, SPT, TET Ni2+ This 
study 

N8–88 Mactra quadrangularis 
Deshayes 

Clams ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, CN, CHL, KAN, RIF, 
TR, SPT, SXT, TET, TM 

Cu2+, Hg2+, Zn2+ This 
study 

N9–4 Saxidomus. purpuratus – ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, CHL, SXT, TET, TM Cu2+, Ni2+, Zn2+ This 
study 

Q6–10 Ctenopharyngodon 
idellus 

Grass carp ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh−

AMP, RIF, STR, SPT, SXT, 
TET, TM 

Cd2+, Ni2+, Zn2+ [23] 

Q10–54 Ctenopharyngodon 
idellus 

Grass carp ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

AMP, KAN, STR, SPT, SXT, 
TM, TET 

Hg2+, Zn2+ [23] 

GIM1.449 Environmental case – ace− , ctxAB− , tcpA− , zot− , hapA+, hlyA+, 
mshA− , pilA− , rtxA+, rtxB+, rtxC+,rtxD+, tlh+

– Cu2+, Pb2+ [23] 

AMP, ampicillin; CN, Gentamicin; CHL, chloramphenicol; KAN, kanamycin; RIF, rifampin; STR, streptomycin; SPT, spectinomycin; SXT, sulphamethoxazole; TET, 
tetracycline; TM, trimethoprim; copper, CuCl2; mercury, HgCl2; cadmium, CdCl2; lead, PbCl2; zinc, ZnCl2; chromium,CrCl3; − , unavailable/absence. 
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Analyzer (BioTek Instruments, Inc., Winooski, USA). A 20 μL of Bacterial 
Protease Inhibitors Complex (Sangon, China) was added to each 100 mL 
of bacterial cell culture grown at mid-logarithmic phase. Subsequently, 
bacterial cells were harvested, supernatant was filtered, filtrate was 
precipitated, and extracellular proteins were collected as described 
previously [22]. 

2D-GE was performed according to the method described previously 
[22], except that after rehydration, IEF was run with a 7-step program: 
50 V for 0.5 h; 100 V for 3 h; 250 V for 1 h; 500 V for 1 h with linear 
ramping; 4000 V for 3 h with linear ramping; and 4000 V with rapid 
ramping until 20,000 V-hr was reached. Bio-Lyte 3/10 ampholyte and 
ready immobilized pH gradient gel (IPG) strips (pH 4–7, 7 cm) were 
purchased from Bio-Rad Laboratories Inc. (Hercules, CA, USA). Other 

regents were purchased from Sangon (China), including dithiothreitol 
(DTT), 3-[3-cholamidopropyldimethylammonio-1-propanesulfonate 
(CHAPS), Tris-HCl (pH 8.8), bromophenol blue, glycerol, urea, SDS, 
and iodoacetamide (IAM). 

After electrophoresis, the gels were silver-stained, scanned, and 
analyzed as described previously [22]. 2D-GE was performed in tripli-
cate for each sample. Protein spot detection, spot matching, and quan-
titative intensity analysis were performed using PDQuest Advanced- 
8.0.1 software (Bio-Rad, USA) [22]. 

2.8. LC-MS/MS assay 

LC-MS/MS assay was carried out at HooGen Biotech in Shanghai, 

Fig. 1. Phylogenetic relationship of the V. cholerae strains. (A) ERIC-PCR genome fingerprinting profiles of the V. cholerae strains. (B) A phylogenetic tree that was 
constructed on the basis of 19 draft genome sequences obtained in this study and 5 complete genome sequences retrieved from NCBI Genome database with accession 
numbers marked in each of the V. cholerae strains. 
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China. Visible and discriminative protein spots were individually 
excised from 2D-GE gels, dried, and digested as described previously 
[22]. Resulting peptides were identified by Q Exactive Mass Spectrom-
eter [Thermo Fisher Scientific (TFS), Waltham, MA, USA] coupled with 
Easy nLC 1200 Chromatography System (TFS) [22]. The collected LC- 
MS/MS data files were identified against UniProt V. cholerae database 
(download in November 2020) in Mascot version 2.2 server (Matrix 
Science, London, UK). The criteria for peptide matching and protein 
calls were the same as those described previously [22]. 

Intracellular proteins were extracted using Bacterial Protein 
Extraction Kit (Sangon) containing protease inhibitors. LC-MS/MS assay 
was performed as detailed above. Protein concentration was determined 
using Bradford Protein Assay Kit (Sangon) [22]. The proteomic datasets 
(LC-MS/MS) have been deposited in proteomics identifications (PRIDE) 
database (http://www.ebi.ac.uk/) with internal ID: px-submission 
#496909 (account No.:1282332740@qq.com, password:meaLHsXM). 

2.9. Quantitative reverse transcription-PCR (qRT-PCR) assay 

qRT-PCR assay was performed according to the method described 
previously, with 16S RNA as internal reference gene [22]. RNeasy Mini 
Kit and RNase-Free DNase Set were purchased from Qiagen (Hilden, 
Germany). PrimeScript™ RT reagent Kit with gDNA Eraser was pur-
chased from Takara Biomedical Technology (Beijing) Co., Ltd. (Beijing, 
China). TB Green® Premix Ex Taq™ II kit was purchased from Tli 
RNaseH Plus (Beijing, China). All tests were performed in triplicate in 
this study. 

3. Results 

3.1. Virulence and virulence-associated gene profiles of the V. cholerae 
isolates 

Twenty V. cholerae isolates were recovered from 16 species of 
consumable aquatic animals, including twelve species of shellfish and 
four species of fish (Table 1). All isolates were detected positive for 
V. cholera-specific lolB gene, but negative for virulence and virulence- 
associated genes ctxAB, tcpA, ace, zot, and pilA. Conversely, high oc-
currences of virulence-associated genes rtxABCD (95.2%, 100.0%, 
100%, and 100.0%, respectively), hlyA (95.2%), tlh (90.5%), and hapA 
(100.0%) were observed among the V. cholerae isolates. The mshA gene 
was only present in V. cholerae b9–50 strain originating from shellfish 
Mactra antiquate. 

3.2. Antibiotic resistance profiles of the V. cholerae isolates 

Antibiotic susceptibility of the V. cholera isolates to 10 antimicrobial 
agents were determined, and the resulting data are presented in Table 1. 
Resistance to AMP was most predominant among the isolates (76.2%), 
followed by SPT (57.1%), STR (52.4%), and RIF (52.4%). Approximately 
76.2% of the isolates had multiple drug resistance (MDR) phenotypes. 
Remarkably, V. cholerae N8–88 isolated from shellfish Mactra quad-
rangularis Deshayes was resistant to all 10 antibiotics evaluated. 
Conversely, V. cholerae L10–06 and V. cholerae N7–67 strains, recovered 
from shellfish Aristichthys nobilis and Cypraea cumingii, respectively, 
were sensitive to the 10 antibiotics. The resistance trend of the isolates 
was AMP > SPT > STR = RIF > TET = TM > SXT > KAN > CN=CHL. 

3.3. Heavy metal tolerance profiles of the V. cholerae isolates 

Heavy metal tolerance profiles of the V. cholerae isolates were also 
determined (Table 1). All isolates were sensitive to Mn2+. Moreover, 
V. cholerae b9–50 and V. cholerae N3–6 isolates were sensitive to all 8 
heavy metals tested. Conversely, approximately 47.6% of the isolates 
were tolerant to Zn2+, 42.9% to Ni2+, 28.6% to Cu2+ and Hg2+, and 
23.8% to Pb2+. V. cholerae Q6–10 and V. cholerae J9–62 originating from 

fish Ctenopharyngodon idellus and Carassius auratus was tolerant to Cd2+, 
and Cr3+, respectively. The heavy metal tolerance trend of the isolates 
was Zn2+ > Ni2+ > Cu2+ = Hg2+ > Pb2+ > Cd2+ = Cr3+. 

3.4. Phylogenetic relationship of the V. cholerae isolates 

Evolutionary relatedness of the V. cholerae isolates was examined by 
ERIC-PCR genomic fingerprinting assay. This analysis revealed that all 
isolates were classified into 20 different ERIC-genotypes, and UPGMA 
algorithm grouped all ERIC-genotypes into eight distinct clusters 
(Clusters A–H) (Fig. 1A). Six V. cholerae isolates recovered from shellfish 
fell into the largest Cluster D, while Clusters B and E contained 3 ge-
notypes, and Clusters A, C, G, and H contained 2 genotypes, respectively. 
Among the V. cholerae isolates, the AMP/SPT/STR and Zn2+/Ni2+

resistance profiles were the most predominant (7 of 21 strains). More-
over, 13 isolates with MDR phenotypes were resistant to one or more 
heavy metals. These results demonstrated genetic diversity of the 
V. cholerae isolates recovered from 16 species of consumable aquatic 
animals. 

In addition, the V. cholerae isolates were subjected for genome 
sequencing, and 19 draft genome sequences were obtained using 
Genome Sequencer Illumina HiSeq Xten platform (USA), which yielded 
single clean reads in the range from approximately 121,091 to 44,703 
with genome sequencing depth of 332.26–248.74 fold. The draft 
genome sizes were 4.14–3.85 Mb, which contained 3717–3394 pre-
dicted genes, and 2165–2039 predicted protein-coding gene (Supple-
mentary Table S2). Based on 2566 homologous gene sequences 
identified from 24 genomes tested in this study, a phylogenetic tree was 
constructed (Fig. 1B), among which complete genome sequences of 5 
V. cholerae isolates of clinical and environmental origins were retrieved 
from NCBI Genome database and used as reference. This analysis 
revealed two distinct phylogenetic clusters, designated Clusters I and II 
(Fig. 1B). All 20 V. cholerae isolates of environmental origin were 
grouped into Cluster I, which were phylogenetically distant from the 
other 4 pandemic or epidemic V. cholerae isolates of clinical origin that 
fell into Cluster II. Moreover, the Cluster I was further classified into 
eight subclusters, within which the 18 V. cholerae isolates of aquatic 
animal origin were phylogenetically distant from the reference 
V. cholerae LMA39844 that was isolated from superficial water from the 
Tucunduba Stream in Brazil in 2007 [29]. This isolate was the closest to 
the clinical isolates phylogenetically (Fig. 1B), due to its genetic simi-
larity with epidemic strains with virulence-related genes [29]. These 
results confirmed the genetic diversity of the V. cholerae isolates of 
aquatic animal origin, which was likely shaped by various aquaculture 
environments. 

3.5. Distinct secretomic profiles of the V. cholerae isolates 

V. cholerae isolates (except V. cholerae N4–58) with different ERIC- 
PCR genotypes were subjected to secretomic analysis. Supernatant of 
V. cholerae culture at mid-logarithmic phase was collected, and extra-
cellular proteins were extracted and analyzed by 2D-GE. Secretomic 
profiles of 19 V. cholerae isolates and the standard strain GIM1.449 were 
obtained (Fig. 2A and B). The patterns yielded from three independent 
2D-GE gels of each strain were consistent (figures not shown). Unex-
pectedly, the standard strain V. cholerae GIM1.449 secreted the 
maximum number of extracellular proteins (n = 60). Moreover, 8 
V. cholerae isolates b8–87, b11–89, B8–16, N5–39, N8–56, N9–4, J9–62, 
and Q6–10 secreted much more extracellular proteins (n = 30–50), 
whereas 10 isolates b9–50, b10–49, B1–31, L10–6, N3–6, N4–21, 
N6–10, N7–67, N8–88, and Q10–54 translocated fewer proteins (n =
10–20). For example, V. cholerae b8–87 and V. cholerae b11–89, recov-
ered from shellfish Solen strictus and Musculus senhouse, respectively, 
appeared to secret 50 and 48 proteins, respectively. Conversely, 
V. cholerae b3–1 recovered from shellfish Mercenaria mercenaria Linnaeus 
secreted none (n = 0), based on more than three repeated independent 
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experiments (Fig. 2A and B). 
Comparative secretomic analysis revealed 14 common extracellular 

proteins among the isolates (marked with blue circles, Fig. 2A and B), of 
which 4 spots were observed at similar locations on all 2D-GE patterns 
derived from the 20 V. cholerae strains. Moreover, 11 extracellular 
protein spots were shared by 9 V. cholerae strains, while 7 spots by 10 
isolates. Additionally, 45 differential extracellular proteins were iden-
tified from all V. cholerae strains (marked with different numbers in red, 
Fig. 2A and B). Amino acid sequences of these extracellular proteins 
were further identified by LC-MS/MS analysis. 

3.6. Identification of common and differential extracellular proteins of 
the V. cholerae isolates 

LC-MS/MS technique was used to identify all common and 

differential extracellular proteins of the V. cholerae strains. Fourteen 
common extracellular proteins were successfully obtained (Supple-
mentary Table S3). Among these proteins, Spots b, c, d, f were secreted 
by all V. cholerae strains, including a phosphate regulon transcriptional 
regulatory protein PhoB (Spot b), an amino acid ABC transporter (amino 
acid-binding portion) (Spot d), and a phosphoenolpyruvate carbox-
ykinase (Spot f). Spot c matched an unknown protein encoded by 
VCRC385_00324 gene of V. cholerae RC385 (GenBank: GG774557.1). 
Moreover, Spots a, e, g, i, h, j, and k were secreted by 9 strains, while 
Spots l, m, and n were shared by 10 strains. Of these extracellular pro-
teins, eight were involved in cell metabolism including a succinate-CoA 
ligase [ADP-forming] subunit alpha (Spot a), a transaldolase (Spot e), a 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Spot g), a Rrf 2- 
linked NADH-flavin reductase (Spot k), a trigger factor (Spot l), a beta- 
lactamase (Spot m), and a bifunctional 

Fig. 2. Secretomic profiles of 20 V. cholerae strains by 2D-GE analysis. (A) V. cholerae B1–31, B8–16, b8–87, b9–50, b10–49, b11–89, GIM1.449, and J9–62 strains, 
respectively. (B) V. cholerae L10–6, N3–6, N4–21, N5–39, N6–10, N7–67, N8–56, N8–88, N9–4, Q6–10, Q10–54, and b3–1 strains, respectively. Common protein 
spots marked with blue circles and differential protein spots marked with different numbers in red circles were characterized by LC-MS/MS analysis. pI, isoelectric 
point. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

X. Shan et al.                                                                                                                                                                                                                                    



Journal of Proteomics 251 (2022) 104408

7

phosphoribosylaminoimidazolecarboxamide formyltransferase (Spot n). 
Additionally, two extracellular proteins were associated with bacterial 
mobilization including a flagellar hook protein FlgL (Spot h) and a 
flagellin (Spot j). 

A total of 45 differential extracellular proteins were also successfully 
identified (Supplementary Table S4). Enzymes involved in bacterial 
metabolic processes constituted the largest proportion of the identified 
proteins (n = 10), including three amino acid hydrolysis-related en-
zymes: an autonomous glycyl radical cofactor (Spot S4), an alanine 
dehydrogenase (Spot S34) and a metal-dependent carboxypeptidase 
(Spot S40); two carbohydrate metabolism-related enzymes: a malate 
dehydrogenase (Spot S31) and a glucosamine-6-phosphate deaminase 
(Spot S44); two malate metabolism-related enzymes: a NADP-dependent 
malic enzyme (Spot S16) and a NAD-dependent malic enzyme (Spot 
S36); two fatty acid metabolism-related enzymes: a phosphate acetyl-
transferase (Spot S14) and a 3-oxoacyl-[acyl-carrier-protein] reductase 
(Spot S26); and one glycolysis-related enzyme pyruvate kinase PykF 
(Spot S35). In addition, four differential extracellular proteins (Spots 
S10, S15, S30 and S33) functioned in amino acid and nucleotide 
biosynthesis: an elongation factor (EF) Ts (Spot S10), a EF-TuA (Spots 
S15), a N5-carboxyaminoimidazole ribonucleotide mutase (Spots S30) 
and a cysteine synthase (spot S33). Additionally, Sport S18 was identi-
fied as a methionyl-tRNA formyltransferase involved in protein 
biosynthesis. 

Some differential extracellular proteins related to cell membrane and 
periplasm structure, e.g., a thioredoxin reductase (Spot S3), an auto-
inducer 2-binding periplasmic protein LuxP (Spot S17), a nucleoside- 
diphosphate kinase (Spot S23), and a 2-dehydro-3-deoxyphosphonate 
aldolase (Spot S32). 

3.7. Identification of secretory proteins potentially involved in virulence 
and antibiotic and healvy metal resistance of the V. cholerae isolates 

Remarkably, thirteen identified extracellular proteins secreted by 
the V. cholerae strains have been reported in bacterial pathogenesis, 
including Spots e, g, h, j, n, S1, S9, S11, S13, S15, S31, S35, and S37 
(Table 2). Some of these virulence-associated proteins were secreted by 
most V. cholerae strains, e.g., FlgE (Spot S11, 16 strains), EF-Tu (Spot 
S15, 14 strains) and OmpU (Spot S1, 12 strains), whereas some were 
loaded by a few V. cholerae strains, e.g., HapA (Spot S13, 6 strains), 
malate dehydrogenase (Spot S31, 6 strains) and PykF (Spot S35, 3 
strains). Notably, V. cholerae J9–62 and V. cholerae Q6–10, recovered 
from fish C. idellus and C. auratus, respectively, appeared to secret the 
maximum number of extracellular virulence-associated proteins (n =
11, and n = 10) among all the strains. Conversely, V. cholerae N3–6 
recovered from shellfish Paphia undulata secreted only two such 
proteins. 

Interestingly, four differential extracellular proteins were identified 
as ATP-binding cassette (ABC) transporters that constitute one of the 
largest families of membrane proteins [22], including an arginine ABC 
transporter (Spot S8), a periplasmic oligopeptide-binding protein (Spot 
S37), an oligopeptide ABC transporter (Spot S39), and a sulfate ABC 
transporter-substrate-binding protein (Spot S41) (Table 3). Moreover, 
four differential extracellular proteins (Spots S6, S24, S42, and S45) 
were also involved in bacterial transport, including a polysaccharide 
transmembrane transport protein capsular polysaccharide synthesis 
enzyme CpsC (Spot S6), a tripartite ATP-independent periplasmic 
(TRAP) transporter substrate-binding protein (Sport S42), a TRAP 
transporter solute-binding subunit (Sport S45), and a DNA-binding 
transcription factor (ferric uptake regulation protein) (Spot S24) (Sup-
plementary Table S4). 

3.8. Secretomic comparison of the V. cholerae isolates in two types of 
aquatic animals 

Secretomic profiles derived from the V. cholerae isolates of the 

shellfish and fish origins were different. For instance, there were six 
extracellular proteins only appeared on the secretomic profiles of 
shellfish origin, including a T6SS-associated protein TagO (Spot S20), a 
heat shock protein (HSP) GrpE (Spot S21), an iron absorption regulatory 
protein (Spot S24), a N5-carboxamidoimidazole ribonucleotide mutase 
(N5-CAIR mutase) (Spot S30), a cysteine synthase (Spot S33), and a 
glucosamine 6-phosphate deaminase (Spot S44). Of these, GrpE (Spot 
S21) protects bacteria from sudden changes of extracellular stress 
through assisting protein folding correctly [30]. N5-CAIR mutase (Spot 
S30) in E. coli catalyzes the reversible interconversion of N5-CAIR to 
CAIR with direct CO2 transfer [31]. The glucosamine 6-phosphate 
deaminase (Spot S44) is a key starting enzyme to catalyze the biosyn-
thesis of hexosamine [32]. Additionally, an unknown extracellular 
protein (Spot S19) only appeared in the secretomic profile of V. cholerae 
B8–16 recovered from fish Parabramis pekinensis. It was absent from 
secretomic profiles derived from all the other isolates. Interestingly, the 
phosphatecarrier protein HPr (Spot S29) was only secreted by the 
standard strain V. cholerae GIM1.449, which plays an important role in 
sugar phosphotransferase system in E. coli [33]. 

3.9. Identification of common intracellular proteins of the V. cholerae 
isolates 

Intracellular proteins of the 20 V. cholerae strains were also deter-
mined by using LC-MS/MS technique. A total of 21,972 intracellular 
proteins were identified, including 1027–1128 proteins in each strain. 
Comparative proteomic analysis revealed approximately 215 common 
intracellular proteins shared among the strains, which were classified 
into three major Gene Ontology (GO) categories, including the biolog-
ical process, cellular component, and molecular function (Fig. 3). Of 
these, intracellular proteins involved in metabolic processes were most 
abundant (94.4%, 203/215), followed by cellular processes (94%, 202/ 
215), and single-organism processes (73%, 157/215). Conversely, 
intracellular proteins in detoxification (1.8%, 4/215), antioxidant ac-
tivity (1.8%, 4/215), locomotion and multi-organism processes (1.4%, 
3/215), and nucleoid and extracellular regions (0.5%, 1/215) showed 
the opposite patterns (Fig. 3). 

3.10. Identification of differential intracellular proteins of the V. cholera 
isolates 

Comparative proteomic analysis revealed approximately 913 dif-
ferential intracellular proteins among the V. cholerae strains (data not 
shown). Of these, 732 proteins were matched into GO categories. 
Remarkably, 181 proteins had not hits, suggesting novel unknown- 
function proteins existed in the V. cholerae isolates. Given that multi-
ple biological functions could be assigned for single identified protein, 
the most abundant GO term was cellular processes (83.3.1%, 610/732), 
followed by metabolic processes (79.9%, 585/732), catalytic activity 
(70.6%, 517/732), and single-organism process (67.5%, 494/732). The 
opposite patterns were immune system processes (0.2%, 2/732), 
nucleoid (0.2%, 2/732), other organism parts (0.1%, 1/732), behavior 
(0.1%, 1/732), and metallochaperone activity (0.1%, 1/732) (Fig. 4). 

3.11. Proteomic comparison of the V. cholerae isolates in two types of 
aquatic animals 

Interestingly, approximately 16.7% (n = 153) of the differential 
intracellular proteins were only present in the proteomes of the 
V. cholerae isolates of fish origin (Supplementary Table S5). For example, 
interestingly, of these proteins, 94 only appeared in the proteome of 
V. cholerae J9–62 originating from C. auratus, the majority of which were 
involved in molecular functions. Eight differential intracellular proteins 
only appeared in the proteome of V. cholerae B1–31 from P. pekinensis, 
including a glucose-6-phosphate 1-dehydrogenase (No. 691), a capsular 
polysaccharide synthesis enzyme Cap5f (No. 725), a thymidylate 
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Table 2 
Identification of potential virulence-associated proteins in secretomes and proteomes of the V. cholerae strains by LC-MS/MS analysis.  

Protein 
No. 

Reference 
sequence No. 

Protein Gene MW(Da) PI Sequence 
coverage 
(%) 

Putative function Reference 

e A0A0H3Q1L6 Transaldolase tal 34,635.4 5.49 4.75 Pentose-phosphate shunt, 
pentose phosphate 
pathway, D- 
glyceraldehyde-3- 
phosphate 
glyceronetransferase 
activity 

[42] 

g C6EQC4 Glyceraldehyde-3-phosphate dehydrogenase gapA 26,995.23 5.44 12.06 Molecular function 
oxidoreductase activity, 
acting on the aldehyde or 
oxo group of donors, NAD 
or NADP as acceptor 

[41] 

h C3LPJ4 Flagellar hook-associated protein FlgL flgL 44,943.38 5.06 10.58 Structural molecule 
activity, bacterial-type 
flagellum hook 

[43] 

j A0A0F4FLR7 Flagellin flaD_1 39,903.72 4.89 44.3 Structural molecule 
activity, bacterial-type 
Flagellum-dependent cell 
motility, Cellular 
component 

[52] 

n A0A6N1TVW8 Bifunctional 
phosphoribosylaminoimidazolecarboxamide 
formyltransferase 

purH 57,342.19 5.22 4.53 Hydrolase, transferase [72] 

S1 U5YQZ6 OmpU ompU 35,859.67 4.52 38.25 Porin activity, cell outer 
membrane 

[44] 

S9 A0A6N1SZR4 Deoxyribose-phosphate aldolase deoC 27,959.82 5.12 11.20 Lyase [73] 
S11 D7HDY6 Flagellar hook protein FlgE VCRC385_01476 46,884.16 4.76 4.84 Bacterial-type flagellum- 

dependent cell motility, 
bacterial-type flagellum 
basal body 

[45] 

S13 P24153 Hemagglutinin/proteinase hap 65,890.45 5.27 8.54 May play a role in the 
pathogenesis of cholera, 
zinc ion binding, 
metalloendopeptidase 
activity 

[49] 

S15 Q9KV37 Elongation factor Tu-A tufA 43,184.91 5.09 10.66 GTPase activity, GTP 
binding, translation 
elongation factor activity 
translational elongation, 
cytoplasm 

[64] 

S31 Q5MJE0 Malate dehydrogenase mdh 22,106.39 6.18 17.13 L-malate dehydrogenase 
activity, carbohydrate 
metabolic process 

[74] 

S35 A0A6N1UFW1 Pyruvate kinase PykF pykF 50,466.58 5.79 26.60 Kinase, transferase [46] 
S37 A0A0H3AG33 Oligopeptide ABC transporter, periplasmic 

oligopeptide-binding protein 
oppA 61,139.29 6.02 28.18 Transmembrane 

transport 
[47] 

132 A0A5C9QX25 Translational GTPase TypA typA 67,123.62 5.15 16.91 GTPase activity, GTP 
binding 

[52] 

163 A0A0K9UG85 50S ribosomal protein L10 rplJ 17,327.86 8.55 58.64 Large ribosomal subunit 
rRNA binding, structural 
constituent of ribosome, 
ribosome biogenesis 

[75] 

179 A0A2P1DZU9 HapR hapR 25,278.94 6.22 29.17 DNA binding [76] 
227 A0A085R843 Carbamoyl-phosphate synthase small chain carA 40,921.89 5.62 17.94 ATP binding, carbamoyl- 

phosphate synthase 
activity, ‘de novo’ 
pyrimidine nucleobase 
biosynthetic process, ‘de 
novo’ UMP biosynthetic 
process 

[53] 

238 A0A655Y0X9 Hydroxymethylbilane synthase hemC 29,431.51 5.23 34.32 Hydroxymethylbilane 
synthase activity, 
protoporphyrinogen IX 
biosynthetic process 

[77] 

253 A0A0X1KZL4 Sigma-E factor regulatory protein RseB VchoM_01736 36,164.94 5.54 15.58 –a [78] 
257 A0A395U3M2 Adenylate cyclase BC353_07320 58,638.91 5.61 11.29 Triphosphatase activity [79] 
271 D7HI42 Phosphocarrier protein HPr VCRC385_04122 9109.31 6.26 57.65 Phosphoenolpyruvate- 

dependent sugar 
phosphotransferase 
system 

[54] 

272 Q9KRY6 RNA chaperone ProQ proQ 23,184.27 9.45 27.88 RNA strand annealing 
activity, RNA strand- 

[55] 

(continued on next page) 
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synthase (No. 820), a UPF0246 protein YaaA (No. 782), a purine 
nucleoside phosphoramidase (No.769), a UPF0312 protein (No. 900), a 
bifunctional nicotinamidase/pyrazinamidase (No. 500), and a general 
control non-repressed protein 5 (GCN5)-related N-acetyltransferase (No. 
251). A UPF0502 protein (No.910) and a dihydrodipicolinate reductase 
(No. 653) were only detected in the proteome of V. cholerae Q6–10 
recovered from C. idellus. Additionally, eight intracellular proteins were 
identified from the proteome of V. cholerae L10–6 in A. nobilis, including 
a glycerol kinase (No. 763), an acetoacetyl-CoA reductase (No. 278), an 
non-specific serine/threonine protein kinase (No. 378), a Cof-type HAD- 
IIB family hydrolase (No. 406), a UPF0234 protein (No. 665), a catab-
olite gene activator (No. 731), a FMN_red domain-containing protein 
(No. 717), and a minor tail protein (No. 783) (Supplementary Table S5). 

Among the differential intracellular proteins, 48 appeared in the 
proteomes of the V. cholerae isolates of shellfish origin. For example, 
seven intracellular proteins were found in the proteome of V. cholerae 
b3–1 originating from M. mercenaria Linnaeus, including a L-allo-threo-
nine aldolase (No. 733), a DUF3466 family protein (No. 452), a phos-
photransferase system (PTS) system glucose-specific IIA component (No. 
351), a UPF0304 protein (No. 565), a cold shock protein CspE (No. 647), 
a UPF0265 protein (No. 447), and an acetolactate synthase II (No. 601). 
A positive regulator CheA protein (No. 389) and an acetoin utilization 
protein AcuB (No.666) were expressed by V. cholerae b8–87 from 
S. strictus. A phosphomannomutase (No. 437), a 30S ribosomal protein 
S10P (No. 777), and a polar amino acid transport system substrate- 
binding protein (No. 911) were only found in the proteome of 
V. cholerae b9–50 recovered from M. antiquate. In addition, three 
intracellular proteins were expressed by V. cholerae N6–10 from Panopea 
abrupta, including a thermostable carboxypeptidase 1 (No. 795), a 
tryptophanase/L-cysteine desulfhydrase (No. 802), and a glutamate 
synthase [NADPH] small chain (No. 352) (Supplementary Table S5). 

3.12. Identification of intracellular proteins potentially involved in 
virulence and antibiotic and heavy metal resistance of the V. cholerae 
isolates 

Among the differential intracellular proteins identified in this study, 
22 have been reported in bacterial pathogenicity, including a trans-
lational GTPase TypA (No. 132), a DNA-binding protein HU-alpha (No. 
163), a HapR (No. 179) that is a high cell density quorum sensing master 
regulatory protein in V. cholerae, a carbamoyl-phosphate synthase small 
chain (No. 227), a hydroxymethylbilane synthase (No. 238), a sigma-E 
factor regulatory protein RseB (No. 253), an adenylate cyclase (No. 
257), a HPr (No. 271), a RNA chaperone ProQ (No. 272), a DPS (dying 
care process scale) family protein (No. P521), a hemolysin (No. 540), a 
serine acetyltransferase (No. 566), a 3′,5′-cyclic adenosine mono-
phosphate phosphodiesterase CpdA (No. 585), a thymidine kinase (No. 
661), a stability protein StbE (No. 685), a transcription antitermination 
protein RfaH (No. 698), an endoribonuclease YbeY (No. 734), a high- 
affinity zinc uptake system protein ZnuA (No. 784), a NlpD-like pro-
tein (No. 807), an aldo/keto reductase (No. 810), a RNA polymerase- 
binding transcription factor DksA (No. 829), and a formate- 
tetrahydrofolat (No. 862) (Table 2). All these intracellular virulence- 
related proteins were found in the V. cholerae proteomes of fish origin, 
while 16 were in those of shellfish origin. Remarkably, V. cholerae J9–62 
originating from C. auratus expressed the maximum number of intra-
cellular virulence-associated proteins (n = 22), followed by V. cholerae 
b9–50 (n = 9), V. cholerae N5–39 (n = 8), and V. cholerae N6–10 (n = 8) 
originating from M. antiquata, Pseudocardium sachalinense, and 
P. abrupta, respectively. Conversely, V. cholerae Q6–10 and V. cholerae 
b11–89, isolated from Musculus senhousei and C. idellus, respectively, 
expressed fewer such proteins (n = 2, and n = 1). 

Additionally, approximately 14 resistance-related intracellular 

Table 2 (continued ) 

Protein 
No. 

Reference 
sequence No. 

Protein Gene MW(Da) PI Sequence 
coverage 
(%) 

Putative function Reference 

exchange activity, 
posttranscriptional 
regulation of gene 
expression 

521 A0A0X1L567 DPS family protein VchoM_03671 17,873.07 5.15 17.95 ferric iron binding, 
oxidoreductase activity, 
oxidizing metal ions 

[68] 

540 A0A5C2B049 Hemolysin F0315_10590 75,415.05 5.12 4.77 – [23] 
566 A0A6M4VT52 Serine acetyltransferase cysE 29,278.22 6.24 8.06 Serine O- 

acetyltransferase activity 
[80] 

585 A0A6N1U4W9 3′,5′-cyclic adenosine monophosphate 
phosphodiesterase CpdA 

cpdA 30,522.1 5.89 9.19 Hydrolase activity [59] 

661 A0A0H3AM74 Thymidine kinase tdk 21,658.52 5.58 6.25 ATP binding, thymidine 
kinase activity, zinc ion 
binding, DNA 
biosynthetic process 

[81] 

685 A0A0K9UCH1 Stability protein StbE VC274080_024054 10,991.81 9.92 10.53 – [82] 
698 A0A0K9UTB8 Transcription antite rmination protein RfaH rfaH 19,333.15 8.34 7.88 DNA binding, 

transcription 
antitermination factor 
activity, DNA binding 

[57] 

734 A0A395TMM3 Endoribonuclease YbeY ybeY 17,540.53 4.37 9.09 Endoribonuclease 
activity, 
metalloendopeptidase 
activity, zinc ion binding 

[58] 

784 A0A655W962 High-affinity zinc uptake system protein ZnuA znuA 32,680.73 5.22 4.90 Metal ion binding, cell 
adhesion, zinc ion 
transport 

[83] 

807 A0A656AX84 NlpD-likeprotein envC 43,261.62 9.63 3.14 – [20] 
810 A0A6A9NA16 Aldo/keto reductase GM708_16310 30,986.71 6.05 2.17 Oxidoreductase activity [84] 
829 A0A6M4W281 RNA polymerase-binding transcription factor 

DksA 
dksA 17,180.36 5.26 12.16 Cytoplasm [85] 

862 A0A6N1T6P8 Formate–tetrahydrofolate ligase fhs 62,020.83 6.17 1.20 Formate-tetrahydrofolate 
ligase activity 

[86]  

a –, not detected. 
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proteins were identified (Table 3). For example, V. cholerae J9–62 iso-
lated from C. auratus expressed more than half of these resistance- 
related proteins (n = 10), consistent with its AMP/STR/Cr3+/Hg2+/ 
Pb2+ phenotype. Moreover, V. cholerae B8–16 originating from 
P. pekinensis produced 7 resistance-related proteins, showing AMP/ 
KAN/RIF/STR/Hg2+ phenotype. In contrast, V. cholerae L10–6 and 
V. cholerae N7–67, recovered from A. nobilis, C. cumingii, respectively, 
expressed fewer such proteins (n = 3, and n = 3), both of which were 
sensitive to all 10 antibiotics evaluated in this study. 

To confirm the proteins identified by 2-DE and LC-MS/MS analysis, 
expression of some representative genes were tested by qRT-PCRs. The 
resulting data were generally correlated with those yielded by secre-
tomic and proteomic analysis (Supplementary Fig. S1). 

4. Discussion 

V. cholerae is ubiquitous in aquatic environments worldwide and 
frequently detected in aquatic products [34–36]. Nevertheless, to our 
knowledge, the information in secretomics and proteomics of V. cholerae 

in aquatic animals is rare to date. In this study, for the first time, we 
obtained and compared secretomic and proteomic profiles of 19 
V. cholerae isolates with different ERIC-genotypes recovered from 16 
species of commonly consumed aquatic animals, together with one 
standard strain by 2D-GE and LC-MS/MS analysis. Their genetic di-
versity was confirmed by phylogenetic analysis on the basis of 19 draft 
genome sequences (4.14–3.85 Mb), which contained 3717–3394 pre-
dicted genes, and 2165–2039 predicted protein-coding gene (Table 2). 
Comparative genomic analysis of the V. cholerae isolates will be carried 
out in our future research. 

Previous studies have revealed that virulence-related factors 
contribute to infection process in a synergistic way in non-O1/O139 
V. cholerae strains [37]. Some accessory virulence factors included the 
zonula occludens toxin (zot), accessory cholera enterotoxin (ace), RTX 
toxin gene cluster (rtxABCD), El Tor hemolysin (hlyA), thermolabile 
hemolysin (tlh), hemagglutinin protease (hapA), mannose-sensitive 
hemagglutination (MSHA) pili (msha), and putative type IV pilus (pil) 
[23]. In this study, although all V. cholerae isolates harbored none of 
ctxAB, tcpA, ace, or zot genes, high occurrences of rtxABCD, hlyA, tlh, and 

Table 3 
Identification of potential resistance-associated proteins in secretomes and proteomes of the V. cholerae strains by LC-MS/MS analysis.  

Protein 
No. 

Reference 
sequence No. 

Protein Gene MW (Da) PI Sequence 
coverage 
(%) 

Putative function Reference 

S8 Q9KLI5 Arginine ABC transporter, 
periplasmicarginine- 
binding protein 

VC_A0759 26,639.62 4.75 13.58 L-arginine transmembrane transporter 
activity, ligand-gated ion channel activity, 
arginine transport, periplasm 

[48] 

S13 P24153 Hemagglutinin/proteinase hap 65,890.45 5.27 8.54 May play a role in the pathogenesis of 
cholera, zinc ion binding, 
metalloendopeptidase activity 

[49] 

S16 A0A0H3Q382 NADP-dependent malic 
enzyme 

VCE_001208 46,111.67 5.14 7.76 Malate dehydrogenase(NAD+) activity, 
malate dehydrogenase (decarboxylating) 
(NADP+) activity, divalent metal cations 
binding, NAD binding, oxaloacetate 
decarboxylase activity 

[87] 

S24 A0A085Q5M3 Ferric uptake regulation 
protein 

fur 16,925.95 5.81 8.67 DNA binding, DNA-binding transcription 
factor activity, metal ion binding 

[69] 

S28 A0A085TEM2 Ni (II)/Co (II) -binding 
transcriptional repressor 
RcnR 

rcnR 10,406.9 6.19 10.00 DNA binding, metal ion binding, 
regulation of transcription, DNA- 
templated 

[70] 

S37 A0A0H3AG33 Oligopeptide ABC 
transporter, periplasmic 
oligopeptide-binding 
protein 

oppA 61,139.29 6.02 28.18 Transmembrane transport [47] 

S39 D7H7T9 Oligopeptide ABC 
transporter 

VCRC385_00739 61,156.32 6.14 28.18 Transmembrane transport, ATP-binding 
cassette (ABC) transporter complex 

[22] 

S40 D7H8P6 Metal-dependent 
carboxypeptidase 

VCRC385_02036 59,236.53 6.32 14.50 Metal ion binding, 
metallocarboxypeptidase activity 

[71] 

S41 A0A0H5YVG6 Sulfate ABC transporter 
substrate-binding protein 

cysP 36,920.06 6.14 17.72 ATPase-coupled sulfate transmembrane 
transporter activity sulfur compound 
binding 

[22] 

99 A0A6M4VZM5 ABC transporter ATP- 
binding protein 

GTF72_08920 36,138.74 6.04 35.80 ATP binding [64] 

110 A0A0H3AG92 Putative amino acid ABC 
transporter, periplasmic 
amino acid-binding 
protein 

VC0395_0260 26,745.09 5.05 41.15 – [64] 

217 A0A6N1TPA7 Fe3+ ABC transporter 
substrate-binding protein 

HPY13_11095 37,531.14 5.3 23.74 – [63] 

232 A0A085QL79 Oligopeptide ABC 
transporter ATP-binding 
protein 

oppF 36,482.42 8.96 16.97 ATPase activity, ATP binding, peptide 
transport 

[63] 

515 A0A0K9UZ61 Spermidine/putrescine 
ABC transporter 
membrane protein 

VC274080_022943 31,882.42 9.41 6.64 – [22] 

607 Q9KT12 Oligopeptide ABC trans 
porter, permease protein 

VC_1093 33,361.21 6.91 4.33 ATPase-coupled oligopeptide 
transmembrane transporter activity, 
oligopeptide transport 

[22] 

784 A0A655W962 High-affinity zinc uptake 
system protein ZnuA 

znuA 32,680.73 5.22 4.90 Metal ion binding, cell adhesion, zinc ion 
transport 

[83] 

882 A0A6N3ZFQ8 Amino acid ABC 
transporter permease 

D6U80_00250 44,192.68 9.36 2.24 Amino-acid transport, cell membrane, 
multi-pass membrane protein 

[63]  
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hapA genes were observed among the non-O1/O139 isolates, implying 
potential toxic traits, consistent with the results discussed as below. 

Secretory proteins allow infection to be established by invading host 
cells and/or immune systems [38]. Recently, Tavares et al. reported 38 
bacterial virulence-related proteins involved in adhesion, invasion, im-
mune evasion and resistance to cationic antimicrobial peptides in fish- 
adapted Streptococcus agalactiae strains [39]. Among these proteins, 
CpsC (Spot S6), EF-Tu (Spot S15), and GAPDH (Spot g) were also 
identified by the comparative secretomic analysis in this study. For 
example, EF-Tu (Spot S15) was secreted by V. cholerae b8–87, b11–89, 
B8–16, GIM1.449, N5–39, N8–56, N9–4, J9–62, and Q6–10 strains. It is 
a new multi-functional bacterial virulence factor and can bind to the 
surface of Streptococcus pneumonia, which helps the pathogen in com-
plement escape and likely in extracellular matrix degradation [40]. In 
this study, GAPDH (Spot g) was secreted by V. cholerae b8–87, b11–89, 
B8–16, J9–62, N5–39, N8–56, N9–4, Q6–10, and GIM1.449 strains. It 
also exists on outer surfaces of various pathogenic organisms (bacteria, 
fungi, and protozoa) and modulates host immune system to protect 
pathogens from host defense mechanisms [41]. Moreover, in this study, 
transaldolase (Spot e) was secreted by V. cholerae b8–87, b11–89, 
B8–16, J9–62, N5–39, N8–56, N9–4, Q6–10, and GIM1.449 strains. This 
protein is secreted via a non-classical secretion mechanism or a thus-far- 
uncharacterized translocation pathway, and acts as an important colo-
nization factor favoring Bifidobacterium bifidum survival in host intesti-
nal tract [42]. FLgL (Spot h), secreted by V. cholerae b8–87, b11–89, 
B8–16, J9–62, N5–39, N8–56, N9–4, Q6–10, and GIM1.449 strains, is 
very important in the adhesion and invasion of pathogens such as Cro-
nobacter malonaticus CC7 [43]. OmpU (Spot S1) was secreted by 
V. cholerae b11–89, B1–31, J9–62, L10–6, N4–21, N5–39, N6–10, 
N7–67, N8–56, N8–88, Q6–10, and GM1.449 strains. It is the most 
abundant Omp in V. cholerae and is an important virulence factor 

involved in host-cell interaction and recognition, and survival in harsh 
environments [44]. FlgE (Spot S11), secreted by V. cholerae b8–87, 
b9–50, b10–49, b11–89, B8–16, J9–62, L10–6, N4–21, N5–39, N6–10, 
N7–67, N8–56, N8–88, N9–4, and Q6–10 strains, is one of secretion 
substrates of T3SS and contributes to the pathogenesis of Prototheca 
aeruginosa [45]. PykE (Spot S35) secreted by V. cholerae N7–67, Q6–10, 
and GIM1.449 is a chief target gene of Vibrio virulence regulatory RNA 1 
(Vvrr1) involved in virulence regulation. The adhesion ability, biofilm 
formation and virulence were significantly reduced in the Vvrr1- 
overexpressing and the pykF-silenced Vibrio alginolyticus [46]. Oligo-
peptide ABC transporter (Spot S37), secreted by V. cholerae b8–87, 
b11–89, B8–16, J9–62, N3–6, N8–56, N9–4, Q6–10, and GM1.449 
strains, is involved in transport of various nutrients such as oligopeptide- 
binding protein 5 (OppA5). OppA5 is very important for production of 
outer surface protein C (OspC), which is a major virulence factor of 
pathogenic Borrelia burgdorferi [47]. 

Formation of biofilms is closely linked to pathogenesis and envi-
ronmental survival of V. cholerae. Fong et al. investigated V. cholerae 
biofilm matrix by proteomic analysis [48], and identified 74 proteins 
with predicted extra cytoplasmic localization, including biofilm matrix 
proteins (RbmA and RbmC), several Omps, periplasmic proteins, 
flagellar proteins, MSHA pili proteins, enzymes HapA and chitinase 
ChiA-2, and HlyA [48]. Among these, 9 proteins were also identified 
from secretomic profiles of the V. cholerae isolates in this study, 
including OmpU (Spot S1), periplasmic protein (Spots S8, S17, S37, and 
S45), flagellin (Spots h, j, and S11), and HapA (Spot S13). For example, 
HapA (Spot 13), secreted by V. cholerae b8–87, b10–49, N5–39, N8–88, 
Q10–54, and GIM1.449 strains, is also produced by non-O1/O139 
strains and transported by T2SS in V. cholerae [49]. It has potentially 
pathogenic activities including the covalent modification of other 
toxins, degradation of host protective mucus barrier, and disruption of 

Fig. 3. GO functional classification of common intracellular proteins identified from the proteomes of 20 V. cholerae strains.  
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intestinal tight junctions [50]. Flagellin (Spot j), secreted by V. cholerae 
b8–87, b11–89, B8–16, J9–62, N5–39, N8–56, N9–4, Q6–10, and 
GIM1.449 strains, is a subunit protein of flagellum that contributes to 
bacterial adhesion and invasion of host cells [51]. 

In this study, comparative proteomic analysis also revealed 22 
intracellular proteins related to bacterial pathogenesis. For example, the 
translating GTPase TypA (No. 132), expressed by V. cholerae J9–62, acts 
as a global stress and virulence regulator in pathogenic Mycobacterium 
tuberculosis [52]. Su et al. reported that mutants in the carA gene 
encoding small chain of carbamoyl phosphate synthase completely 
abolished toxin production and toxicity in pathogenic Staphylococcus 
aureus [53]. This gene (No. 227) was expressed by V. cholerae b8–87, 
b9–50, b10–49, J9–62, GIM1.449, L10–6, N4–21, N5–39, N8–88, and 
Q6–10 strains in this study. HPr (No. 271), expressed by V. cholerae 
b9–50, b10–49, B1–31, B8–16, J9–62, GIM1.449, L10–6, N4–21, N5–39, 
N6–10, N8–56, N9–4, and Q6–10 strains, plays a central role in PTS 
during pathogenic Neisseria meningitidis infection. It is necessary for 
bacterial virulence and plays a pleiotropic role in host-bacteria inter-
action most likely through the innate immune response [54]. ProQ (No. 
272), expressed by V. cholerae b3–1, b8–87, b9–50, B8–16, J9–62, N3–6, 
N4–21, N5–39, N6–10, N8–56, N8–88, and N9–4 strains, can target 
hundreds of transcripts and impacts virulence gene expression in Sal-
monella enterica serovar typhimurium [55]. The hemolysin (No. 540), 
expressed by V. cholerae b3–1, b10–49, B8–16, J9–62, GIM1.449, L10–6, 
N3–6, N6–10, N8–56 and Q10–6 strains, is considered as the major 
protein toxin secreted by V. parahaemolyticus [56]. In this study, 
V. cholerae b3–1, J9–62, N5–39, and N7–67 isolates produced RfaH (No. 
698), which is a transcription regulator of the universally conserved 
NusG/Spt5 (regulator) family. This regulator utilizes a unique mode of 
recruitment to elongating RNA polymerase to activate virulence genes in 
E. coli [57]. Endonuclease YbeY (No. 734), expressed by V. cholerae 
B1–31, J9–62, and L10–6 isolates, is required for rRNA processing and 

bacterial virulence in a murine acute pneumonia model by Pseudomonas 
aeruginosa [58]. In P. aeruginosa, 3′,5′-cyclic adenosine phosphodies-
terase is a signaling molecule required for coordinated regulation of 
virulence factors associated with acute infections, which binds to and 
activates, virulence factor regulator (Vfr) that controls the transcription 
of many virulence factors, including Type IV pili, T3SS, T2SS, flagellar- 
mediated motility, and quorum sensing systems [59]. In this study, the 
3′,5′-cyclic adenosine phosphodiesterase (No. 585) was expressed by 
V. cholerae b8–87, B1–31, J9–62, GIM1.449, L10–6, N3–6, N5–39, 
N6–10, N8–56, and Q10–54 isolates. 

Antimicrobials agents such as tetracycline, fluoroquinolones and 
azithromycin can effectively prevent and control the spread of cholera 
[60]. Nevertheless, the overuse and misuse of antimicrobial agents 
result in antibiotic resistant V. cholerae. For example, Morita et al. 
analyzed non O1/O139 V. cholerae strains (n = 25) isolated in Kolkata, 
and found that 10 of the strains were resistant to quinolone and 6 to 
more than three antibiotics [61]. Iramiot et al. reported that all 
V. cholerae O1 strains (n = 69) isolated from 71 clinical samples in 
Kasese district of Uganda were resistant to ampicillin and gentamicin, 
and half to trimethoprim/sulfamethoxazole [62]. In this study, high 
incidence of MDR phenotypes was observed in the V. cholerae isolates 
originating from 16 species of consumable aquatic animals, consistent 
with the previous reports [23,24]. 

Pathogenic bacteria with MDR phenotypes greatly threaten human 
health [63]. One common resistance mechanism is to actively pump 
drugs from cells by ATP-binding cassette (ABC) transporters [64]. In this 
study, comparative secretomic and proteomics analyses revealed many 
ABC transporters in the V. cholerae isolates associated with their resis-
tance phenotypes. For instance, ABC transporter-ATP binding protein 
(No. 99) were expressed by most of the isolates, except the V. cholerae 
b9–10, L10–6, and Q10–54 isolates; V. cholerae b9–50, B1–31, J9–62 
and N5–39 isolates expressed Fe3+ ABC transporter substrate binding 

Fig. 4. GO functional classification of differential intracellular proteins identified from the proteomes of 20 V. cholerae strains.  
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protein (No. 217); V. cholerae J9–62, L10–6, N4–21, Q10–6 and Q10–54 
isolates expressed sub spermine/ornithine ABC transporter (No. 515); 
V. cholerae J9–62 isolate expressed oligopeptide ABC transporter ATP 
binding protein (No. 232) and amino acid ABC transporter permease 
(No. 882). Meanwhile, oligopeptide ABC transporter-permease protein 
(No. 607) was secreted by V. cholerae b10–49, and J9–62 isolates, while 
amino acid ABC transporter-periplasmic amino acid binding protein 
(No. 110) was secreted by V. cholerae B8–16, and J9–62 isolates. Bac-
teria can also obtain resistance via efflux or ribosome protection 
mechanisms [64]. Additionally, in this study, β-lactamase (Spot m), 
secreted by V. cholerae b9–50, b10–49, B1–31, L10–6, N3–6, N4–21, 
N6–10, N7–67, N8–88, and Q10–54 isolates, is loaded by T3SS and 
catalyzes the hydrolysis of the β-lactam via a serine-bound acyl inter-
mediate [65]. An accumulation of drug resistance genes through the 
mechanisms gives rise to MDR bacteria [66]. 

In addition, coselection or coexistence of certain antibiotic and 
heavy metal tolerance genes may be beneficial to bacteria for increasing 
fitness in various environments [67]. For example, high-affinity zinc 
uptake system protein ZnuA (No. 784), expressed by V. cholerae b9–50, 
B8–16, J9–62, N3–6, N6–10, N8–88, N9–4, and Q10–54 strains, is 
involved in the ZnuABC transport system. DPS family protein (No. 521), 
expressed by V. cholerae J9–62 strain, plays a vital role in V. cholerae 
stress resistance and pathogenesis. Deletion of the dps gene impaired 
V. cholerae resistance to both inorganic and organic hydroperoxides 
[68]. Comparative secretomics analysis of the V. cholerae strains also 
revealed some extracellular proteins associated with metal tolerance. 
For example, HapA (Spot S13), secreted by V. cholerae b8–87, b10–49, 
N5–39, N8–88, Q10–54，and GIM1.449 strains, can bind one zinc ion, 
while NADP-dependent malic enzyme (Spot S16), secreted by V. cholerae 
b9–50, b11–89, B1–31, B8–16, J9–62, L10–6, N3–6, N4–21, N5–39, 
N6–10, N7–67, N8–56, and N8–88 strains, can bind to divalent metal 
cation. The ferric uptake regulation protein (Spot S24), secreted by 
V. cholerae b8–87 and GIM1.449 strains, is a master regulator of iron 
metabolism in Gram-negative bacteria [69]. Ni2+/Co2+-binding tran-
scriptional repressor RcnR (Spot S28), secreted by V. cholerae b11–89, 
B8–16, Q10–54, and GIM1.449 strains, inhibits the expression of export 
proteins RcnAB upon binding Ni2+ or Co2+ in E. coli [70]. Metal- 
dependent carboxypeptidase (Spot S40), secreted by V. cholerae 
b8–87, b11–89, Q6–10, binds one zinc ion per subunit and is an 
attractive target for the development of inhibitors against Gram- 
negative pathogens [71]. Taken together, these identified proteins 
may serve as an explanation for the observed coresistance phenotypes of 
the V. cholerae isolates recovered from the commonly consumed aquatic 
animals. 

5. Conclusions 

This study for the first time investigated proteomes and secretomes 
of non-O1/O139 V. cholerae originating from aquatic animals. None of 
the V. cholerae isolates carried the major toxin genes ctxAB, tcpA, ace or 
zot. However, high occurrences of virulence-associated genes was found 
among the non O1/O139 isolates, including rtxABCD) (90.5.0–100.0%), 
hlyA (95.2%), tlh (90.5%), and hapA (100.0%). Approximately 76.2% of 
the isolates displayed MDR phenotypes. Meanwhile, tolerance of the 
isolates to heavy metals Zn2+ (47.6%), Ni2+ (42.9%), Cu2+/Hg2+

(28.6%), and Pb2+ (23.8%) was observed. The ERIC-PCR-based genome 
fingerprinting of the V. cholerae isolates revealed 20 ERIC-genotypes, 
which indicated genetic variation among the isolates, which was 
confirmed by phylogenetic analysis on the basis of draft genome se-
quences. Secretomes and proteomes of 20 V. cholerae strains with 
distinct genotypes and phenotypes were determined by 2D-GE and LC- 
MS/MS techniques. Comparative secretomic analysis revealed 4 com-
mon and 45 differential extracellular proteins, including 13 virulence- 
and 8 resistance-associated proteins. A total of 21,972 intracellular 
proteins were identified, and comparative proteomic analysis revealed 
215 common and 913 differential intracellular proteins among the 

V. cholerae strains, including 22 virulence- and 8 resistance-associated 
proteins. Additionally, distinct secretomic and proteomic profiles were 
found between V. cholerae isolates of fish and shellfish origins. A number 
of novel proteins and strain-specific proteins were discovered from the 
V. cholerae isolates. It will be interesting to further investigate these 
proteins via cell and/or animal mode in future research. Overall, the 
results of this study fill gaps for better understanding of pathogenesis 
and resistance of V. cholerae, but also support the increasing need for 
novel diagnosis and vaccine targets against the leading waterborne 
pathogen worldwide. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jprot.2021.104408. 
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