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In our previous study, several iron-related outer membrane proteins in Aeromonas

hydrophila, a serious pathogen of farmed fish, conferred high immunoprotectivity to

fish, and were proposed as potential vaccine candidates. However, the protective

efficacy of these extracellular proteins against A. hydrophila remains largely unknown.

Here, we identified secreted proteins that were differentially expressed in A. hydrophila

LP-2 in response to iron starvation using an iTRAQ-based quantitative proteomics

method. We identified 341 proteins, of which 9 were upregulated in response to iron

starvation and 24 were downregulated. Many of the differently expressed proteins

were associated with protease activity. We confirmed our proteomics results with

Western blotting and qPCR. We constructed three mutants by knocking out three genes

encoding differentially expressed proteins (1orf01830, 1orf01609, and 1orf03641). The

physiological characteristics of these mutants were investigated. In all these mutant

strains, protease activity decreased, and 1orf01609, and 1orf01830were less virulent in

zebrafish. This indicated that the proteins encoded by these genes may play important

roles in bacterial infection. We next evaluated the immune response provoked by the

six iron-related recombinant proteins (ORF01609, ORF01830, ORF01839, ORF02943,

ORF03355, and ORF03641) in zebrafish as well as the immunization efficacy of these

proteins. Immunization with these proteins significantly increased the zebrafish immune

response. In addition, the relative percent survival (RPS) of the immunized zebrafish

was 50–80% when challenged with three virulent A. hydrophila strains, respectively.

Thus, these extracellular secreted proteins might be effective vaccine candidates against

A. hydrophila infection in fish.
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INTRODUCTION

The bacterial species Aeromonas hydrophila is an important
pathogen of freshwater fish, causing major disease outbreaks and
resulting in severe economic losses for the aquaculture industry
every year (1). A antibiotics help to control this pathogen
and prevent fish disease, but the frequent use of antibiotics
might contaminate freshwater ecosystems and increase the
spread of antibiotic-resistant bacterial strains (2). It is therefore
critical to develop effective immunoprotective vaccines against
A. hydrophila. It has been suggested that, in carp, mice, and
channel catfish, effective vaccine candidates againstA. hydrophila
include DNA and Lipopolysaccharide (LPS) as well as outer
membrane, extracellular, and S-layer proteins (3). Much recent
research has focused on the immuoprotective properties of
extracellular proteins, as these typically affect bacterial virulence

(4). For example, in A. hydrophila, haemolysin and aerolysin
are extracellular proteins that are well-known virulence factors
(5). The immunization of catfish with these recombinant
proteins significantly increased the relative percent survival
(RPS), as compared to unimmunized catfish (6). In addition,
two recombinant extracellular proteases (epr2 and epr3) of
the A. hydrophila strain J-1 conferred significant protection
against infection to Parabramis pekinensis (7). Therefore, the

extracellular proteins of A. hydrophila might be good potential
candidates for vaccine development.

As high-throughput technology has advanced, proteomics

have been frequently used to identify novel antigens for
the development of new vaccines (8–10). However, the
immuoprotective properties of only a few extracellular or
secreted proteins have been characterized to date. This may be
in part because many secreted proteins are rare under normal
culture conditions (11). This rarity represents a bottleneck for
proteome research, despite the current development of highly
sensitive mass spectrometry (MS). Thus, it is important to
understand the proteomics profiles of the proteins secreted by
A. hydrophila, which are closer to the natural state of host-
pathogen interaction.

Elemental iron is abundant on earth, but ferrous iron, which
is necessary for living things, is scarce because of Earth’s oxygen-
rich atmosphere. Host organisms may limit the ferrous iron
concentration in the microenvironment using ferritin, so as to
inhibit bacterial growth (12). However, bacteria respond to iron
starvation by increasing the iron uptake of their outer membrane
proteins (OMPs) or by secreting extracellular proteins to increase
virulence and invasion speed (13). Previously, we compared the
differential expression of OMPs in response to iron starvation,
and identified several OMPs as potential vaccine candidates
(14). However, the proteomics profiles of extracellular proteins
under iron starvation, and their potential utility in vaccine
development, remain largely unclear.

In this study, we compared the expression of extracellular
proteins in A. hydrophila grown in iron-starved and normal
conditions to identify secreted proteins associated with iron-
limited environments. After validating the expression of several
selected proteins with qPCR andWestern blotting, we vaccinated
zebrafish with the recombinant candidate proteins, and observed

the immune response provoked and the protective efficacy of
these proteins. The virulence of several candidate proteins was
evaluated by knocking out the encoding genes. Using these
techniques, we identified several novel extracellular proteins that
may be virulence effectors with a high protective efficacy, making
these proteins potential candidates for vaccine development
against A. hydrophila infection.

METHODS AND MATERIALS

Bacterial Strains and Sample Preparation
The bacterial strain used in this study, A. hydrophila LP-2,
is a virulent strain that was isolated from a diseased silver
carp and was maintained in our laboratory. A. hydrophila YT-
1 and LP-3 were isolated from diseased European eel (Anguilla
anguilla), which were kindly provided by Prof. Hui Gong
from Fujian Academy of Agricultural Sciences (Fuzhou, China)
and Dr. Huanying Pang from Guangdong Ocean University
(Zhanjiang, China), respectively. A. hydrophila ATCC 7966,
Vibrio alginolyticus ATCC 33787, Edwardsiella trada ATCC
15947Vibrio parahaemolyticus ATCC 17802, Vibrio fluvialis VL
5125and Edwardsiella trada EIB202 were kept in our laboratory.
The 50% lethal dose (LD50) of A. hydrophila LP-2, LP-3 and YT-
1 in zebrafish were 8.1 × 103, 6.5 × 106, and 1.2 × 107 cells,
respectively, suggesting that these strains are virulent.

To isolate extracellular proteins, A. hydrophila LP-2 was
streaked for isolation on Luria-Bertani (LB) agar medium and
incubated overnight at 30◦C, as previously described (15). One
colony was transferred to 5mL fresh LB medium overnight, and
then diluted 1:100 in 100mL LB with or without 150µM 2,2′-
dipyridyl (DIP). The resulting mixtures were incubated at 30◦C
with shaking at 200 rpm for about 5 h (until OD at 600 nm was
∼1.5). Samples were collected by centrifugation at 4500 × g
for 20min at 4◦C, and each supernatant was passed through a
0.45-µm filter membrane and then a 0.22-µm filter membrane
to remove all of the bacterial cells. We then added 8% (v/v)
ice-cold trichloroacetic acid to all of the filtered supernatants
and incubated the resulting mixtures at 4◦C overnight. After
centrifugation at 11,000 × g for 40min at 4◦C, the resultant
pellet was washed with pre-cooled acetone three times. Pellets
were dissolved in 8M urea, and protein concentrations were
determined by the Bradford method. Dissolved pellets were
stored at−80◦C.

Protein Identification Using iTRAQ
Labeling and LC-MS/MS
Protein digestion and iTRAQ labeling were performed as
previously described (16). The iTRAQ labeling scheme was as
follows: the two untreated biological repeats (controls) were
labeled 113 and 117, and the two biological repeats treated
with 150µM DIP were labeled 114 and 118. Labeled peptides
were quantified with an AB Sciex TripleTOF 5,600 mass
spectrometer (AB SCIEX; Concord, ON, Canada) equipped with
a NanoAcquity UPLC system (Waters, Milford, MA, USA). All
of the settings were as previously described (17), except that
we used the LP-2 genome re-sequencing database produced in
our laboratory (unpublished data).Proteins matching at least two
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unique peptides, with a false discovery rate (FDR) < 1%, were
considered for further analysis. To quantify protein expression,
we compared the degree of change in the iTRAQ ratio of the
samples treated with DIP to that of the untreated controls.
If the fold change as compared to the controls was >1.5 or
<0.667 (a fold change of ±1.5), and the p < 0.05 for both
biological replicates, these proteins were deemed significantly
differentially expressed.

Bioinformatics Analysis
We investigated the gene ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) of the differentially expressed
proteins using the online omicsbean resource (http://www.
omicsbean.cn/) (18). The generated histogram and volcano plots
were analyzed in R software version 3.4.0.

Purification of Recombinant Proteins
Six genes (orf01609, orf01830, orf01839, orf02943, orf03355, and
orf03641) were cloned into the pET-32a plasmid and transformed
into Escherichia coli BL21(DE3), using the primer sequences
listed in Supplementary Table 1. The recombinant proteins were
purified as previously described (19). Briefly, the recombinant
strain was incubated in 5mL LB medium overnight at 37◦C
200 rpm, transferred to 200mL LB medium supplemented 1:100
with 100µg/mL ampicillin (Amp) for 2–3 h. Next, 0.5mM
Isopropyl -β-D-thiogalactopyranoside (IPTG) was added to the
ice-cold culture for protein induction at 16◦C for about 6–8 h.
After washing with phosphate-buffered saline (PBS) three times,
bacterial pellets were resuspended in binding buffer (25mM
Na2HPO4·12H2O, 10mM NaH2PO4·2H2O, 500mM NaCl, and
5mM imidazole). The suspension was sonicated on ice for
30min, and centrifuged to remove cellular debris. Finally, the
supernatants containing the fusion proteins were purified using
affinity chromatography on a HisTrap Sepharose nickel column
(GE Healthcare, Uppsala, Sweden).

qPCR Assay
To measure the expression of genes associated with immune
response in vaccinated fish, we collected tissue samples from
zebrafish haslets (four fish per group). Tissue samples were frozen
in liquid nitrogen and then ground. RNAwas extracted from each
tissue sample using RNAiso Plus reagent (TaKaRa Bio, Tokyo,
Japan) as previously described (20). Briefly, RNA quality was first
evaluated with a NanoDrop One (Thermo Scientific, USA), and
then 1 µg RNA from each tissue sample was reverse-transcribed
into cDNA using a PrimeScript RT reagent Kit (Takara Shuzo,
Otsu, Japan). Real-time PCR was performed with the CFX96
Touch Deep Well Real-Time PCR Detection System (Bio-Rad,
USA) using SYBR Premix Ex Taq II Kits (Takara Shuzo, Otsu,
Japan), following the manufacturer’s instructions. The β-actin
gene was used as the internal control.

To validate gene expression under iron-limited conditions,
total RNAwas extracted fromA. hydrophila LP-2 cells grownwith
and without 150µMDIP. qPCR assays were performed as above,
using the 16S rRNA gene as the internal control. All the qPCR
primers used in this study are listed in Supplementary Table 2.

Three independent biological repeats were performed for DIP
each experiment.

Western Blotting
The recombinant proteins were purified, and injected into mice
to produce specific polyclonal antibodies. Western blotting was
then performed as previously described (21). Briefly, a 12%
SDS-PAGE was performed to separate the extracellular proteins
grown with or without 150mM DIP. After electrophoresis,
proteins were transferred to polyvinylidene fluoride (PVDF)
membranes in transfer buffer with a Trans-Blot Turbo Transfer
System (Bio-Rad, Hercules, CA, USA). Membranes were blocked
with PBST containing 5% (w/v) non-fat milk for 1 h, and
then incubated with diluted mouse antiserum as the primary
antibody. After being washed three times with PBST, membranes
were incubated with horseradish peroxidase conjugated goat
anti-mouse antibody (1:4,000) as the secondary antibody. The
immune-stained proteins were detected using Clarity Western
ECL Substrate (Bio-Rad) and visualized with Image Lab software
(Bio-Rad) on the ChemiDoc MP imaging system (Bio-Rad,
Hercules, CA). Finally, PVDF membranes were stained with
Coomassie R-350 to verify that the loading amounts were equal.

Construction of Deletion Mutants
We constructed deletion mutants by deleting three of the
six genes of interest (orf01609, orf01830, and orf03641) as
previously described (22). Briefly, we amplified the sequence
fragments (∼500 base pairs (bp) length) flanking each target
gene ORF in A. hydrophila LP-2, using the primers listed
in Supplementary Table 3. The resulting PCR products
were ligated into the suicide vector pRE112 (Cmr). The
reconstruction plasmids were transformed into E. coli MC1061
λpir competent cells and screened on LB agar containing
30µg/ml chloramphenicol (Cm). Positive plasmids were
transformed into E. coli S17-1 λpir competent cells and
introduced into A. hydrophila LP-2 via bacterial conjugation.
Single crossover mutants were screened on LB agar containing
100µg/ml ampicillin and 30µg/ml Cm for the first homologous
recombination. Positive colonies were transferred into 1ml fresh
LB incubated overnight and then cultured on 20% sucrose LB
ager plates for the second homologous recombination. Finally,
deletion mutants were verified using PCR and sequencing using
primers P7 and P8 (Supplementary Table 1).

Characterization of Mutant Strains
The phenotypes of the mutant strains were characterized by
hemolytic activity, extracellular protease (ECPase) activity, and
biofilm formation. Hemolytic and ECPase activity were assayed
as previously described (23, 24). Biofilm formation was measured
using crystal violet staining (25).

Bacterial Challenge of Mutant Strains
Zebrafish were purchased from the Fuzhou Flower, Bird &
Fish Market (Fuzhou, China) and challenged by widetype and
mutant strains of A. hydrophila as previously described (26).
Briefly, sixteen zebrafish per treatment group were injected
intraperitoneally with 10 µL A. hydrophila LP-2 (WT) or with
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10 µL A. hydrophila mutants at a density of 103-105 CFU/ml
PBS. Negative control zebrafish were injected with 10 µL sterile
PBS. Challenged fish were monitored for 14 days, and LD50
values were calculated using the statistical approach of Reed and
Muench (27). For the livability investigation of mutant strains,
the zebrafish were intraperitoneally injected with 10 µl 2.0× 104

cfu/ml mutants, and observed for 14 days as previously described
with modification (26). The kidneys of dead fish were collected
and were homogenized in 1ml PBS. The homogenates were
serially diluted and plated onto RS plates (Hope Bio Co.,Ltd.,
Qingdao, China) and incubated at 30◦C for 16 h. Finally, the
positive colonies were verified by PCR and sequencing.

Vaccination
Zebrafish were randomly divided into 7 groups with 20 fish per
group, as previously described with some modifications (28).
In brief, about 3 µg purified fusion protein emulsified with
incomplete Freund’s adjuvant (IFA) was administered to each fish
via intraperitoneal injection. Negative control fish were injected
with an equal amount of bovine serum albumin (BSA) which
emulsified with IFA. After 28 days injection, fish in each group
were challenged with 1.6× 105 CFU/ml A. hydrophila LP-2 in 10
µL sterile PBS, delivered via intraperitoneal injection. This dose
was 20-fold greater than the LD50 of A. hydrophila LP-2. All of
the fish were observed for 14 days, and cumulative mortality and
clinical signs were recorded daily. The experiment was repeated
three times independently.

RESULTS

Identification of Differentially Expressed
Proteins in Response to Iron Starvation
Using iTRAQ Technology Coupled With MS
Extracellular proteins differentially expressed in A. hydrophila
LP-2 grown with or without DIP treatment were isolated and
separated using SDS-PAGE (Figure 1A). We observed that
the different treatments resulted in different bands, which
indicated that the extracellular proteins might be involved in
iron homeostasis. However, the specific proteins could not be
identified due to the low resolution of SDS-PAGE. Thus, we
used iTRAQ labeling coupled with MS proteomics to quantify
the differences in extracellular protein expression. We identified
341 differentially expressed proteins (Supplementary Table 4),
with a substantial conservative threshold (confidence level ≥
95%). Most of the ratios of these comparison were normally
distributed (log2 scale range: ±1) across both biological
duplicates (Figure 1B). Under iron-limited conditions, nine
proteins were significantly upregulated and 24 proteins were
significantly downregulated (p < 0.05), with a minimum ±

1.5-fold change in expression as compared to controls (Table 1
and Figure 1C). Subcellular localization prediction indicated that
most of the 341 differentially expressed proteins were located
in the cytoplasm, the inner membrane, and the periplasm
(Figure 1D). Moreover, we found the extracellular proteins
proportion increased almost 3-folds from 11.5 to 29.2% in
33 altered proteins than total identified proteins components,

which suggest the important role of secreted protein in iron
starvation condition.

Functional Classification and Annotation of
Differentially Expressed Proteins
To investigate the functional characteristics of the proteins
differentially expressed in A. hydrophila LP-2 starved of iron,
we clustered these proteins by GO using the homologous
A. hydrophila ATCC 7966 genome database. Most proteins
were enriched in biological processes, molecular functions, and
KEGG pathways (Figure 2). In general, under iron-starvation,
upregulated proteins were enriched in fewer GO clusters than
downregulated proteins. Proteolysis, regulation of nucleic
acid-template transcription, and RNA biosynthesis regulation
were the three biological process most enriched in upregulated
proteins, while carbohydrate metabolism, amino sugar metabolic
processes, and macromolecule catabolic processes were the
biological processes most enriched in downregulated proteins
(Figures 2A,B). The molecular function analysis indicated
that the upregulated proteins were related to the activity of
several different proteases, including aldehydelyase, peptidase,
S-methyltransferase, and ATPase coupled molybdate. In
contrast, the downregulated proteins were involved in processes
including carbohydrate binding, hydrolase activity, and chitinase
activity (Figures 2C,D). The KEGG pathways most enriched in
upregulated proteins included the pentose phosphate pathway
and the ATP-binding cassette (ABC) transporters, while the
KEGG pathways most enriched in downregulated proteins
included metabolic pathways, glyceroloid metabolism, and
D-alanine metabolism (Figures 2E,F).

Predicted Protein-Protein Interactions
(PPIs) Among Extracellular Proteins in
Response to Iron Starvation
We analyzed the PPIs of the proteins differentially expressed
in response to iron starvation in A. hydrophila LP-2 based
on the homologous A. hydrophila ATCC 7966 genomic
database. The PPI network we constructed included nine genes
encoding down-regulated proteins (orf03029, orf02395, orf03889,
orf02296, orf03869, orf04406, orf03984, orf03511, and orf03513)
and two genes encoding up-regulated proteins (orf01609 and
orf03641) (Figure 3). Interestingly, orf03984 and orf03641 were
important nodes (hubs): orf03984 interacted with seven other
differentially expressed protein, and orf03641 interacted with
eight other differentially expressed proteins. Some periplasmic
and outer cell membrane proteins were also included in our
PPI network: two upregulated (orf04443(hgpB) and orf01839)
and four downregulated [orf02720, orf01386, orf00322, and
orf01538(ppiB)]. Our results suggested that secreted proteins
have many biological functions and are involved in complex
protein-protein interactions during iron homeostasis.

Validation of the Proteomics Results in
Protein Level
We validated our proteomics data at the protein level using
western blots. First, we cloned six genes (orf01609, orf01830,
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FIGURE 1 | Characteristics of Aeromonas hydrophila LP-2 grown in iron-limited conditions. (A) Coomassie brilliant blue(CBB) stained SDS-PAGE of extracelluar

protein fractions from A. hydrophila treated with 150µM DIP. Lane M, molecular mass standards. (B) The frequency distribution of protein iTRAQ log2 ratios between

the two biological replicates. (C) Volcano plot comparing the extracellular proteomics of A. hydrophila grown in iron-limited conditions and A. hydrophila grown in

normal conditions. Solid lines indicate statistically significant differences in protein expression (iTRAQ ratio >1.5 or <0.66 and p < 0.05 for both biological replicates).

Upregulated proteins are indicated by red circles; downregulated proteins are indicated by green circles; and unaltered proteins are indicated by black circles.

(D) Subcellular locations predicted for all identified proteins and for all differentially expressed proteins.

orf01839, orf02943, orf03355, and orf03641), all of which
encode proteins that were upregulated under iron limiting
conditions based on our proteomics analysis. These genes
were overexpressed to produce purified recombinant proteins
(Figures 4A,B). Recombinant plasmids were further validated
using restriction enzymes (Figure 4C), to ensure that the correct
recombinations had been constructed.

Mice were immunized with the purified recombinant
proteins via subcutaneous injection to obtain specific polyclone
antibodies. Western blotting was performed to validate our
proteomics analysis. The six selected proteins were significantly
upregulated in groups treated with DIP as compared to the

control group (Figure 5A), especially ORF01830, ORF01839, and
ORF02943. These three proteins were undetectable in the control
group, but sharply upregulated under iron limited conditions.
These results indicated that our proteomics results were reliable.
Our results also suggested that these iron-related extracellular
proteins might play a role in bacterial virulence, and might be
potential vaccine candidates.

Validation of the Proteomics Results at the
mRNA Level
To further confirm our proteomics results, we used qPCR
to measure the expression levels of selected genes indicated
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FIGURE 2 | Gene Ontology (GO) of differentially expressed proteins under iron starvation. (A,C,E) Upregulated proteins associated with biological processes,

molecular functions, and KEGG pathways, respectively. (B,D,F) Downregulated proteins associated with biological processes, molecular functions, and KEGG

pathways, respectively. The p-value cutoff was set at < 0.05. Different colors represent different GO levels, from 3 to 9.

FIGURE 3 | Protein-protein interaction (PPI) networks of the extracellular

proteins differentially expressed in A. hydrophila under iron starvation

condition. The gradient color indicates iTRAQ protein ratio (on a log2 scale),

and size represents protein interaction frequency. Predicted extracellular

proteins are displayed in yellow circles.

to encode differentially expressed proteins by our proteomics
analysis. There was a high correlation (r2 = 0.717) between
mRNA and proteomics across 12 genes of interest (Figure 5B).
Except for orf00614, orf03641, and orf02793, the mRNA

expression levels of the selected genes were consistent with our
proteomics results. Although the intrinsic mechanism of the
discrepancy between transcription and protein level remains
largely unknown because of complicated regulative networks,
the difference in temporal dimensions, time regulation delay,
and protein post-translational modifications may contribute to
the difference in both levels (29). Those results indicate that the
combination of validation between protein and mRNA level will
provide clearer clues for bacterial behaviors in iron starvation.

Deletion of Genes Encoding Extracellular
Proteins and Characterization of
Physiological Function
We next investigated the biological functions of the target
proteins. Three of the six selected genes (orf01609, orf01830,
and orf03641) were successfully knocked out using traceless
methods (Figure 6). The physiological functions of these genes
included biofilm formation, protease activity, and hemolysis.
The LD50s of these knockout strains were compared with
wildtype A. hydrophila LP-2 in zebrafish (Table 2). Although
biofilm formations of mutants were unaffected, their protease
activities were significantly decreased. The hemolysis activity
had no difference in 1orf01609 and 1orf01830 when compared
to WT control, while significantly increased in 1orf03641.
Meanwhile, to better understand the role of targeted genes in
the virulence of A. hydrophila LP-2, zebrafish were injected
intraperitoneally with WT and mutant strains. Mortality was
recorded regularly for 14 days following infection. We found
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FIGURE 4 | The characteristics of overexpressed and purified recombinant proteins. (A) SDS-PAGE of overexpressed proteins in the BL21 strain. Lane 1: negative

control; Lanes 2–7: ORF01609, ORF01830, ORF01839, ORF02943, ORF03355, and ORF03641, respectively. (B) SDS-PAGE of purified proteins. Lanes 1–6: purified

ORF01609, ORF01830, ORF01839, ORF02943, ORF03355, and ORF03641, respectively. (C) Restriction enzyme identification of recombinant extracellular protein

plasmids carried by the pET-32a vector. M: DL5000 marker; Lanes 1–6: ORF01609, ORF01830, ORF01839, ORF02943, ORF03355, and ORF03641, respectively.

that the LD50s of the 1orf01609 (3.30 x 104 CFU/ml) and
1orf01830 (2.90 × 104 CFU/ml) mutants were about 4- and
2-fold greater, respectively, than that of A. hydrophila LP-
2 (0.81 × 104 CFU/ml), indicating a substantial reduction
in virulence. However, the LD50 of 1orf03641 (1.35 × 104

CFU/ml) was similar to that of A. hydrophila LP-2. Our
results therefore indicated that orf01609 and orf01830 may be
novel virulent effectors, and might play important roles in
bacterial invasions.

mRNA Expression of Immune-Related
Genes in Response to Recombinant
Proteins, as Measured by qPCR
The six iron-related recombinant proteins were injected into
zebrafish. The immune response of the zebrafish was then
evaluated using qPCR based on the transcription of eight
immune-related genes (Lyz, MHC I, MHC II, IL-1β, IL8,
IL10 IL15, and TNF-α) with BSA immunization as negative
control. After ORF02943 and ORF01609 immunization, MHC
II expression decreased slightly. And IL-1β expression was
not significantly different after ORF02943 immunization
(Figure 7), However, the expression levels of most of the
immune-related genes increased significantly (≥1.5-fold) after
immunization with the recombinant proteins. Therefore,
these recombinant proteins could stimulate the immune
response in fish, and might be good candidates for an
A. hydrophila vaccine.

Protective Efficacy of Iron-Related
Recombinant Proteins
To better understand the immunoprotective efficacy of proteins
that were upregulated during iron starvation, zebrafish were
immunized with related recombinant proteins (or with BSA,
as the control) over 28 days. Immunized zebrafish were
then challenged with the virulent A. hydrophila strain LP-
2, LP-3, and YT-1, respectively. The overall survival rates of
zebrafish immunized with BSA (control), ORF01609, ORF01830,
ORF01839, ORF02943, ORF03355, and ORF03641 were 16.7,
68.8, 62.5, 83.3, 77.1, 66,7, and 70.8%, respectively, when
challenged with A. hydrophila LP-2 (Figure 8A). The overall
survival rates of zebrafish immunized with recombinant proteins
as previously described order were 16.7, 64.6, 60.4, 75.0, 72.9,
58.3, and 66.7%, respectively, when challenged withA. hydrophila
LP-3 (Figure 8B). And the overall survival rates of zebrafish were
12.5, 60.4, 58.3, 79.2, 72.9, 70.8, and 64.6%, respectively, when
challenged with A. hydrophila YT-1 (Figure 8C).The RPS of the
fish injected with 3 µg of each recombinant protein (ORF01609,
ORF01830, ORF01839, ORF02943, ORF03355, and ORF03641)
were 63.0 ± 6.3, 55.6 ± 6.1, 80.2 ± 4.1, 73.0 ± 7.5, 60.6 ±

14.6, and 65.2 ± 5.4% in A. hydrophila LP-2 challenging for 14
days, respectively, as compared to the unimmunized control. The
RPS of the fish injected with recombinant proteins as previously
described order were 57.3 ± 6.0, 52.6 ± 2.2, 70.1 ± 6.4, 67.5
± 8.2, 50.1 ± 6.3, and 60.0 ± 5.4% in A. hydrophila LP-3
challenging for 7 days, respectively. The RPS of the fish injected
with recombinant proteins were 53.7 ± 3.6, 51.3 ± 7.4, 74.2 ±
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FIGURE 5 | Correlations between selected genes and proteins. (A) Western

blot of differentially expressed extracellular proteins in A. hydrophila LP-2 with

and without DIP treatment. Coomassie R-350 stained on PVDF membrane

was used as the loading control. (B) The correlation between mRNA

expression and proteomics in nine upregulated genes (orf00614, orf01609,

orf01830, orf01839, orf02793, orf02943, orf03355, orf03641, and orf04443),

and three downregulated genes (orf03513, orf03984, and orf04406).

3.9, 69.3 ± 6.7, 65.7 ± 5.1, and 58.4 ± 5.4% in A. hydrophila YT-
1 challenging for 7 days, respectively. Thus, RPS across all of the
groups injected with recombinant proteins was>50%, indicating
that these proteins, especially ORF01839 and ORF02943, may be
promising candidates for A. hydrophila vaccine development.

DISCUSSION

Secreted proteins play important roles in bacterial virulence
during host infection, and have been previously proposed as
potential vaccine candidates (30, 31). However, the biological
functions and protective efficacies of these proteins remain
largely unknown. In addition, iron availability is an important
environmental factor for bacterial reproduction, which is always
trace available ferrous iron in the natural environment or
in the host, may form part of an effective bacteriostatic
strategy (32). Thus, iron-regulated proteins may contribute
to bacterial virulence, and have been shown to be effective

FIGURE 6 | Confirmation of the knockout mutant strains 1orf01609,

1orf01830, and 1orf03641. M: DL5000 marker; a: The fragment of genomic

deletion mutant DNA amplified using cloning primers. b: The fragment of

genomic wild-type (LP-2) DNA amplified using cloning primers. c: The

fragment of genomic deletion mutant DNA amplified using the primer pair

P7/P8. d: The fragment of genomic wild-type (LP-2) DNA amplified using the

primer pair P7/P8.

vaccine candidates against pathogenic infection (33). Meanwhile,
component vaccines are highly specific and effective in protecting
the immune system, but often fail to protect the host well
when pathogenic microorganisms mutate (34). Moreover, due to
the large number of pathogenic bacteria components, a lot of
manpower, and resources are needed to develop new vaccines.
Thus, the protein vaccine approach is more prefer for developing
and researching new vaccines from a proteomic perspective (35).

To better understand secreted protein behavior in
A. hydrophila LP-2 in response to iron starvation; to investigate
the immune response that these proteins provoked in fish;
and to test the efficacy of these proteins as a vaccine, we
isolated the extracellular protein fraction in an iron-limited
medium (i.e., treated with DIP) and in an untreated LB medium
with the trichloroacetic acid (TCA) precipitation method
(36–38). The extracellular proteins differentially expressed
between groups were compared using iTRAQ label-based
quantitative proteomics in combination with high resolution
mass spectrometry. The proteomics analysis identified 341
proteins, 9 of which were upregulated in response to iron
starvation, and 24 of which were downregulated.

Our proteomics results also indicated that only 10–30% of
all differentially expressed proteins were extracellular proteins.
However, unavoidable contamination from highly abundant
cytoplasmic proteins might have affected the quality of the
extracellular fraction. In addition, some proteins are predicted
to be in multiple subcellular locations and might be secreted to
extracellular space. One such protein was exodeoxyribonuclease
III ORF01296, which was predicted to be located in both the
extracellular space and in the cytoplasm. Indeed, it is unknown
whether cytoplasmic proteins originate from cell lysis or are
exported by a so-far unknown mechanism (39). In bacteria,
some cytosolic proteins, such as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), ornithine carbamoyltransferase, and
α-enolase, have been reported to be secreted proteins, which
was consistent with our proteomics results (40–42). Beside these,
the secretion of bacterial outer membrane vesicles (OMVs) may
also contribute components to the extracellular fraction, which
include diverse proteins from different cellular locations (43).
Thus, it is complicated to determine the exact components
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TABLE 2 | Characteristics of the mutant strains.

Characteristics A. hydrophila LP-2 1ORF01609 1ORF01830 1ORF03641

Biofilm formationa 0.84 ± 0.06 0.84 ± 0.12 0.83 ± 0.07 0.80 ± 0.12

Activity of ECPase (A442)
b 0.34 ± 0.01 0.27 ± 0.01** 0.30 ± 0.02* 0.26 ± 0.01**

Hemolysis (%)c 4.27 ± 0.11 4.76 ± 0.19 4.01 ± 0.32 12.87 ± 0.18**

LD50 (cfu/mL)d 0.81 × 104 3.30 × 104** 2.90 × 104** 1.35 × 104

Values are the mean ± standard deviation of three independent trials. Significant differences between A. hydrophila LP-2 and each mutant strain are indicated by asterisks. *P < 0.05;

**P < 0.01.
a96-well-polypropylene plates incubated with bacteria for 48 h at 30◦C and was measured using crystal violet staining method.
bbacteria were cultured on 1.5% LB agar plates and incubated for 18 h at 30◦C, then collected using PBS. And use azocasein assay for extracellular protease.
cextracellular protease hemolytic activity was measured using defibrinated sheep blood. Culture supernatant was incubated with blood in PBS for 1 h at room temperature.
dLD50s were evaluated in healthy zebrafish with the weight of 0.32 ± 0.06 g.

FIGURE 7 | Expression of immune-related genes in zebrafish immunized with

recombinant proteins as compared to controls treated with BSA, as quantified

by qPCR. Internal organs were collected before the A. hydrophila LP-2

challenge.

of excreted proteins. We therefore focused on the biological
functions and immunoprotective efficacies of the iron-related
proteins in the extracellular fraction.

We found that various biological processes, including
carbohydrate metabolism, amino sugar metabolism, catabolic
metabolism, and chitin metabolic processes, were enriched
in the proteins downregulated in response to iron starvation.
The downregulation of these proteins might reduce iron
consumption, as these proteins use iron as a cofactor (44, 45).
We also found that some extracellular proteins associated
with chitinase metabolism, including ORF03511, ORF03513,
ORF02296, and ORF03889 (homologous to AHA_0979,
AHA_0977, AHA_2363, and AHA_0610 (chitin binding
protein), respectively, in A. hydrophila ATCC 7966) were
downregulated in response to iron starvation. Since chitin is a
polymer of N-acetylglucosamine and glucosamine residues, and
because it forms complexes with transition metal ions including
ferric iron, this observed decrease in chitinase metabolism in
response to iron starvation is reasonable (46). Proteins related
to peptidase activity, the cellular response to stress, and the
ABC transport processes were upregulated; these may improve
bacterial survival in iron-limited environments by increasing
bacterial virulence or adaptability (47).

We validated our proteomics results with Western blotting
and qPCR. Six selected genes encoding proteins differentially
expressed in response to A. hydrophila LP-2 iron starvation
(orf01609, orf01830, orf01839, orf02943, orf03355, and orf03641)
were cloned, overexpressed, and purified. Polyclonal antibodies
specific to each gene were produced by immunizing mice.
Western blots showed that these proteins were upregulated
in response to iron starvation, which is consistent with
our proteomics results. This indicated that our proteomics
results were reliable. Moreover, we analyzed the homologies
of these six proteins among twelve A. hydrophila strain
genomes and found that most of them have considerable high
identities (>80%), although the identities of ORF02943 in
several strains are slightly low (>30%, Figure S1). We also
compared the cross-immunogen reaction of these antigens
among A. hydrophila LP-2, A. hydrophila ATCC 7966, and
other popular fish pathogens such as V. alginolyticus, E.
tarda, V. parahaemolyticus, and V. fluvialis by western
blotting (Figure S2). Our results showed that many of
antibodies against candidate proteins in A. hydrophila LP-
2 cross-reacted with A. hydrophila ATCC 7966 except for
ORF02943 and ORF03355, which indicate these specific
antibodies plays role in the cross-immune protection among
A. hydrophila strains. Besides these, some antibodies against
antigens such as ORF01609, ORF01830, ORF01839, and
ORF03641 have cross-reaction with other fish pathogens.
The immunogenicity and immunoprotection properties of
these candidate proteins against A. hydrophila spp. and other
fish pathogens should be further investigated. qPCR analyses
also indicated that most of selected genes were upregulated,
suggesting a high correlation between mRNA expression
and protein expression. These results indicated that the
upregulated iron-related proteins might be involved in iron
homeostasis or bacterial virulence, and that they had potential
immuoprotective properties.

Some of the selected proteins (or their homologs) have been
suggested as potential vaccine candidates or virulent effectors.
ORF01839 (highly homologous to FecB in A. hydrophila ATCC
7966) is a periplasmic iron-binding protein that may affect
the iron (III) dicitrate transport system by mediating iron
uptake during invasive infections (48). The upregulation of
this protein in response to iron starvation, as observed here,
might increase the likelihood of bacterial survival by increasing
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FIGURE 8 | Cumulative survival rates of zebrafish after challenge with A. hydrophila. (A) Zebrafish vaccinated with six iron-related extracellular proteins (ORF01609,

ORF01830, ORF01839, ORF02943, ORF03355, and ORF03641) and a control treated with BSA were challenged with A. hydrophila LP-2 for 14 days. (B,C) Zebrafish

vaccinated with six recombinant proteins and a control treated with BSA were challenged with A. hydrophila LP-3 and YT-1 for 7 days, respectively. Mortalities were

recorded for 14 days. Data represent the mean ± SEM of n ≥ two independent replicates.
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iron uptake. ORF01839 is also homologous to the siderophore-
binding protein FhuD in Staphylococcus aureus, which belongs to
iron regulated lipoproteins (IRLPs) and was reported to involve
in the uptake of iron through siderophore (49). IRLPs may be the
dominant immunobiologically active compounds in S.aureus and
induce cytokine by Toll-like receptors (TLRs) (50). Moreover,
it was reported that FuhD2 vaccination could evoke protective
immunity against clinical S. aureus in infection mice by
producing functional antibodies to mediate opsonophagocytosis,
and has recently been described as a promising vaccine candidate
(51, 52). ORF01609 is a serine protease (homologous to Ahe2),
and was reported to be a type III secretion system virulence
effector in both A. hydrophila J-1 and in A. salmonicida (53,
54). This protein is a multifunctional enzyme and a key factor
of physiological and pathological inflammation which usually
involved in the production of pro-inflammatory cytokines and
the activation of immune cells such as macrophages (55,
56). Here, the deletion of orf01609 significantly reduced the
virulence of A. hydrophila LP-2 in zebrafish, suggesting that this
protein is also an important virulence effector in A. hydrophila.
Additionally, previous researches reported that extracellular
serine protease Esp inhibits biofilm formation of S. aureus
by cleaving autolysin (Atl)-derived murein hydrolases (57).
However, the deletion of orf01609 showed not difference in
biofilm formation in this study, which suggest this protein may
play more role on the invasion and that would helpful for the
bacterial iron uptake from host.

ORF03641 is a hemagglutinin/elastase, which acts as an
extracellular zinc-containing metalloendopeptidase. Unlikely
extracellular zinc protease in V. cholerae participates in biofilm
development, this protein may play an important role in bacterial
infection by degrading various plasma proteins in the host,
including Fe-containing proteins such as immunoglobulin and
lactoferrin, thereby increasing the iron resources available to
the pathogen (58–60). It was reported that neutrophil elastase
can subvert the immune response by cleaving Toll-like receptors
and cytokines in pneumococcal pneumonia, which indicate
ORF03641 may play similar role on the host immune response
(61). Moreover, previous research showed that immunization
with elastase peptide reduced experimental lung infections
caused by Pseudomonas aeruginosa and Burkholderia cepacia,
indicating that this protein has immunogenic properties (62).

ORF03355 is an outer membrane autotransporter that
contains a β-barrel structure according to the humongous
analysis. Autotransporters have been shown to have
immunoprotective effects against diverse pathogenic bacteria,
including Bordetella pertussis, Haemophilus ducreyi, and
Edwardsiella tarda (63–65). Previous research also showed that
an outer membrane autotransporter regulates a component of
the host inflammatory response, so that Helicobacter pylori can
fine-tune the host immune response according to the expression
of the outer membrane protein (66). That indicates ORF03355
may also play important role on the host immune response.
ORF02943 and ORF01830 are hypothetical proteins predicted to
be located either on the outer membrane or in the extracellular
space. Here, the orf01830 mutant affected the virulence of
A. hydrophila LP-2, suggesting that the encoded protein plays

a role in bacterial invasion. However, the immuoprotective
characteristics of the proteins upregulated in A. hydrophila in
response to iron starvation remain poorly understood.

To investigate the potential utility of these selected proteins
as vaccine candidates, we evaluated the immune response that
these proteins provoked in fish as well as their immunoprotective
properties. Although immunization with ORF02943 slightly
decreasedMHCII expression in zebrafish, immunization with the
recombinant proteins largely upregulated the six immune-related
genes in zebrafish, as compared to the unimmunized control.
ORF03641 immunization was particularly effective, increasing
the expression of the selected immune-related genes by 16-
to 120-fold. In current years, several researches have reported
that outer membrane proteins (OMPs) such as OmpA1, OmpC,
and Tdr in A. hydrophila affect the immune responses and
protective efficacies in fish (14, 67, 68). For example, the rOmpF-
immunized Labeo rohita showed an up-regulated expression of
a proinflammatory cytokine IL-1β and phagocytes activation
factor INF-α on day 28 challenge (69). rOmpR in Aeromonas
hydrophila, for another example, was reported to elicit immune
response genes such as lysozyme G, T cell response factors (MHC
I, MHC II), and IL-1β in L. rohita at early time points post-
immunization (70). Similar with the immune response of OMPs,
immunization with targeted proteins increased the expression
levels of several proinflammatory molecules, such as IL-1β, TNF-
α, and IL-8 as well as cytokines IL-10 in this study. Likely
outer membrane proteins, these extracellular proteins may be
recognized by the pattern recognition receptors on the host cells
(69), substantially increased the fish immune response, and their
immunoprotective characters should be further explored.

Generally, oral, injection and immersion immunization are
the three most popular immunization methods. Despite of
the disadvantages of labor-intensive and be more likely to
cause damage to fish, intraperitoneal injection immunization
is more efficient, effective, and stable. It is by far the most
effective method and is widely used in injection model for
fish challenge (26, 71). Thus, the vaccine efficacy of these
recombinant proteins was evaluated by challenging zebrafish
with virulent A. hydrophila, after intraperitoneal injection
immunization in this study. Our results showed that these
proteins may be promising vaccine candidates, as RPS ranged
from 55 to 80%. ORF02943 and ORF01839 increased RPS
substantially, to 73.0± 7.5 and 80.2± 4.1% in A. hydrophila LP-2
challenging, respectively.

We further investigated whether these recombinant proteins
eliciting high immune protection against other A. hydrophila
pathogen infection could protect zebrafish. Therefore,
recombinant proteins were used to immunize zebrafish and
then challenged with virulent A. hydrophila YT-1 and LP-3 for
7 days. Our results showed that all proteins showed significant
protection against A. hydrophila infection with considerable
RPSs in the range from 50.1 ± 6.3 to 74.2 ± 3.9%, especially
for ORF01839 and ORF02943 which RPSs were higher 65%.
That indicates these proteins have the potential cross-protective
abilities in A. hydrophila infection. In general, our results
compared the differentially expression of extracellular proteins
in iron starvation condition using proteomics method and
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provided an effective strategy for the discovery of recombinant
protein vaccine candidates. Additionally, based on the facts that
many described proteins of A. hydrophila, especially for OMPs
and extracellular proteins, have considerable protective effects
in fish, which share similar effect with the results in this study,
the current candidate proteins can be combined with them as an
effective vaccine against the bacterial pathogen A. hydrophila in
the future.

ETHICS STATEMENT

This study was approved by Fujian Agriculture and Forestry
University Animal Care and Use Committee (Certification
Number: CNFJAC0027).

AUTHOR CONTRIBUTIONS

XW and YW performed most of the experiments. ZL performed
data analyses. YF and XY helped for gene clone. WL and XL
designed all experiments. XL and FA wrote the manuscript.

FUNDING

This work was sponsored by grants from NSFC projects (Nos.
31670129 and 31470238), Program for Innovative Research Team

in Fujian Agricultural and Forestry University (No.712018009),
and the Fujian-Taiwan Joint Innovative Center for Germplasm
Resources and Cultivation of Crop (FJ 2011 Program, No.2015-
75, China). We would like to thank LetPub (www.letpub.com)
for providing linguistic assistance during the preparation of
this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00256/full#supplementary-material

Supplementary Figure 1 | Homology comparison of target proteins in different

A. hydrophila stains. The protein homology of different bacteria is expressed as

identity from 0 to 100%, and the corresponding color changes from blue to red.

Supplementary Figure 2 | Western blot for cross-immunogen reaction among

seven species of bacteria with and without DIP treatment. The protein samples

were separated with SDS-PAGE and the Western blotting was performed with

anti-ORF01609, anti-ORF01830, anti-ORF01839, anti-ORF02943,

anti-ORF03355, and ORF03641, respectively.

Supplementary Table 1 | Cloning primers sequences in this study.

Supplementary Table 2 | qPCR primers sequences in this study.

Supplementary Table 3 | Mutant construction primers sequences in this study.

Supplementary Table 4 | Identification of extracellular proteins in A. hydrophila

LP-2 with DIP treatment by iTRAQ labeling analysis.

REFERENCES

1. Janda JM, Abbott SL. The genus Aeromonas: taxonomy, pathogenicity, and

infection. Clin Microbiol Rev. (2010) 23:35–73. doi: 10.1128/CMR.00039-09

2. Zhu FJ, Yang ZY, Zhang Yl, Hu K, Fang WH. Transcriptome differences

between enrofloxacin-resistant and enrofloxacin-susceptible strains of

Aeromonas hydrophila. PLoS ONE (2017) 12:e0179549. doi: 10.1371/journal.

pone.0179549

3. Guo Z, Lin YX, Wang XY, Fu YY, Lin WX, Lin XM. The protective efficacy

of four iron-related recombinant proteins and their single-walled carbon

nanotube encapsulated counterparts against Aeromonas hydrophila infection

in zebrafish. Fish Shellfish Immunol. (2018) 82:50–9. doi: 10.1016/j.fsi.2018.08.

009

4. Zhang D, Pridgeon JW, Klesius PH. Vaccination of channel catfish with

extracellular products of Aeromonas hydrophila provides protection against

infection by the pathogen. Fish Shellfish Immunol. (2014) 36:270–5. doi: 10.

1016/j.fsi.2013.11.015

5. Rodriguez LA, Ellis AE, Nieto TP. Purification and characterisation of an

extracellular metalloprotease, serine protease and haemolysin of Aeromonas

hydrophila strain B32: all are lethal for fish. Microb Pathog. (1992) 13:17–24.

doi:10.1016/0882-4010(92)90028-M

6. Zhang D, Xu DH, Shoemaker CA. Immunization with recombinant aerolysin

and haemolysin protected channel catfish against virulent Aeromonas

hydrophila. Aquacult Res. (2017) 48:2–4. doi: 10.1111/are.12931

7. Wu L, Jiang YN, Tang Q, Lin HX, Lu CP, Yao HC. Development of an

Aeromonas hydrophila recombinant extracellular protease vaccine. Microb

Pathog. (2012) 53:183–8. doi: 10.1016/j.micpath.2012.07.007

8. Ni XD, Wang N, Liu YJ, Lu CP. Immunoproteomics of extracellular proteins

of the Aeromonas hydrophila China vaccine strain J-1 reveal a highly

immunoreactive outer membrane protein. FEMS Immunol Med Microbiol.

(2010) 58:363–73. doi: 10.1111/j.1574-695X.2009.00646.x

9. Naz A, Awan FM, Obaid A, Muhammad SA, Paracha RZ, Ahmad J, et

al. Identification of putative vaccine candidates against Helicobacter pylori

exploiting exoproteome and secretome: a reverse vaccinology based approach.

Infect Genet Evol. (2015) 32:280–91. doi: 10.1016/j.meegid.2015.03.027

10. Pang HY, Chen LM, Hoare R, Huang YC, Wu ZH, Jian JC. Identification of

DLD, by immunoproteomic analysis and evaluation as a potential vaccine

antigen against three Vibrio species in Epinephelus coioides. Vaccine (2016)

34:1225–31. doi: 10.1016/j.vaccine.2015.11.001

11. Fiester SE, Actis LA. Stress responses in the opportunistic pathogen

Acinetobacter baumannii. Future Microbiol. (2013) 8:353–65. doi: 10.2217/

fmb.12.150

12. Long A, Fehringer TR, Swain MA, LaFrentz BR, Call DR, Cain KD. Enhanced

efficacy of an attenuated Flavobacterium psychrophilum strain cultured under

iron-limited conditions. Fish Shellfish Immunol. (2013) 35:1477–82. doi: 10.

1016/j.fsi.2013.08.009

13. Mittal R, Sharma S, Chhibber S, Harjai K. Iron dictates the virulence of

Pseudomonas aeruginosa in urinary tract infections. J Biomed Sci. (2008)

15:731–41. doi: 10.1007/s11373-008-9274-7

14. Wang YQ, ChenHR, Guo Z, Sun LN, Fu YY, Li T, et al. Quantitative proteomic

analysis of iron-regulated outer membrane proteins in Aeromonas hydrophila

as potential vaccine candidates. Fish Shellfish Immunol. (2017) 68:1–9. doi: 10.

1016/j.fsi.2017.07.002

15. Yu HB, Kaur R, Lim S, Wang XH, Leung KY. Characterization of extracellular

proteins produced by Aeromonas hydrophila AH-1. Proteomics (2007) 7:436–

49. doi: 10.1002/pmic.200600396

16. Cheng ZX, Yang MJ, Peng B, Peng XX, Lin XM, Li H. The depressed central

carbon and energy metabolisms is associated to the acquisition of levofloxacin

resistance in Vibrio alginolyticus. J Proteomics (2018) 181:83–91. doi: 10.1016/

j.jprot.2018.04.002

17. Lin XM, Lin L, Yao ZJ, Li WX, Sun LN, Zhang DF, et al. An

integrated quantitative and targeted proteomics reveals fitness mechanisms

of Aeromonas hydrophila under oxytetracycline stress. J Proteome Res. (2015)

14:1515–25. doi: 10.1021/pr501188g

18. Li W, Yao ZJ, Zhang XY, Huang F, Lin WX, Lin XM. Global protein

expression profile response of planktonic Aeromonas hydrophila exposed to

Frontiers in Immunology | www.frontiersin.org 13 February 2019 | Volume 10 | Article 256

www.letpub.com
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00256/full#supplementary-material
https://doi.org/10.1128/CMR.00039-09
https://doi.org/10.1371/journal.pone.0179549
https://doi.org/10.1016/j.fsi.2018.08.009
https://doi.org/10.1016/j.fsi.2013.11.015
https://doi.org/10.1111/are.12931
https://doi.org/10.1016/j.micpath.2012.07.007
https://doi.org/10.1111/j.1574-695X.2009.00646.x
https://doi.org/10.1016/j.meegid.2015.03.027
https://doi.org/10.1016/j.vaccine.2015.11.001
https://doi.org/10.2217/fmb.12.150
https://doi.org/10.1016/j.fsi.2013.08.009
https://doi.org/10.1007/s11373-008-9274-7
https://doi.org/10.1016/j.fsi.2017.07.002
https://doi.org/10.1002/pmic.200600396
https://doi.org/10.1016/j.jprot.2018.04.002
https://doi.org/10.1021/pr501188g
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Potential Vaccine Candidates in A. hydrophila

chlortetracycline. World J Microbiol Biotechnol. (2017) 33:68. doi: 10.1007/

s11274-017-2204-y

19. Liu X, Yang MJ, Wang SN, Xu D, Li H, Peng XX. Differential antibody

responses to outer membrane proteins contribute to differential immune

protections between live and inactivated Vibrio parahemolyticus. J Proteome

Res. (2018) 17:2987–94. doi: 10.1021/acs.jproteome.8b00176

20. Yang J, Zeng ZH, Yang MJ, Cheng ZX, Peng XX, Li H. NaCl promotes

antibiotic resistance by reducing redox states in Vibrio alginolyticus. Environ

Microbiol. (2018) 20:4022–36. doi: 10.1111/1462-2920.14443

21. Su YB, Peng B, Li H, Cheng ZX, Zhang TT, Zhu JX, et al. Pyruvate cycle

increases aminoglycoside efficacy and provides respiratory energy in bacteria.

Proc Natl Acad Sci USA. (2018) 115:E1578–87. doi: 10.1073/pnas.1714645115

22. Li WX, Ali F, Cai QL, Yao ZJ, Sun LN, Lin WX, et al. Reprint of: Quantitative

proteomic analysis reveals that chemotaxis is involved in chlortetracycline

resistance of Aeromonas hydrophila. J Proteomics (2018) 180:138–46. doi: 10.

1016/j.jprot.2018.03.020

23. Zhu WH, Zhou YL, Sun DJ, Li ZW. An uPA cleavable conjugate of a

recombinant αvβ3 targeting toxin and its bioactivity. World J Microbiol

Biotechnol. (2011) 27:563–9. doi: 10.1007/s11274-010-0491-7

24. Varina M, Denkin SM, Staroscik AM, Nelson DR. Identification and

characterization of Epp, the secreted processing protease for the Vibrio

anguillarum EmpA metalloprotease. J Bacteriol. (2008) 190:6589–97. doi: 10.

1128/JB.00535-08

25. Martinez-Granero F, Navazo A, Barahona E, Redondo-Nieto M, Gonzalez de

Heredia E, Baena I, et al. Identification of flgZ as a flagellar gene encoding a

PilZ domain protein that regulates swimming motility and biofilm formation

in Pseudomonas. PLoS ONE (2014) 9:e87608. doi: 10.1371/journal.pone.

0087608

26. Pang H, Qiu M, Zhao J, Hoare R, Monaghan SJ, Song D, et al. Construction

of a Vibrio alginolyticus hopPmaJ (hop) mutant and evaluation of its potential

as a live attenuated vaccine in orange-spotted grouper (Epinephelus coioides).

Fish Shellfish Immunol. (2018) 76:93–100. doi: 10.1016/j.fsi.2018.02.012

27. Reed LJ, Muench H. A simple method of estimating fifty per cent endpoint.

Am J Epidemiol. (1938) 27:493–7. doi: 10.1093/oxfordjournals.aje.a118408

28. Peng B, Lin XP, Wang SN, Yang MJ, Peng XX, Li H. Polyvalent

protective immunogens identified from outer membrane proteins of Vibrio

parahaemolyticus and their induced innate immune response. Fish Shellfish

Immunol. (2018) 72:104–10. doi: 10.1016/j.fsi.2017.10.046

29. Muers M. Gene expression: transcriptome to proteome and back to genome.

Nat Rev Genet. (2011) 12:518. doi: 10.1038/nrg3037

30. GoudGN, Zhan B, Ghosh K, Loukas A, Hawdon J, Dobardzic A, et al. Cloning,

yeast expression, isolation, and vaccine testing of recombinant Ancylostoma-

secreted protein (ASP)-1 and ASP-2 from Ancylostoma ceylanicum. J Infect

Dis. (2004) 189:919–29. doi: 10.1086/381901

31. Li M, Song S, Yang D, Li C, Li G. Identification of secreted proteins as

novel antigenic vaccine candidates ofHaemophilus parasuis serovar 5.Vaccine

(2015) 33:1695–701. doi: 10.1016/j.vaccine.2015.02.023

32. Ganz T. Correction to: iron and infection. Int J Hematol. (2018) 107:122.

doi: 10.1007/s12185-017-2385-z

33. Alvarez Hayes J, Oviedo JM, Valdez H, Laborde JM, Maschi F, Ayala

M, et al. A recombinant iron transport protein from Bordetella pertussis

confers protection against Bordetella parapertussis.Microbiol Immunol. (2017)

61:407–15. doi: 10.1111/1348-0421.12532

34. Blake DP, Pastor-Fernandez I, Nolan MJ, Tomley FM. Recombinant

anticoccidial vaccines - a cup half full? Infect Genet Evol. (2017) 55:358–65.

doi: 10.1016/j.meegid.2017.10.009

35. Sommerset I, Krossoy B, Biering E, Frost P. Vaccines for fish in aquaculture.

Expert Rev Vaccines (2005) 4:89–101. doi: 10.1586/14760584.4.1.89

36. Rajalingam D, Loftis C, Xu JJ, Kumar TK. Trichloroacetic acid-induced

protein precipitation involves the reversible association of a stable partially

structured intermediate. Protein Sci. (2009) 18:980–93. doi: 10.1002/pro.108

37. Chevallet M, Diemer H, Van Dorssealer A, Villiers C, Rabilloud T. Toward

a better analysis of secreted proteins: the example of the myeloid cells

secretome. Proteomics (2007) 7:1757–70. doi: 10.1002/pmic.200601024

38. Ji C, Juárez-Hernández RE, Miller MJ. Exploiting bacterial iron acquisition:

siderophore conjugates. Future Med Chem. (2012) 4:297–313. doi: 10.4155/

fmc.11.191

39. Götz F, YuW, Dube L, Prax M, Ebner P. Excretion of cytosolic proteins (ECP)

in bacteria. Int J Med Microbiol. (2015) 305:230–7. doi: 10.1016/j.ijmm.2014.

12.021

40. Pancholi V, Fischetti VA. A major surface protein on group A streptococci is

a glyceraldehyde-3-phosphate-dehydrogenase with multiple binding activity.

J Exp Med. (1992) 176:415–26. doi: 10.1084/jem.176.2.415

41. Hughes MJ, Moore JC, Lane JD, Wilson R, Pribul PK, Younes ZN, et al.

Identification of major outer surface proteins of Streptococcus agalactiae.

Infect Immun. (2002) 70:1254–9. doi: 10.1128/IAI.70.3.1254-1259.2002

42. Pancholi V, Fischetti VA. Alpha-enolase, a novel strong plasmin(ogen) binding

protein on the surface of pathogenic streptococci. J Biol Chem. (1998)

273:14503–15. doi: 10.1074/jbc.273.23.14503

43. Kulp A, Kuehn MJ. Biological functions and biogenesis of secreted bacterial

outermembrane vesicles.Annu RevMicrobiol. (2010) 64:163–84. doi: 10.1146/

annurev.micro.091208.073413

44. Meibom KL, Li XB, Nielsen AT, Wu CY, Roseman S, Schoolnik GK. The

Vibrio cholerae chitin utilization program. Proc Natl Acad Sci USA. (2004)

101:2524–9. doi: 10.1073/pnas.0308707101

45. Vigani G,Morandini P,Murgia I. Searching iron sensors in plants by exploring

the link among 2’-OG-dependent dioxygenases, the iron deficiency response

and metabolic adjustments occurring under iron deficiency. Front Plant Sci.

(2013) 4:169. doi: 10.3389/fpls.2013.00169

46. Karthikeyan G, Andal NM, Anbalagan K. Adsorption studies of iron (III) on

chitin. J Chem Sci. (2005) 117:663–72. doi: 10.1007/BF02708296

47. Clarke SC, Dumesic PA, Homer CM, O’Donoghue AJ, La Greca F, Pallova

L, et al. Integrated activity and genetic profiling of secreted peptidases in

Cryptococcus neoformans reveals an aspartyl peptidase required for low pH

survival and virulence. PLoS Pathog. (2016) 12:e1006051. doi: 10.1371/journal.

ppat.1006051

48. Banerjee S, Paul S, Nguyen LT, Chu BC, Vogel HJ. FecB, a periplasmic ferric-

citrate transporter from E. coli, can bind different forms of ferric-citrate as

well as a wide variety of metal-free and metal-loaded tricarboxylic acids.

Metallomics (2016) 8:125–33. doi: 10.1039/c5mt00218d

49. Sheldon JR, Heinrichs DE. The iron-regulated staphylococcal lipoproteins.

Front Cell Infect Microbiol. (2012) 2:41. doi: 10.3389/fcimb.2012.00041

50. Hashimoto M, Tawaratsumida K, Kariya H, Kiyohara A, Suda Y, Krikae

F, et al. Not lipoteichoic acid but lipoproteins appear to be the dominant

immunobiologically active compounds in Staphylococcus aureus. J Immunol.

(2006) 177:3162–9. doi: 10.4049/jimmunol.177.5.3162

51. Mariotti P, Malito E, Biancucci M, Lo Surdo P, Mishra RP, Nardi-

Dei V, et al. Structural and functional characterization of the

Staphylococcus aureus virulence factor and vaccine candidate

FhuD2. Biochem J. (2013) 449:683–93. doi: 10.1042/BJ201

21426

52. Mishra RP, Mariotti P, Fiaschi L, Nosari S, Maccari S, Liberatori S, et al.

Staphylococcus aureus FhuD2 is involved in the early phase of staphylococcal

dissemination and generates protective immunity in mice. J Infect Dis. (2012)

206:1041–9. doi: 10.1093/infdis/jis463

53. Li J, Zhang XL, Liu YJ, Lu CP. Development of an Aeromonas hydrophila

infection model using the protozoan Tetrahymena thermophila. FEMS

Microbiol Lett. (2011) 316:160–8. doi: 10.1111/j.1574-6968.2010.02208.x

54. Vanden Bergh P, Heller M, Braga-Lagache S, Frey J. The Aeromonas

salmonicida subsp. salmonicida exoproteome: determination of the complete

repertoire of type-three secretion system effectors and identification of other

virulence factors. Proteome Sci. (2013) 11:42. doi: 10.1186/1477-5956-11-42

55. Soualmia F, El Amri C. Serine protease inhibitors to treat inflammation: a

patent review (2011–2016). Expert Opin Ther Pat. (2018) 28:93–110. doi: 10.

1080/13543776.2018.1406478

56. Rocha-Ramirez LM, Hernandez-Chinas U, Banos-Rojas D, Xicohtencatl-

Cortes J, Chavez-Berrocal ME, Rico-Rosillo G, et al. Pet serine protease

from enteroaggregative Escherichia coli stimulates the inflammatory response

activating human macrophages. BMC Microbiol. (2016) 16:158. doi: 10.1186/

s12866-016-0775-7

57. Chen C, Krishnan V, Macon K, Manne K, Narayana SV, Schneewind

O. Secreted proteases control autolysin-mediated biofilm growth of

Staphylococcus aureus. J Biol Chem. (2013) 288:29440–52. doi: 10.1074/jbc.

M113.502039

Frontiers in Immunology | www.frontiersin.org 14 February 2019 | Volume 10 | Article 256

https://doi.org/10.1007/s11274-017-2204-y
https://doi.org/10.1021/acs.jproteome.8b00176
https://doi.org/10.1111/1462-2920.14443
https://doi.org/10.1073/pnas.1714645115
https://doi.org/10.1016/j.jprot.2018.03.020
https://doi.org/10.1007/s11274-010-0491-7
https://doi.org/10.1128/JB.00535-08
https://doi.org/10.1371/journal.pone.0087608
https://doi.org/10.1016/j.fsi.2018.02.012
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1016/j.fsi.2017.10.046
https://doi.org/10.1038/nrg3037
https://doi.org/10.1086/381901
https://doi.org/10.1016/j.vaccine.2015.02.023
https://doi.org/10.1007/s12185-017-2385-z
https://doi.org/10.1111/1348-0421.12532
https://doi.org/10.1016/j.meegid.2017.10.009
https://doi.org/10.1586/14760584.4.1.89
https://doi.org/10.1002/pro.108
https://doi.org/10.1002/pmic.200601024
https://doi.org/10.4155/fmc.11.191
https://doi.org/10.1016/j.ijmm.2014.12.021
https://doi.org/10.1084/jem.176.2.415
https://doi.org/10.1128/IAI.70.3.1254-1259.2002
https://doi.org/10.1074/jbc.273.23.14503
https://doi.org/10.1146/annurev.micro.091208.073413
https://doi.org/10.1073/pnas.0308707101
https://doi.org/10.3389/fpls.2013.00169
https://doi.org/10.1007/BF02708296
https://doi.org/10.1371/journal.ppat.1006051
https://doi.org/10.1039/c5mt00218d
https://doi.org/10.3389/fcimb.2012.00041
https://doi.org/10.4049/jimmunol.177.5.3162
https://doi.org/10.1042/BJ201\penalty -\@M {}21426
https://doi.org/10.1093/infdis/jis463
https://doi.org/10.1111/j.1574-6968.2010.02208.x
https://doi.org/10.1186/1477-5956-11-42
https://doi.org/10.1080/13543776.2018.1406478
https://doi.org/10.1186/s12866-016-0775-7
https://doi.org/10.1074/jbc.M113.502039
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Potential Vaccine Candidates in A. hydrophila

58. Wretlind B, Pavlovskis OR. Pseudomonas aeruginosa elastase and its role in

pseudomonas infections. Rev Infect Dis. (1983) 5(Suppl. 5):S998–1004. doi: 10.

1093/clinids/5.Supplement_5.S998

59. Hase CC, Finkelstein RA. Comparison of the Vibrio cholerae

hemagglutinin/protease and the Pseudomonas aeruginosa elastase. Infect

Immun. (1990) 58:4011–5.

60. Benitez JA, Silva AJ. Vibrio cholerae hemagglutinin(HA)/protease: an

extracellular metalloprotease with multiple pathogenic activities. Toxicon

(2016) 115:55–62. doi: 10.1016/j.toxicon.2016.03.003

61. Domon H, Nagai K, Maekawa T, Oda M, Yonezawa D, Takeda W, et

al. Neutrophil elastase subverts the immune response by cleaving Toll-like

receptors and cytokines in Pneumococcal Pneumonia. Front Immunol. (2018)

9:732. doi: 10.3389/fimmu.2018.00732

62. Sokol PA, Kooi C, Hodges RS, Cachia P, Woods DE. Immunization

with a Pseudomonas aeruginosa elastase peptide reduces severity

of experimental lung infections due to P. aeruginosa or

Burkholderia cepacia. J Infect Dis. (2000) 181:1682–92. doi: 10.1086/

315470

63. Suzuki K, Shinzawa N, Ishigaki K, Nakamura K, Abe H, Fukui-Miyazaki A, et

al. Protective effects of in vivo-expressed autotransporters against Bordetella

pertussis infection. Microbiol Immunol. (2017) 61:371–9. doi: 10.1111/1348-

0421.12504

64. Fusco WG, Choudhary NR, Stewart SM, Alam SM, Sempowski GD, Elkins

C, et al. Defining potential vaccine targets of Haemophilus ducreyi trimeric

autotransporter adhesin DsrA. Monoclon Antib Immunodiagn Immunother.

(2015) 34:73–82. doi: 10.1089/mab.2014.0054

65. Hu YH, Zhou HZ, Jin QW, Zhang J. The serine protease autotransporter

Tsh contributes to the virulence of Edwardsiella tarda. Vet Microbiol. (2016)

189:68–74. doi: 10.1016/j.vetmic.2016.04.021

66. Sause WE, Castillo AR, Ottemann KM. The Helicobacter pylori

autotransporter ImaA (HP0289) modulates the immune response and

contributes to host colonization. Infect Immun. (2012) 80:2286–96. doi: 10.

1128/IAI.00312-12

67. Abdelhamed H, Ibrahim I, Nho SW, Banes MM, Wills RW, Karsi A, et al.

Evaluation of three recombinant outer membrane proteins, OmpA1, Tdr, and

TbpA, as potential vaccine antigens against virulent Aeromonas hydrophila

infection in channel catfish (Ictalurus punctatus). Fish Shellfish Immunol.

(2017) 66:480–6. doi: 10.1016/j.fsi.2017.05.043

68. Yadav SK, Meena JK, Sharma M, Dixit A. Recombinant outer membrane

protein C of Aeromonas hydrophila elicits mixed immune response and

generates agglutinating antibodies. Immunol Res. (2016) 64:1087–99. doi: 10.

1007/s12026-016-8807-9

69. Yadav SK, Dash P, Sahoo PK, Garg LC, Dixit A. Modulation of immune

response and protective efficacy of recombinant outer-membrane protein F

(rOmpF) of Aeromonas hydrophila in Labeo rohita. Fish Shellfish Immunol.

(2018) 80:563–72. doi: 10.1016/j.fsi.2018.06.041

70. Dash P, Sahoo PK, Gupta PK, Garg LC, Dixit A. Immune responses and

protective efficacy of recombinant outer membrane protein R (rOmpR)-based

vaccine of Aeromonas hydrophila with a modified adjuvant formulation in

rohu (Labeo rohita). Fish Shellfish Immunol. (2014) 39:512–23. doi: 10.1016/

j.fsi.2014.06.007

71. Gudding R, Van Muiswinkel WB. A history of fish vaccination: science-based

disease prevention in aquaculture. Fish Shellfish Immunol. (2013) 35:1683–8.

doi: 10.1016/j.fsi.2013.09.031

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019Wang,Wang, Ali, Li, Fu, Yang, Lin and Lin. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 15 February 2019 | Volume 10 | Article 256

https://doi.org/10.1093/clinids/5.Supplement_5.S998
https://doi.org/10.1016/j.toxicon.2016.03.003
https://doi.org/10.3389/fimmu.2018.00732
https://doi.org/10.1086/\penalty -\@M {}315470
https://doi.org/10.1111/1348-0421.12504
https://doi.org/10.1089/mab.2014.0054
https://doi.org/10.1016/j.vetmic.2016.04.021
https://doi.org/10.1128/IAI.00312-12
https://doi.org/10.1016/j.fsi.2017.05.043
https://doi.org/10.1007/s12026-016-8807-9
https://doi.org/10.1016/j.fsi.2018.06.041
https://doi.org/10.1016/j.fsi.2014.06.007
https://doi.org/10.1016/j.fsi.2013.09.031
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Comparative Extracellular Proteomics of Aeromonas hydrophila Reveals Iron-Regulated Secreted Proteins as Potential Vaccine Candidates
	Introduction
	Methods and Materials
	Bacterial Strains and Sample Preparation
	Protein Identification Using iTRAQ Labeling and LC-MS/MS
	Bioinformatics Analysis
	Purification of Recombinant Proteins
	qPCR Assay
	Western Blotting
	Construction of Deletion Mutants
	Characterization of Mutant Strains
	Bacterial Challenge of Mutant Strains
	Vaccination

	Results
	Identification of Differentially Expressed Proteins in Response to Iron Starvation Using iTRAQ Technology Coupled With MS
	Functional Classification and Annotation of Differentially Expressed Proteins
	Predicted Protein-Protein Interactions (PPIs) Among Extracellular Proteins in Response to Iron Starvation
	Validation of the Proteomics Results in Protein Level
	Validation of the Proteomics Results at the mRNA Level
	Deletion of Genes Encoding Extracellular Proteins and Characterization of Physiological Function
	mRNA Expression of Immune-Related Genes in Response to Recombinant Proteins, as Measured by qPCR
	Protective Efficacy of Iron-Related Recombinant Proteins

	Discussion
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


