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ARTICLE INFO ABSTRACT

Keywords: Fish nocardiosis is a chronic granulomatous bacterial disease and three pathogens have been reported so far,
Fish nocardiosis including Nocardia asteroids, N. seriolae and N. salmonicida. However, the absence of antigen markers is a bot-
Immunoproteomics tleneck for developing effective vaccines against fish nocardiosis. In this study, the antigenicity of whole-cell
E}‘_’I':mon antigens protein of these three pathogenic Nocardia species were profiled by immunoproteomic analysis and 7 common

immunogenic proteins were identified as follows: molecular chaperone DnaK (DnaK), molecular chaperone
GroEL (GroEL), 30 S ribosomal protein S1 (RpsA), TerD family protein (TerD), FHA domain-containing protein
(FHA), 50 S ribosomal protein L7/L12 (RplL) and PspA/IM30 family protein (PspA). Furthermore, the DNA
vaccine encoding FHA gene against fish nocardiosis was developed and its efficacy was investigated in hybrid
snakehead. The results suggested that it needed at least 7 d to transport pcDNA-FHA DNA vaccine from injected
muscle to head kidney, spleen and liver and stimulate host's immune system for later protection. In addition,
non-specific immunity paraments (serum lysozyme (LYZ), peroxidase (POD), acid phosphatase (ACP), alkaline
phosphatase (AKP) and superoxide dismutase (SOD) activities), specific antibody (IgM) titers production and
immune-related genes (MHCIa, MHCIIa, CD4, CD8a, IL-13 and TNFa) were used to evaluate the immune re-
sponse induced in pcDNA-FHA vaccinated hybrid snakehead, it proved that all these mentioned immune ac-
tivities were significantly enhanced after immunization. The results also showed hybrid snakehead vaccinated
with pcDNA-FHA had higher survival rate (79.33%) compared with the controls after challenge with N. seriolae,
indicating that the pcDNA-FHA DNA vaccine can supply immune protection against N. seriolae infection. Taken
together, this study may warrant further development of these common immunogenic proteins as the antigens
for vaccine or diagnosis and facilitate the prevention and treatment of fish nocardiosis.

DNA vaccine

1. Introduction

The genus Nocardia is Gram-positive, partially acid-fast, aerobic, cat-
alase-positive, and non-motile pathogenic bacteria, belonging to the class:
Actinobacteria, order: Actinomycetales, suborder: Corynebacteriaceae,
Family: Nocardiaceae [1]. Nocardiosis is a zoonotic bacterial disease
characterized by tissue suppuration, necrosis, or abscess formation, and it
has been reported to infect humans and animals, such as fish, horses, cats
and dogs [2]. In aquaculture, fish nocardiosis is a chronic granulomatous

disease, commonly known as nodular disease. The immunocompromised
fish are extremely susceptible to this disease through feeds, gills, and
wounds. The typical clinical signs of infected fish include skin ulcers and
numerous white nodular structures on gills, and in head kidney, trunk
kidney, spleen, liver, etc [3]. So far, three pathogenic Nocardia species
have been isolated from diseased fishes, including Nocardia asteroids, N.
seriolae (formerly known as N. kampachi) and N. salmonicida. Notably, N.
seriolae has been identified as the main pathogen of fish nocardiosis [4-6].
The infection of nocardiosis has been documented in many kinds of fish,
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including both freshwater and marine species, such as Seriola quinquer-
adiata in Japan, Channa argus in Korea, Oncorhynchus tshawytscha in
Europe and America, and Micropterus salmoides, Trachinotus ovatus, Lar-
imichthys crocea and Terapon jarbua in China [7-11]. In recent years, fish
nocardiosis has frequently reported in global aquaculture industries and its
incidence has been increasing yearly, which has caused substantial com-
mercial losses in Southeast Asia, especially China [12].

Traditionally, pharmaceutical therapy to treat fish nocardiosis in-
volves the various sensitive antibiotics, but shows only a limited efficacy
and cannot prevent reinfection [13]. In addition, the frequent use of
antibiotics promotes the spread of resistant bacteria and causes serious
problems of food safety. Therefore, a vaccination strategy is a better
choice to against fish nocardiosis. Previous studies shown that heat- and
formalin-inactivated Nocardia were found to induce high antibody titers,
but did not protect against artificial challenge of fish nocardiosis [14,15].
Furthermore, fish injected with live N. soli and N. fluminea, which are
species genetically related to N. seriolae but not pathogenic, showed some
resistance to artificial challenge with N. seriolae [16]. These observations
suggest that antigen-specific cell-mediated immunity induced by live
vaccines can play a major role in eliminating the bacteria. DNA vaccine is
effective in aquaculture, which can express antigenic protein in animal
tissues and then induce host immune response [17]. Cell-mediated im-
mune responses are also induced by DNA immunization in fish [18]. In
previous researches, DNA vaccines against viral and bacterial pathogens
in aquaculture have been extensively analyzed and achieved promising
results, and these vaccines have been shown to be effective against pa-
thogen challenges, such as infectious pancreatic necrosis virus (IPNV)
[19], infectious hematopoietic necrosis virus (IHNV) [20], Vibrio algino-
Iyticus [21], Aeromonas hydrophila [22] and Mycobacterium marium [23].
In aquaculture, a DNA vaccine against IHNV was approved for clinical
use in 2005 [24] and there was no reports about this disease outbreaks in
vaccinated populations. Recently, a DNA vaccine against fish nocardiosis
using an expression plasmid encoding Antigen 85-like (Ag85L) gene of N.
seriolae was reported by Kato et al., and it conferred protective efficacy
against N. seriolae infection in Seriola dumerili [25]. Considering the ad-
vantage of effective vaccines against fish nocardiosis, it is important to
identify common antigens of three pathogenic Nocardia species (N. ser-
iolae, N. asteroids and N. salmonicida), which could elicit a strong immune
response in fish to analysis their capability to confer protective im-
munity. Furthermore, the identification and characterization of the
common antigens will contribute to improve serological tests for de-
tecting and monitoring the infections of fish nocardiosis.

With the rapid development and improvement of proteomics tech-
nology, a field of study that aims to characterize the entire complement
of proteins expressed by a cell have been developed maturely [26].
Immunoproteomics is a frontier interdiscipline subject which combines
proteomics and immunology and it has been widely applied in various
aspects for candidate proteins screening, such as establishment of dis-
ease diagnostic markers, screening of drug targets, development of
vaccines, promoting the understanding of pathogenesis and identifica-
tion of common antigens. At present, it is a promising strategy for
controlling co-infection of parasite, bacteria or virus to development a
multivalent vaccine with common antigen of multiple homologous
pathogens. Song et al. reported 5 common immunodominant antigens
of Eimeria tenella, E. acervulina and E. maxima identified by im-
munoproteomics analysis, including elongation factor 2 (EF-2), 14-3-3
protein, ubiquitin-conjugating enzyme domain-containing protein
(UCE) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [27].
Among them, the common antigen of GAPDH and 14-3-3 induced sig-
nificant humoral and cellular immune response and provided effective
protection against both one of Eimeria specie and the three of Eimeria
species [28,29]. So far, fish nocardiosis is mainly caused by the infec-
tion of three pathogenic Nocardia species. Hence, exploring im-
munodominant antigens, especially common antigens of three patho-
genic Nocardia species, is essential for developing practical and novel
vaccine against fish nocardiosis.

Fish and Shellfish Immunology 95 (2019) 357-367

In this study, the common antigens of three pathogenic Nocardia
species (N. seriolae, N. asteroids and N. salmonicida) were identified by
immunoproteomics analysis, which could function as important can-
didates of DNA vaccines against fish nocardiosis. Besides, the DNA
vaccine encoding one of common antigen (Forkhead-associated (FHA)
domain-containing protein) was developed and the immune response
induce by the vaccine were investigated in hybrid snakehead.

2. Materials and methods
2.1. Bacterial strain, fish and ethics statement

N. seriolae strain ZJ0503 was isolated from diseased golden pom-
pano (T. ovatus) in YangJiang city, Guangdong province, China [30],
was used in the present study. Both N. asteroids (ATCC 19247) and N.
salmonicida (ATCC 27463) were supplied by China microbe preserva-
tion management committee. These nocardial species were cultured in
an optimized medium [glucose 20gL~', yeast extract 15gL™%,
K,HPO, 0.75gL™ %, CaCl, 0.2gL™! (sterilized separately), and NaCl
5¢gL~!, pH 6.5 *+ 0.2)] at 28 °C. Healthy hybrid snakeheads (Channa
argus Q X Channa maculate ') weighing 30 + 5 g were obtained from
a fish farm in Gaozhou, Guangdong Province, China. They were fed
twice daily with commercial feed and were acclimatized at 25 = 0.2°C
for 2 weeks prior to initiating experiments. Fish were anaesthetized for
handling with tricaine methanesulfonate (MS222) (Sigma, Beijing,
China) prior to injection and blood collection. All animal experimental
procedures were carried out in accordance with the Regulations for
Animal Experimentation of GuangDong Ocean University, and the an-
imal facility was based on the National Institutes of Health guide for the
care and use of Laboratory (NIH Publications No. 8023).

2.2. Preparation of whole-cell protein extracts

The whole-cell protein of N. seriolae, N. asteroids, and N. salmonicida
were respectively extracted according to Coelho et al. [31] with modifica-
tion. Briefly, the bacteria were grown on optimized medium agar plate at
28°C for 2-3d and the cells were harvested for preparation of bacterial
suspension. Aliquots of 1mL 1 x 10° CFU/mL bacterial suspension were
spun down and then was washed three times with wash buffer (Tris-HCl
0.25mol L™}, C4HgO4Mg-4H,0 2.5 mmol LY. The cells were resuspended
in 500 pL phosphate buffer saline (PBS) with lysozyme (1 mgmL ™) and
incubations were carried out for 2 h at 37 °C to digest cell wall, washed three
times with wash buffer. Subsequently, the cells were spun down and re-
suspended in 500pL lysis buffer (Ureophil 7.0molL ™!, Thiourea
2.0mol L™, Chaps 65mmolL "}, DTT 65mmolL"}, PMFS 10 pgmL_1
(added just before use), IPG buffer 10 ug mL~! (added just before use)).
Incubations were carried out for 2hat 4 °C (or incubations covered with
ice), and cell lysis was confirmed by microscopy. Insoluble cellular debris
were separated by centrifugation at 15,000 rpm min~*, 4 °C for 1 h, and the
clear supernatants containing whole-cell protein were transferred to a new
collection tube. For preparative gels of protein identification, the cleanup
and concentration determination of the whole-cell protein extracts from N.
seriolae, N. asteroids, and N. salmonicida were performed by 2D Clean-Up Kit
and 2D Quant Kit (GE Healthcare, Uppsala, Sweden), respectively.

2.3. Two-dimensional gel (2-DE) electrophoresis and western blot

The first-dimensional isoelectric focusing (IEF) and second-dimen-
sional SDS-gel electrophoresis were performed according to the
Amersham Biosciences manual [32]. IEF was performed using the
IPGphor system (GE Healthcare, Uppsala, Sweden) with IPG strips
(Immobiline DryStripTM, pH 4-7, 7 cm, GE Healthcare). Protein sam-
ples (approximately 120 pg/strip) were applied by in-gel rehydration
(12h) in a solution containing 7 mol L~ ! Urea, 2mol L™ ! Thiourea, 1%
w/v IPG buffer (pH 4-7), 4% w/v 3-[(3-cholamidopropyl) dimethy-
lammonio]-1-propanesulfonate (CHAPS), 0.15% w/v Dithiothreitol
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Table 1
Primers used for gene cloning and expression detection.
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Gene name Primer name Sequence 5’-3’ Restriction enzyme
FHA pcDNA-FHA F CGGGATCCATGAGCGAGAACAAGGACC BamHI
pcDNA-FHA R CCGCTCGAGCTATAGAGCCGAATCGCTCG Xhol

Note: the restriction endonucleases cutting sites were shown with single underline.

(DTT) (GE Healthcare). The strips were focused initially for 1hat
100V, 30 minat 300V, 1hat 1000V, 4hat 5000 V. After IEF, the IPG
strips were equilibrated for two intervals of 15 min in a solution con-
taining 50 mmol L ™! Tris-HCl pH 6.8, 6 mol L™! Urea, 30% v/v Gly-
cerol, 1% w/v SDS, 1% w/v DTT and with Iodacetamide (2.5% w/v) in
the second equilibration solution. Equilibrated strips were placed on
12.5% SDS-polyacrylamide gels, with a Bio-Rad Cell system (Bio-Rad,
Hercules, CA, USA). Electrophoresis was performed with an initial
constant current of 80V for 30min, followed by 180V until the
tracking dye reached the gel bottom. And then, gels were processed for
coomassie blue R-250 staining. The IEF and the 2D PAGE experiments
of the whole-cell protein from N. seriolae, N. asteroids, and N. salmoni-
cida were repeated three times, respectively.

The whole-cell protein preparations of N. seriolae, N. asteroids, and N.
salmonicida were electrophoretically transferred to PVDF membrane
(MILIPORE, Billerica, MA, USA) in Baygene BG-blot MINI (Baygene, San
Francisco, CA, USA) for 2hat 100V, respectively. Western blot was con-
ducted using rabbit anti-N. seriolae strain ZJ0503 antibody (Prepared in
advance by our laboratory) as the primary antibody at a dilution of 1:1000
and horseradish peroxidase-conjugated goat anti-rabbit IgG antibodies
(BOSTER Biological Technology, China) as the secondary antibody at a
dilution of 1:5000. Bound antibodies were detected by reaction in DAB
(Diaminobenzidine). All experiments were performed in triplicate.

2.4. Gel analysis and LC-MS analysis

Gel analysis was processed according to the method of previous studies
[33]. The immunogenic protein spots with the same isoelectric point and
molecular weight of N. seriolae, N. asteroids, and N. salmonicida were re-
spectively excised from the corresponding gels. Subsequently, protein
samples were digested with trypsin and analyzed by LC-MS/MS analysis.
All the peptide mass fragments of each protein spot were matched to the
NCBI database using a MASCOT search engine (www.matrixscience.com)
and NMPDR database (http://www.nmpdr.org/FIG/wiki/view,cgi). Pro-
tein identifications were considered significant if at least 2 different pep-
tides were matched to the database. Mixture hits were ignored. The im-
munogenic proteins which were all identified in N. seriolae, N. asteroids,
and N. salmonicida were considered as common antigens.

2.5. Bioinformatic analysis

The characteristic of these common antigens from three pathogenic
Nocardia species were predicted by various online software. Wilkins
et al. [34], ExPASy serve (http://www.expasy.org/) predicts the phy-
sical and chemical properties. Almagro Armenteros et al. [35], SignalP
5.0 (http://www.cbs.dtu.dk/services/SignalP/), GPI (http://mendel.
imp.ac.at/sat/gpi/gpi_server.html), ¢cNLS Mapper (http://nls-mapper.
iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) and Loctree 3 (https://
rostlab.org/services/loctree3/) improves predictions of signal peptide,
membrane location site, nuclear localization signal and subcellular lo-
calization using deep neural networks. Jones et al. [36], InterProScan
5.0 program (http://www.ebi.ac.uk/Tools/pfa/iprscan/) predicted the
protein family membership in a new java-based architecture.

2.6. Gene cloning and recombinant plasmids construction of FHA gene

FHA domain-containing protein (FHA) was one of the identified

common antigens of N. seriolae, N. asteroids, and N. salmonicida and was
chosen for following experiments. Genomic DNA was extracted from N.
seriolae strain ZJ0503 using TIANamp Bacteria DNA Kit (Tiangen,
Beijing) following the manufacture's instruction. According to the re-
ference sequence of FHA gene from N. seriolae strain ZJ0503, the pair of
primers were carefully designed with corresponding restriction enzyme
sites using Primer 5.0 software (Table 1). The pcDNA-FHA F/R primers
were used to amplify the FHA gene and the PCR were performed with
KOD-plus-Neo DNA polymerase (Toyobo, Osaka, Japan) using the fol-
lowing PCR program, pre-denaturation at 94 °C for 5min, 30 cycles at
94 °C for 30s, 66.9 °C for 1 min, 72 °C for 1 min and a final extension at
72 °C for 8 min. All PCR products of FHA gene were electrophoresed on
1% agarose gel and purified using EasyPure PCR Purification Kit (TRA-
NSGEN, Beijing). The purified PCR products were digested by corre-
sponding restriction enzymes, ligated into eukaryotic vectors pcDNA3.1-
Flag (abbreviated herein as pcDNA). And then transformed into com-
petent Escherichia coli DH5a cells. The construct was confirmed by cor-
responding restriction enzyme digestion and DNA sequencing by
Guangzhou Sangon Biologic Engineering & Technology and Service Co.
Ltd. The constructed recombinant plasmid was named as pcDNA-FHA.
The positive clone was grown in LB medium broth with ampicillin and
incubated at 37 °C overnight with shaking. The large quantity plasmids of
pcDNA-FHA and pcDNA were prepared in advance using an endotoxin-
free plasmid purification kit (Qiagen Inc., Chatsworth, CA) following the
manufactures' instruction and the concentration was measured by the
NanoDrop 2000 spectrophotometer (NanoDrop Technologies Inc., Wil-
mington, DE), conserving at —20 °C for the following experiments.

2.7. Vaccination and bacterial challenge in hybrid snakehead

According to previous studies, the plasmids pcDNA and pcDNA-FHA
were diluted to 250 pg/mL with PBS [37], respectively. Healthy hybrid
snakehead were divided into three random groups (one group with
three replicate tanks (100 fish/replicate)) and injected intramuscularly
with 100 pL of PBS, pcDNA and pcDNA-FHA, respectively. All the fish
were maintained at 25 * 0.2 °C for 35 d after vaccination. Three fish of
each group were sampled to assess their immune response at 0, 1, 3, 5,
7, 14, 21, 28 and 35d post vaccination (d.p.v.), respectively. Blood,
head kidney, spleen, liver and muscle were collected from the injected
fish for the various immunological analyses. At 35d.p.v., the hybrid
snakehead of three groups (one group with three replicate tanks (50
fish/replicate)) were challenged by intraperitoneal injection with
100 uL of N. seriolae strain ZJ0503 that resuspended in PBS to
3.31 x 10° CFU/mL which was the LDsq of N. seriolae infected with
hybrid snakehead determined in our previous research. Mortality was
monitored over a period of 14 d after the challenge, and dying fish were
randomly selected for examination of bacterial recovery from head
kidney, spleen and liver. Relative percent of survival (RPS) was calcu-
lated to the following formula: RPS = [1 — {Mortality (%) in immunized
group/Mortality (%) in control group}] x 100%.

2.8. Detection of FHA gene expression in vaccinated hybrid snakehead

The injected muscle, head kidney, spleen and liver were taken from
vaccinated hybrid snakehead at 3, 5, 7 and 35d.p.v. Total RNA ex-
traction and cDNA synthesis of these tissues were conducted using
TransZol Up Plus RNA Kit and TransScript One-Step gDNA Removal and
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cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China), respec-
tively. The RT-PCR assay was performed with the primer pcDNA-FHA
F/R (Table 1) to detected the expression of FHA gene in hybrid sna-
kehead.

2.9. Determination of immunological serum parameters

2.9.1. Detection of serum non-specific parameters

The blood samples from random fish in each group were collected
from caudal vein with a sterile syringe at 0, 1, 3, 5, 7, 14, 21, 28 and
35d.p.v., respectively. After coagulation, the blood was centrifuged and
the serum samples collected from hybrid snakehead were used to
measure lysozyme (LZM), peroxidase (POD), acid phosphatase (ACP),
alkaline phosphatase activity (AKP) and superoxide dismutase (SOD),
using the corresponding protease detection kit (Nanjing Jiancheng
Bioengineering Institute, China).

2.9.2. Analysis of specific antibody (IgM) against N. seriolae by ELISA
The specific antibody (IgM) titers in hybrid snakehead serum was
measured using enzyme linked immunosorbent assay (ELISA). The rabbit
anti-hybrid snakehead IgM antibody were prepared in advance by our
laboratory. During 35d.p.v., three fish from each treatment group were
assayed for specific antibody (IgM) response against N. seriolae every
week. Briefly, 96-well microtiter plates were coated with 100 pL/well of N.
seriolae strain ZJ0503 (1 x 10® CFU/mL) which were prepared by soni-
cating the cells at 30 Hz for 30s. Two-fold serial dilutions of the hybrid
snakehead serum samples were added to the microtiter plates, which had
been blocked with 2% BSA. Antibody binding to the antigen was detected
using rabbit anti-hybrid snakehead IgM antibody. Plates were incubated
with goat anti-rabbit IgG HRP conjugate (BOSTER Biological Technology,
China). The reaction was developed with a chromogenic reagent TMB
(3,3,5,5-tetramethylbenzidine) (Nanjing Jiancheng Bioengineering
Institute, China) and stopped by 2.0 mol L™ ! H,SO,. Optical density was
measured at 450 nm using a microplate reader (Bio-Rad, USA).

2.10. Detection of the expression of immune-related genes by qRT-PCR

Spleen was taken from the vaccinated fish at 0, 1, 3, 5, 7, 14, 21, 28
and 35d.p.v., respectively. Total RNA extraction and cDNA synthesis
were conducted using TransZol Up Plus RNA Kit and TransScript One-
Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech,
Beijing, China), respectively. The quantitatively real-time PCR (qRT-
PCR) was carried out to investigate the effect of immunization on the
expression of immune-related genes (see Table 2), including major
histocompatibility complex class la (MHClIa), major histocompatibility
complex class Ila (MHCIIa), Cluster of differentiation 4 (CD4), Cluster
of differentiation 8a (CD8), interleukin 1f (IL-1p), and tumor necrosis
factor a (TNFa), using real-time SYBR green PCR Master Mix on
LightCycler® 96 SW 1.1 Real-Time PCR system (Roche, USA). Each
assay was performed in triplicate with fB-actin gene as the internal
control. The PCR was performed in a 10 pL reaction volume containing
0.5 uL of each primer (10 uM), 0.3 uL. ¢cDNA, 3.7 uL. PCR-grade water
and 5 puL SYBR® Select Master Mix (ABI, USA) according to the manu-
facturer's protocol. The PCR conditions were as follows: 95 °C for 3 min,

Table 2
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followed by 40 cycles of 95°C for 15s, 57 °C for 30s, for the six im-
mune-related and f-actin genes. Melt curve analysis amplification pro-
ducts was performed over a range of 60-95 °C at the end of each PCR
reaction aiming to confirm single product generation. The relative ex-
pression levels of the immune-related genes were calculated using the
comparative Ct 2084 method.

2.11. Statistical analysis

Data were presented as the means = standard deviation (SD).
Statistical analysis was performed with one-way ANOVA with the SPSS
statistics 21.0 software and the data were edited by GraphPad Prism
software. Data represent the means for three independent experiments
and statistically significant is highlighted with asterisks in the figures as
follows: p > 0.05, not significant; p < 0.05 (*), significant; p < 0.01
(**), extremely significant.

3. Results
3.1. 2-DE profiles and immunoblot analysis of whole-cell protein

Whole-cell protein from N. seriolae, N. salmonicida, and N. asteroids
were resolved by 2-DE and the three independent biological samples for
each of 2-DE gels were performed, respectively. The same area of the
three replicate gels for each experiment was selected for 2-DE profiles
analysis. After Coomassie R-250 staining, 312, 371 and 357 spots
( £ 15 spots, standard deviation) were detected on the gels from N.
seriolae, N. salmonicida, and N. asteroids, respectively (Fig. 1 SDS-PAGE).
Most of the spots were found to be within the pH 4-7 range and had
molecular masses of 20-100 kDa. Western blot analysis was performed
on the whole-cell protein separated by 2-DE from N. seriolae, N. sal-
monicida, and N. asteroids using the rabbit anti-N. seriolae antibody,
respectively. After western bolt analysis, the 11 immunoreactive pro-
tein spots with the same isoelectric point and molecular weight of N.
seriolae, N. salmonicida, and N. asteroids were recognized, which were
shown on the PVDF membrane (Fig. 1 Western blot).

3.2. Protein identification

Separately, the 11 immunogenic protein spots with the same iso-
electric point and molecular weight of N. seriolae, N. salmonicida, and N.
asteroids were cut from the gels for detection by LC-MS/MS analysis.
The peptide masses were matched with the theoretical peptide masses
of all proteins from the NCBI cog database or NMPDR database. The LC-
MS/MS analysis showed 11 protein spots corresponded to 11 proteins
could be identified in each experiment and their isoelectric point and
molecular weight were in good agreement with theoretical predictions.
In addition, 7 common proteins were confirmed among 11 im-
munogenic protein spots of N. seriolae, N. salmonicida, and N. asteroids
and they were identified as follow, spot 1: Molecular chaperone DnaK
(DnaK); spot 2: Molecular chaperone GroEL (GroEL); spot 3: 30S ri-
bosomal protein S1 (RpsA); spot 6: TerD family protein (TerD); spot 8:
FHA domain-containing protein (FHA); spot 9: 50 S ribosomal protein
L7/L12 (RplL); spot 10: PspA/IM30 family protein (PspA) (Table 3).

Primes used for the expression of immune-related genes investigated by qRT-PCR.

Gene name Forward primer (5’-3%) Reverse primer (5-3")
MHClIa TGCACTCATGGAAGGCATTTTACAC GGGTAGCCTCTGAGAATGT
MHCIIa ACTTTGGTACGCGGACTTCA GAACTTTGGTACGCGGACTT
CD4 AATCTGTCTTCTGACCTCCAAC CACCCATTTTCCGCTATCT
CD8a TGGTCGGTTTCCTTGGTT CTTTGTGCATGAATCCCCAT
IL-18 GACAAAAGCATCCTGACGAC GAAAATTGGCGGACCTGA
TNFa CCGTTTTACACCGGATACTTTG TACTCGCCCTTCATCACCAC
B-actin ATGTCGCCCTGGACTTCG CTGGGCAACGGAACCTCT

360
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Fig 1. 2D maps (pH 4-7) of the whole-cell lysate of three pathogenic Nocardia species and identification of the common antigens by immunoblot analysis.
The positions of molecular weight standards are indicated on the left. (A) The typical 2D gel (right) and western blot (left) of N. seriolae. (B) The typical 2D gel (right)
and western blot (left) of N. salmonicida. (C) The typical 2D gel (right) and western blot (left) of N. asteroids.

Furthermore, the results of sequence analysis of DnaK, GroEL, RpsA,
TerD, FHA, RplL and PspA were shown in Table 4.

3.3. Transcription analysis and expression of DNA vaccines

Transcription analysis of FHA gene in the injected muscle, head
kidney, spleen and liver of the vaccinated fish was performed by RT-
PCR at 3, 5, 7 and 35d.p.v., respectively. In these tissues, the tran-
scription of FHA gene was first detected in injected muscle at 3 d.p.v., in
spleen at 5d.p.v., in head kidney and liver at 7 d.p.v., and continuously
detected within 35 d.p.v. in pcDNA-FHA group, but no detection in PBS
and pcDNA groups (Fig. 2).

3.4. Analysis of immunological serum paraments
The serum non-specific paraments of LYZ, POD, ACP, AKP and SOD

activities were significantly different (p < 0.05) between groups after
vaccination with pcDNA-FHA. The LYZ value obtained in serum from
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hybrid snakehead vaccinated with pcDNA-FHA was higher than the
corresponding controls at 5, 14, 21 d.p.v. with significantly different
(p < 0.05) (Fig. 3A). Two time points where there was a statistical
difference between groups were at 7 and 14 d.p.v. when the serum al-
ternative POD activity was extreme significantly higher (p < 0.01) in
pcDNA-FHA vaccinated group (Fig. 3B). The serum ACP activity in
pcDNA-FHA vaccinated group was higher than the corresponding con-
trols during 35 d.p.v. and there were significantly different (p < 0.05) at
1 and 3 d.p.v., and extreme significantly different (p < 0.01) at 5, 7, 14,
21, 28 and 35d.p.v. (Fig. 3C). The AKP activities measured in serum
from pcDNA-FHA vaccinated hybrid snakehead were extreme sig-
nificantly higher (p < 0.01) than the corresponding controls at 5, 7, 14,
21 and 28d.p.v. (Fig. 3D). The serum SOD activities in pcDNA-FHA
vaccinated group were higher than the corresponding controls at 5, 7, 14,
21, 28 and 35d.p.v. with significantly different (p < 0.05) (Fig. 3E).
During 1-35d.p.v, the specific antibody (IgM) titers of hybrid sna-
kehead was measure using ELISA technique and the statistical analysis
was performed to assess the value of log, (antibody titer) with ANOVA
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Table 3

Immunoreactive proteins of three pathogenic Nocardia species by LC-MS analysis.
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Spot Protein name Symbol Score Common peptide segment Accession no.

1 Molecular chaperone DnaK DnaK 503 AVGIDLGTTNSVIAVLEGGEPVVVANSEGSR 8i|696557073
EAGQIAGLNVLR
DAGISVGDIDHVVLVGGSTR
SETFTTADDNQPSVQIQVFQGER
LLGSFELTGIPPAPR

2 Molecular chaperone GroEL GroEL 602 TIAYDEEAR 8i|749286733
KTDDVAGDGTTTATVLAQALVR
GYISGYFVTDPER
SALQNAASIAALFLTTEAVVADKPEK

3 30 S ribosomal protein S1 RpsA 323 YFNDGDIVEGTIVK 8i|696556195
VDRDEVLLDIGYK
VEEGIEGLVHISELAER

6 TerD family protein TerD 181 YLMALFDSK 8i|696556054
QHQALSQQAASVIGNQR
MLEVQQASVQMAGHNR

8 FHA domain-containing protein FHA 210 FLLDQPTTSAGR 8i|696553123
HPDSDIFLDDVTVSR

9 50 S ribosomal protein L7/L12 RplL 91 ELVSGLGLK 8i|696556548
DLVEGAPKPILEK

10 PspA/IM30 family protein PspA 509 FDSKIEEHADPKVQ 8i|696554183
EQSVEDLKVLHDQ
HNRLEQIRASMRGDALPAGG

Table 4
Sequence analysis of common antigens of three pathogenic Nocardia species.
Parament Gene Symbol
GroEL RpsA DnaK TerD FHA RplL PspA

Open reading frame (bp) 1656 1467 1893 576 468 381 831

Number of amino acids (aa) 551 488 612 191 155 126 276

Molecular weight (KDa) 57.43 53.89 65.66 20.36 16.79 13.12 29.92

Isoelectric point 4.72 4.76 4.74 4.50 4.44 4.55 5.89

Instability index 28.70 42.75 30.29 24.70 38.52 24.17 46.80

Aliphatic index 104.88 90.66 90.21 80.21 73.48 105.48 81.92

Grand average of hydropathicity = —0.007 —0.388 —0.351 —0.229 —0.555 0.164 —0.516

Alpha helix (%) 52.63 39.55 42.48 21.47 16.13 58.73 80.80

Beta folding (%) 7.99 11.27 9.15 8.38 7.10 3.97 4.71

Random coil (%) 27.04 27.87 26.96 41.36 48.39 24.60 14.49

Signal peptides (SP) - - + - - - -

GPI modification site - - - - - - -

Nuclear localization signals (NLS) - - + - - - -

Predicted subcellular localization Cytoplasm Cytoplasm Cytoplasm Nucleus Nucleus Cytoplasm Cytoplasm

Molecular function Antibiotic Ribosome Unfolded protein  DNA processing Signal Ribosome Transcription and

resistance constituent binding complexes transduction constituent transduction
PBS PCDNA PCDNA-FHA vaccinated hybrid snakehead. From the first week to the fifth week

10 11 12

T
M
M
M 1 12

Fig. 2. RT-PCR analysis of transcription of FHA gene in different tissues of
the vaccinated fish at 3, 5, 7 and 35d post-vaccination. (A) 3d post-vac-
cination; (B) 5d post-vaccination; (C) 7 d post-vaccination; (D) 35 d post-vac-
cination. M: DL2000 DNA Marker; lane 1,5,9: muscle; lane 2, 6, 10: head
kidney; lane 3, 7, 11: spleen; lane 4, 8, 12: liver.

500 bp
250 bp

500 bp
250 bp

500 bp
250 bp

500 bp

D
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approach. The specific antibody (IgM) production against N. seriolae in
hybrid snakehead was shown in Fig. 3F and the result indicated that
IgM titer against nocardiosis was detected in the sera of pcDNA-FHA
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post-vaccination, the values of log, (antibody titer) in the sera of
pcDNA-FHA vaccinated group stayed above 5.00, while those of the
PBS and pcDNA vaccinated groups only kept 1.00-2.00 across all time
point. Compared with PBS and pcDNA groups, IgM level in pcDNA-FHA
group was higher with extreme significantly different (p < 0.01) from
first week to the fifth week post-vaccination. In addition, the highest
antibody level peaked at the third week post-vaccination and the values
of log, (antibody titer) was reached to 10.00 in pcDNA-FHA group.

3.5. Analysis of immune responses induced by DNA vaccine

Spleen from vaccinated hybrid snakehead were sampled at different
time points after vaccination and immune responses induced by the
pcDNA-FHA DNA vaccine were investigated by qRT-PCR. The results
showed the expression levels of all investigated immune-related genes
in pcDNA-FHA group were increased remarkably compared with that in
PBS and pcDNA groups. Especially the expression levels of cluster of
differentiation genes, CD4 and CD8a, increased notably in pcDNA-FHA
vaccinated group compared with that in PBS and pcDNA groups at
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Fig. 3. The immunological serum parameters of vaccinated hybrid snakehead. (A) Serum LYZ activity. (B) Serum POD activity. (C) Serum ACP activity. (D)
Serum APK activity. (E) Serum SOD activity. (F) Specific antibody titers against N. seriolae in hybrid snakehead by ELISA analysis. Bars represented the mean relative
expression of three biological replicates and error bars represented standard deviation. The different letters above the bars indicate the significant difference among

different groups at the same time point (*p < 0.05, **p < 0.01).

1-35d.p.v. Similarly, MHCIa, MHClIIa, IL-1 and TNFa genes were up-
regulated significantly in pcDNA-FHA vaccinated group compared with
that in PBS and pcDNA groups at 1-35, 3-21, 1-7 and 1-21 d.p.v., re-
spectively (Fig. 4).

3.6. Vaccine efficacy against N. seriolae

After challenge with the pathogenic N. seriolae strain ZJ0503 at
35d.p.v., cumulative survival rates of hybrid snakehead in each group
were recorded during 14 d post-challenge. As shown in Fig. 5, the sur-
vival rate of hybrid snakehead in pcDNA-FHA vaccinated group was
79.33%, while the cumulative survival rates of hybrid snakehead vac-
cinated pcDNA and PBS groups were 45.33% and 44.67% at 14 d post-
challenge by N. seriolae strain ZJ0503, respectively. Moreover, the RPS of
hybrid snakehead vaccinated with pcDNA and pcDNA-FHA were 1.19%
and 62.64%, respectively. The results indicated the survival rate of hy-
brid snakehead vaccinated in pcDNA-FHA vaccinated group was higher
than that in corresponding control groups after challenge with N. seriolae
strain ZJ0O503 and the DNA vaccine encoding FHA gene had immune
protection effect against N. seriolae in hybrid snakehead. The hybrid
snakehead in PBS and pcDNA groups began to die at 4 d post-challenge,
with a suddenly death increase at 5-10d post-challenge, and then stay
stable with no more dead fish at 11-14 d post-challenge. The dead hybrid
snakehead in all groups showed typical signs of fish nocardiosis, in-
cluding anorexic, skin ulcers and numerous white nodular structures in
head kidney, trunk kidney, spleen, liver and no other pathogen except N.
seriolae was isolated from the dead hybrid snakehead.

4. Discussion

Fish nocardiosis is a systemic bacterial disease and three pathogenic

bacteria had been isolated from disease fish so far, including N. samo-
nicida, N. seriolae, and N. asteroids [2]. Attempts to control fish no-
cardiosis are hampered by a lack of effective vaccines and the identi-
fication of common antigens of three pathogenic Nocardia species could
facilitate the development of vaccine against fish nocardiosis. In this
study, we systematically identified the common immunogenic proteins
of N. seriolae, N. samonicida, and N. asteroids by immunoproteomic
method and 7 common immunogenic proteins were identified as fol-
lows: DnaK, GroEL, RpsA, TerD, FHA, RplL and PspA. These common
immunogenic proteins have already been revealed to antigenic in some
pathogenic bacteria. For example, two heat shock proteins of Francisella
tularensis (DnaK and GroEL) were found as antigens to induced long-
lasting recall response in CD4™ and CD8* alphabeta T cells [38]. Be-
sides, previous study also showed that GroEL functioned as an antigen
was actively secreted in Bartonella bacilliformis [39]. The fork-head as-
sociated (FHA) domain of ABC transporter was required for normal
virulent infection by M. tuberculosis in mice, which formed parts of an
important phosphor-dependent signaling pathway by interacting with a
seine-threonine protein kinase in a kinase-dependent manner [40]. A
putative phage-shock-protein A (PspA) homologue in Burkholderia
pseudomallei carried out an extracytoplasmic response which was im-
portant for survival during the stationary phase, maintenance of the
proton motive force across membranes and implicated in virulence
[41]. Yersinia pestis tellurite resistance proteins TerD and TerE from the
terZABCDE operon played an important role in filamentous cellular
morphology during macrophage infection [42]. The 30S ribosomal
protein S1 (RpsA) protein of M. tuberculosis as antigenic target induced
the specificity of the CD4™ T cell response in the host cells [43] and the
antibody had been raised in rabbit against 50 S ribosomal protein L7/
L12 (RplL) of Escherichia coli [44]. Therefore, these common im-
munoreactive proteins might provide novel candidates as common

363



J. Chen, et al. Fish and Shellfish Immunology 95 (2019) 357-367

—

>

—
—_
—

PBS PBS
E3 pcDNA B3 pcDNA
- S pcDNA-FHA 20- peDNA-FHA
#k £
154
20

=
o
n

=
=3
I
v
1

o
I
o
I

Relative mRNA expression levels of MIIClH o D

Time post-vaccination (d) Time post-vaccination (d)

)  Relative mRNA expression levels of MIICla

PBS PBS
E3 pcDNA E3 pcDNA
30+ pcDNA-FHA 25+ pcDNA-FTIA

n
o
1

=
[T
r

-
o
L

[,
r

Relative mRNA expression levels of C4
Relative mRNA expression levels of CD8a 9

o 3 R
N N e A N @
Time post-vaccination (d) Time post-vaccination (d}
(E) (
PBS PBS
B3 pcDNA B3 pcDNA
20~ pcDNA-FHA 20+ pcDNA-FHA

Relative mRNA expression levels of IL-1 5
Relative mRNA expression levels of TNFo T

Time post-vaccination (d) Time post-vaccination (d)
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100 2 s s » - Fig. 5. Survival rate of vaccinated hybrid snake-
head immunized with pcDNA-FHA, pcDNA or PBS

90+ following the challenging tests of 14d by N. ser-

iolae strain ZJ0503. Bars represented the mean re-

Ly lative expression of three biological replicates and

704 error bars represented standard deviation. The dif-

ferent letters above the bars indicate the significant

60+ difference among different groups at the same time

point (**p < 0.01).

Percent survival (%)
o
o
1

404 —— PBS

304 —— pcDNA oy

204 —— pcDNA-FHA:

10

0 T T T T T T T T T T T T T 1

Time post-challenge (d)

364



J. Chen, et al.

antigens for effective vaccine development against fish nocardiosis in
the future. Among these 7 common immunoreactive proteins, the FHA
domain-containing protein serves as a site for phosphorylated protein-
protein interactions and conserved among bacterial species [45,46].
Previous studies have revealed that FHA protein of M. tuberculosis is
associated with normal infection of macrophages, dormancy, and
growth in the host [47,48]. And it was indicated that the common
immunogenic protein of FHA also functioned as the potential virulence
of three pathogenic Nocardia species, which would be a promising
candidate for vaccine development. Hence, the protective efficacy of
pcDNA-FHA DNA vaccine was performed firstly in hybrid snakehead
against fish nocardiosis.

Normally, at the administration site, some DNA vaccine may be
transferred to the circulatory system and distributed to other organs and
tissues following cell migration after several days post-vaccination. This
phenomena indicated that plasmid DNA could avoid local degradation at
the administration site and in the blood plasma [49]. In our study, the
intramuscular injection was chosen as vaccination strategies of pcDNA-
FHA DNA vaccine, which could induce the persistent expression of
exogenous antigen gene in the host cells [50]. When pcDNA-FHA DNA
vaccine were injected into hybrid snakehead, the transcription of FHA
gene in muscle, head kidney, spleen and liver were all detected from 7 to
35d.p.v. It is suggested that the transfer of pcDNA-FHA DNA vaccine
from the injected muscle to main immune organs took at least 7d and
stimulated host's immune system for following immune protection and
this results were coincident with some other previous studies [37,51].

It has been shown that DNA vaccines stimulate innate, humoral, and
cellular immune response, thereby more closely resemble to the balanced
response in natural infection [52]. As lower vertebrates, fish mainly
depend on non-specific immune to eliminate and kill invasive pathogenic
bacteria in the first-line defense mechanism, such as opsonizing bacteria
to enhance phagocytosis and activating the complement system by LYZ,
utilizing oxidative radicals to produce hypochlorous acid to kill patho-
gens by POD, removing superoxide radicals to protect the reductive
substances of host cells by SOD, activating phagocytes and increasing
host's stress reaction by ACP, and changing the surface structure of pa-
thogenic bacteria to enhance phagocytosis and degradation of phago-
cytes toward pathogenic bacteria [53-55]. Thus, it was necessary to
detect the serum non-specific parameters to evaluate the immune effects
of pcDNA-FHA DNA vaccine. In this study, the significant increase of
serum non-specific parameters such as LYZ, POD, ACP, AKP and SOD
activities were observed in pcDNA-FHA vaccinated group, while no sig-
nificant changes were observed in corresponding control groups. These
results might partly explain the improved immune response in hybrid
snakehead vaccinated with pcDNA-FHA DNA vaccine.

In teleost fish, the spleen contains abundant B cells and is involved
in trapping antigens from the blood. After stimulation with antigens,
the B cells in spleen will differentiate into plasma cells and migrate to
other immune related tissues by bloodstream [56]. Thus, the spleen of
hybrid snakehead was chosen to analyze the immune response and the
mRNA levels of immune-related genes (MHCIa, MHCIIa, CD4, CD8a, IL-
18 and TNFa) were investigated by qRT-PCR. Among these genes,
MHCIa and MHCIIa responsible for binding exogenetic peptides for the
presentation to CD8* and CD4* T cells, respectively [56,57]. And a
specific antibacterial response, especially the CD8" cytotoxic T lym-
phocyte (CTL) and CD4 " Th cell responses will be elicited following the
up-regulation of CD4 and CD8a [58]. As the important proin-
flammatory cytokines, IL-13 and TNFa function in initiation of the pro-
inflammatory cytokine cascade, recruitment and activation of macro-
phages, and stimulation of the adaptive immune response [55]. In this
study, the significantly increase on the mRNA levels of MHCIa, MHClIIa,
CD4 and CD8a indicated that the recognition and presentation of
pcDNA-FHA DNA vaccine might involve in both MHCI-CD8 and MHCII-
CD4 pathways. Meanwhile, the high expression of IL-18 and TNFa were
also examined after vaccinated with pcDNA-FHA, which enhanced the
inflammatory immune response of hybrid snakehead. These results
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further explained the improved immune response in hybrid snakehead
vaccinated with pcDNA-FHA DNA vaccine.

Apart from the immune response mentioned above initiated by the
DNA vaccine, antibody produced in response to vaccination are critical
to the prevention of bacterial infection, and antibodies generated in re-
sponse to infection were considered likely to play a major role in redu-
cing mortality of bacterial challenge [59]. It is known that IgM as a major
component of the humoral immune system of teleost fish, is regarded as
the first antibody [54]. In this study, the specific antibody (IgM) titers
generated against N. seriolae was assessed in the pcDNA-FHA vaccinated
hybrid snakehead by ELISA. The result showed that the IgM expression
increased significantly from the second week, persisting up to the third
week of post-vaccination and maintaining high expression level within
35d after immunization, which was consistent with the results of the
antibody changes in the Flavobacterium columnare stimulated mandarin
fish [60]. The survival rate of pcDNA-FHA vaccinated group was higher
than that of control groups and the pcDNA-FHA DNA vaccine supplied
immune protection against N. seriolae infection in hybrid snakehead with
62.24% RPS. Numerous studies have shown that the application of DNA
vaccines can acquire preferable RPS against bacterial diseases in fish
aquaculture, such as DNA vaccine encoding codon-optimized Ag85L
against N. serioale in S. dumerili with RSP of 92.3% and 36.9% by low-
and high-dose separate challenge [25], DNA vaccine encoding antigenic
AcfA via addition of the molecular adjuvant Myd88 against V. alginoly-
ticus in Epinephelus coioides with RPS of 83.3% by intramuscular injection
[371, oral recombinant DNA vaccine SL7207-pVAX1-sip against Strepto-
coccus agalactiae in Nile tilapia with RPS of 63% by mixed fodder ad-
ministration and so on [55]. Therefore, in order to obtain highly effective
vaccine for the treatment of fish nocardiosis, the immune effect induction
of DNA vaccine encoding the other 6 novel common antigens of three
pathogenic Nocardia species (DnaK, GroEL, RpsA, TerD, RplL and PspA)
also need to be investigated in the future studies. Furthermore, DNA
vaccine with addition of various adjuvants and chimeric DNA vaccine
encoding multiple antigens will be performed for further study to im-
prove their RPS against fish nocardiosis.

In summary, the immunogenic proteins of N. seriolae, N. samonicida,
and N. asteroids were profiled by immunoproteomic analysis and 7
common antigens of these three pathogenic Nocardia species were iden-
tified systematically. Moreover, a DNA vaccine was developed by applying
the common immunogenic protein of FHA as antigen, and pcDNA-FHA
DNA vaccine induced significant immune response and supplied immune
protection against N. seriolae infection in hybrid snakehead. Furthermore,
the other 6 identified common antigens may be also applied to vaccine
development against fish nocardiosis in further studies.

Declaration of competing interest
The authors declare no conflict of interest.
Acknowledgments

We are grateful to all the laboratory members for their constructive
suggestions to improve the manuscript. This work was supported by
Natural Science Foundation of Guangdong Province (2017A030313179),
Shenzhen Science and Technology Project (JCYJ20170306161613251),
Shenzhen Dapeng New District special fund for industry development
(KY20160207, PT201901-06), Research Projects of Guangdong Ocean
University's Top-ranking Discipline Construction (231419017) and
Natural Science Foundation of Guangdong Ocean University (C17377,
C13454).

References

[1] M. Fatahi-Bafghi, Nocardiosis from 1888 to 2017, Microb. Pathog. 114 (2018)
369-384, https://doi.org/10.1016/j.micpath.2017.11.012.
[2] J. Chen, Y. Li, W. Wang, L. Xia, Z. Wang, S. Hou, J. Huang, Y. Lu, Transcriptome


https://doi.org/10.1016/j.micpath.2017.11.012

J. Chen, et al.

[3]

[4

=

[5]

[6]

71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

analysis of immune-related gene expression in hybrid snakehead (Channa maculata
female x Channa argus male) after challenge with Nocardia seriolae, Fish Shellfish
Immunol. 81 (2018) 476-484, https://doi.org/10.1016/].fsi.2018.07.039.

W. Manrique, G. Claudiano, M. Castro, T. Petrillo, M. Pereira, M. Belo, M. Berdeal,
J. Moraes, F. Moraes, Expression of cellular components in granulomatous in-
flammatory response in Piaractus mesopotamicus model, PLoS One 10 (2015)
0121625, , https://doi.org/10.1371/journal.pone.0121625.

K. Isik, J. Chun, Y. Hah, M. Goodfellow, Nocardia salmonicida nom. Rev., a fish
pathogen, Int. J. Syst. Bacteriol. 49 Pt 2 (1999) 833-837, https://doi.org/10.1099/
00207713-49-2-833.

W. Pei, M. Tsai, L. Yu, C. Yanting, C. Shih-Chu, Nocardia seriolae, a causative agent
of systematic granuloma in spotted butterfish, Scatophagus argus, Linn, Afr, J.
Microbiol. Res. 8 (2014) 3441-3452, https://doi.org/10.5897/AJMR2014.6874.
1. Tomiyasu, Mycolic acid composition and thermally adaptative changes in
Nocardia asteroides, J. Bacteriol. 151 (1982) 828-837, https://doi.org/10.1111/j.
1365-2672.1982.tb05079.x.

P. Ho, O. Byadgi, P. Wang, M. Tsai, L. Liaw, S. Chen, Identification, molecular
cloning of IL-1f and its expression profile during Nocardia seriolae infection in
largemouth bass, Micropterus salmoides, Int. J. Mol. Sci. 17 (2016), https://doi.org/
10.3390/ijms17101670.

N. Lee, H. Han, M. Kim, J. Do, S. Jung, H. Cho, J. Kim, Artificial infection with
Nocardia seriolae and the histological examination at snakehead Channa argus, J.
Fish Mar. Sci. 28 (2016) 653-660, https://doi.org/10.13000/JFMSE.2016.28.3.
653.

H. Vu, V. Duong, S. Chen, T. Pham, T. Nguyen, T. Trinh, Isolation and genetic
characterization of Nocardia seriolae from snubnose pompano Trachinotus blochii in
Vietnam, Dis. Aquat. Org. 120 (2016) 173-177, https://doi.org/10.3354/
dao03023.

G. Wang, S. Yuan, S. Jin, Nocardiosis in large yellow croaker, Larimichthys crocea
(Richardson), J. Fish Dis. 28 (2005) 339-345, https://doi.org/10.1111/j.1365-
2761.2005.00637.x.

P. Wang, S. Chen, M. Tsai, Y. Weng, S. Chu, R. Chern, S. Chen, Nocardia seriolae
infection in the three striped tigerfish, Terapon jarbua (Forsskal), J. Fish Dis. 32
(2009) 301-310, https://doi.org/10.1111/j.1365-2761.2008.00991 .x.

L. Labrie, J. Ng, Z. Tan, C. Komar, E. Ho, L. Grisez, Nocardial infections in fifish: an
emerging problem in both freshwater and marine aquaculture systems in Asia, in:
M.G. Bondad-Reantaso, V. Mohan, M. Crumlish, R.P. Subasinghe (Eds.), Diseases in
Asian Aquaculture VI. Fish Health Section, Asian Fisheries Society, Manila, 2008,
pp. 297-312.

T. Ismail, A. Nakamura, K. Nakanishi, T. Minami, T. Murase, S. Yanagi, T. Itami,
T. Yoshida, Modified resazurin microtiter assay for in vitro and in vivo assessment
of sulfamonomethoxine activity against the fish pathogen Nocardia seriolae, Fish.
Sci. 78 (2012) 351-357, https://doi.org/10.1007/s12562-011-0450-8.

R. Kusuda, A. Nakagawa, Nocardial infection of cultured yellowtail, Fish Pathol. 13
(1978) 25-31, https://doi.org/10.3147 /jsfp.13.25.

Y. Shimahara, H. Yasuda, A. Nakamura, T. Itami, T. Yoshida, Detection of antibody
response against Nocardia seriolae by enzyme-linked immunosorbent assay (ELISA)
and a preliminary vaccine trial in yellowtail Seriola quinqueradiata, Bull. Eur. Assoc.
Fish Pathol. 25 (2005) 270-275.

T. Itano, H. Kawakami, T. Kono, M. Sakai, Live vaccine trials against nocardiosis in
yellowtail Seriola quinqueradiata, Aquaculture 261 (4) (2006) 1175-1180, https://
doi.org/10.1016/j.aquaculture.2006.09.006.

L. Holvold, A. Myhr, R. Dalmo, Strategies and hurdles using DNA vaccines to fish,
Vet. Res. 45 (2014), https://doi.org/10.1186/1297-9716-45-21 21.

K. Utke, H. Kock, H. Schuetze, S. Bergmann, N. Lorenzen, K. Einer-Jensen,

B. Koellner, R. Dalmo, T. Vesely, M. Ototake, U. Fischer, Cell-mediated immune
responses in rainbow trout after DNA immunization against the viral hemorrhagic
septicemia virus, Dev. Comp. Immunol. 32 (2008) 239-252, https://doi.org/10.
1016/j.dci.2007.05.010.

N. Ballesteros, S. Jean, S. Prieto, Food pellets as an effective delivery method for a
DNA vaccine against infectious pancreatic necrosis virus in rainbow trout
(Oncorhynchus mykiss, Walbaum), Fish Shellfish Immunol. 37 (2014) 220-228,
https://doi.org/10.1016/j.fsi.2014.02.003.

N. Ballesteros, M. Alonso, S. Jean, S. Prieto, An oral DNA vaccine against infectious
haematopoietic necrosis virus (IHNV) encapsulated in alginate microspheres in-
duces dose-dependent immune responses and significant protection in rainbow
trout (Oncorrhynchus mykiss), Fish Shellfish Immunol. 45 (2015) 877-888, https://
doi.org/10.1016/j.fs1.2015.05.045.

S. Cai, Y. Lu, J. Jian, B. Wang, Y. Huang, J. Tang, Y. Ding, Z. Wu, Protection against
Vibrio alginolyticus in crimson snapper Lutjanus erythropterus immunized with a DNA
vaccine containing the ompW gene, Dis. Aquat. Org. 106 (2013) 39-47, https://doi.
org/10.3354/dao02617.

L. Liu, Y. Gong, G. Liu, B. Zhu, G. Wang, Protective immunity of grass carp im-
munized with DNA vaccine against Aeromonas hydrophila by using carbon nano-
tubes as a carrier molecule, Fish Shellfish Immunol. 55 (2016) 516-522, https://
doi.org/10.1016/j.fsi.2016.06.026.

D. Pasnik, S. Smith, Immunogenic and protective effects of a DNA vaccine for
Mycobacterium marinum in fish, Vet. Inmunol. Inmunopathol. 103 (2005) 195-206,
https://doi.org/10.1016/j.vetimm.2004.08.017.

K. Salonius, N. Simard, R. Harland, J. Ulmer, The road to licensure of a DNA vac-
cine, Curr. Opin. Investig. Drugs 8 (2007) 635-641, https://doi.org/10.2174/
138620707782152380.

G. Kato, K. Kato, W. Jirapongpairoj, H. Kondo, I. Hirono, Development of DNA
vaccines against Nocardia seriolae infection in fish, Fish Pathol. 49 (2014) 165-172,
https://doi.org/10.3147/jsfp.49.165.

J. Blonder, M. Galan, D. Lucas, H. Young, H. Issaq, T. Veenstra, T. Conrads,

366

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Fish and Shellfish Immunology 95 (2019) 357-367

Proteomic investigation of natural killer cell microsomes using gas-phase fractio-
nation by mass spectrometry, Biochim. Biophys. Acta Protein Proteonomics 1698
(2004) 87-95, https://doi.org/10.1016/j.bbapap.2003.10.009.

L. Liu, X. Huang, J. Liu, W. Li, Y. Ji, D. Tian, L. Tian, X. Yang, L. Xu, R. Yan, X. Li,
X. Song, Identification of common immunodominant antigens of Eimeria tenella,
Eimeria acervulina and Eimeria maxima by immunoproteomic analysis, Oncotarget 8
(2017), https://doi.org/10.18632/oncotarget.16824.

J. Liu, L. Liu, L. Li, D. Tian, W. Li, L. Xu, R. Yan, X. Li, X. Song, Protective immunity
induced by Eimeria common antigen 14-3-3 against Eimeria tenella, Eimeria acer-
vulina and Eimeria maxima, BMC Vet. Res. 14 (2018), https://doi.org/10.1186/
512917-018-1665-z.

L. Tian, W. Li, X. Huang, D. Tian, J. Liu, X. Yang, L. Liu, R. Yan, L. Xu, X. Li, X. Song,
Protective efficacy of coccidial common antigen glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) against challenge with three Eimeria species, Front.
Microbiol. 8 (2017), https://doi.org/10.3389/fmicb.2017.01245.

L. Xia, J. Cai, B. Wang, Y. Huang, J. Jian, Y. Lu, Draft genome sequence of Nocardia
seriolae ZJ0503, a fish pathogen isolated from Trachinotus ovatus in China, Genome
Announc. 3 (2015), https://doi.org/10.1128/genomeA.01223-14.

A. Coelho, E. Santos, M. Faria, D. Carvalho, M. Soares, W. Kruger, P. Bisch, A
proteome reference map for Vibrio cholerae El tor, Proteomics 4 (2004) 1491-1504,
https://doi.org/10.1002/pmic.200300685.

H. Barbosa, S. Arruda, R. Azevedo, M. Arruda, New insights on proteomics of
transgenic soybean seeds: evaluation of differential expressions of enzymes and
proteins, Anal. Bioanal. Chem. 402 (2012) 299-314, https://doi.org/10.1007/
500216-011-5409-1.

G. Shin, K. Palaksha, Y. Kim, S. Nho, J. Cho, N. Heo, G. Heo, S. Park, T. Jung,
Immunoproteomic analysis of capsulate and non-capsulate strains of Lactococcus
garvieae, Vet. Microbiol. 119 (2007) 205-212, https://doi.org/10.1016/j.vetmic.
2006.08.021.

M. Wilkins, E. Gasteiger, A. Bairoch, J. Sanchez, K. Williams, R. Appel,

D. Hochstrasser, Protein identification and analysis tools in the ExPASy server,
Methods Mol. Biol. 112 (1999) 531-552, https://doi.org/10.1385/1-59259-584-
7:531.

J. Almagro Armenteros, C. Spnderby, S. Sgnderby, H. Nielsen, O. Winther, DeepLoc:
prediction of protein subcellular localization using deep learning, Bioinformatics 33
(2017) 3387-3395, https://doi.org/10.1093/bioinformatics/btx431.

P. Jones, D. Binns, H. Chang, M. Fraser, W. Li, C. McAnulla, H. McWilliam,

J. Maslen, A. Mitchell, G. Nuka, S. Pesseat, A. Quinn, A. Vegas, M. Scheremetjew,
S. Yong, R. Lopez, S. Hunter, InterProScan 5: genome-scale protein function clas-
sification, Bioinformatics 30 (2014) 1236-1240, https://doi.org/10.1093/
bioinformatics/btu031.

Y. Huang, S. Cai, H. Pang, J. Jian, Z. Wu, Immunogenicity and efficacy of DNA
vaccine encoding antigenic AcfA via addition of the molecular adjuvant Myd88
against Vibrio alginolyticus in Epinephelus coioides, Fish Shellfish Immunol. 66 (2017)
71-77, https://doi.org/10.1016/j.fsi.2017.05.021.

M. Ericsson, M. Kroca, T. Johansson, A. Sjostedt, A. Tarnvik, Long-lasting recall
response of CD4(+) and CD8(+) alpha beta T cells, but not gamma delta T cells, to
heat shock proteins of Francisella tularensis, Scand. J. Infect. Dis. 33 (2001)
145-152, https://doi.org/10.1080/003655401750065562.

M. Minnick, L. Smitherman, D. Samuels, Mitogenic effect of Bartonella bacilliformis
on human vascular endothelial cells and involvement of GroEL, Infect. Immun. 71
(2003) 6933-6942, https://doi.org/10.1128/IA1.71.12.6933-6942.2003.

J. Curry, R. Whalan, D. Hunt, K. Gohil, M. Strom, L. Rickman, M. Colston,

S. Smerdon, R. Buxton, An ABC transporter containing a forkhead-associated do-
main interacts with a serine-threonine protein kinase and is required for growth of
Mycobacterium tuberculosis in mice, Infect. Immun. 73 (2005) 4471-4477, https://
doi.org/10.1128/1A1.73.8.4471-4477.2005.

S. Southern, A. Male, T. Milne, M. Tyson, A. Tavassoli, P. Oyston, Evaluating the
role of phage-shock protein A in Burkholderia pseudomallei, Microbiology 161
(2015) 2192-2203, https://doi.org/10.1099/mic.0.000175.

D. Ponnusamy, K. Clinkenbeard, Role of Tellurite Resistance operon in filamentous
growth of Yersinia pestis in macrophages, PLoS One 10 (2015) e0141984, , https://
doi.org/10.1371/journal.pone.0141984.

A. Johnson, S. Kennedy, C. Arlehamn, M. Goldberg, N. Saini, J. Xu, S. Paul,

S. Hegde, J. Blanchard, J. Chan, W. Jacobs, A. Sette, S. Porcelli, Identification of
mycobacterial RplJ/L10 and RpsA/S1 proteins as novel targets for CD4 * T cells,
infect, Inmunology 85 (2017), https://doi.org/10.1128/IA1.01023-16.

D. Dey, D. Burma, Polyclonal antibodies as probes to distinguish between tight and
loose couple 50s ribosomes of Escherichia coli, Indian J. Biochem. Biophys. 28
(1991) 369-373, https://doi.org/10.1038/icb.1991.51.

O. Havranek, M. Spacek, P. Hubacek, H. Mocikova, J. Markova, M. Trneny,

Z. Kleibl, Alterations of CHEK2 forkhead-associated domain increase the risk of
Hodgkin lymphoma, Neoplasma 58 (2011) 392-395, https://doi.org/10.4149/neo_
2011_05_392.

A. Teh, A. Amerizadeh, S. Osman, M. Yunus, R. Noordin, Identification, production
and assessment of two Toxoplasma gondii recombinant proteins for use in a
Toxoplasma 1gG avidity assay, Pathog. Glob. Health 110 (2016) 277-286, https://
doi.org/10.1080/20477724.2016.1238186.

J. Curry, R. Whalan, D. Hunt, K. Gohil, M. Strom, L. Rickman, M. Colston,

S. Smerdon, R. Buxton, An ABC transporter containing a forkhead-associated do-
main interacts with a serine-threonine protein kinase and is required for growth of
Mycobacterium tuberculosis in mice, Infect. Immun. 73 (2005) 4471-4477, https://
doi.org/10.1128/1A1.73.8.4471-4477.2005.

V. Spivey, V. Molle, R. Whalan, A. Rodgers, J. Leiba, L. Stach, K. Walker,

S. Smerdon, R. Buxton, Forkhead-associated (FHA) domain containing ABC trans-
porter Rv1747 is positively regulated by Ser/Thr phosphorylation in Mycobacterium


https://doi.org/10.1016/j.fsi.2018.07.039
https://doi.org/10.1371/journal.pone.0121625
https://doi.org/10.1099/00207713-49-2-833
https://doi.org/10.1099/00207713-49-2-833
https://doi.org/10.5897/AJMR2014.6874
https://doi.org/10.1111/j.1365-2672.1982.tb05079.x
https://doi.org/10.1111/j.1365-2672.1982.tb05079.x
https://doi.org/10.3390/ijms17101670
https://doi.org/10.3390/ijms17101670
https://doi.org/10.13000/JFMSE.2016.28.3.653
https://doi.org/10.13000/JFMSE.2016.28.3.653
https://doi.org/10.3354/dao03023
https://doi.org/10.3354/dao03023
https://doi.org/10.1111/j.1365-2761.2005.00637.x
https://doi.org/10.1111/j.1365-2761.2005.00637.x
https://doi.org/10.1111/j.1365-2761.2008.00991.x
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref12
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref12
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref12
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref12
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref12
https://doi.org/10.1007/s12562-011-0450-8
https://doi.org/10.3147/jsfp.13.25
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref15
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref15
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref15
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref15
https://doi.org/10.1016/j.aquaculture.2006.09.006
https://doi.org/10.1016/j.aquaculture.2006.09.006
https://doi.org/10.1186/1297-9716-45-21
https://doi.org/10.1016/j.dci.2007.05.010
https://doi.org/10.1016/j.dci.2007.05.010
https://doi.org/10.1016/j.fsi.2014.02.003
https://doi.org/10.1016/j.fsi.2015.05.045
https://doi.org/10.1016/j.fsi.2015.05.045
https://doi.org/10.3354/dao02617
https://doi.org/10.3354/dao02617
https://doi.org/10.1016/j.fsi.2016.06.026
https://doi.org/10.1016/j.fsi.2016.06.026
https://doi.org/10.1016/j.vetimm.2004.08.017
https://doi.org/10.2174/138620707782152380
https://doi.org/10.2174/138620707782152380
https://doi.org/10.3147/jsfp.49.165
https://doi.org/10.1016/j.bbapap.2003.10.009
https://doi.org/10.18632/oncotarget.16824
https://doi.org/10.1186/s12917-018-1665-z
https://doi.org/10.1186/s12917-018-1665-z
https://doi.org/10.3389/fmicb.2017.01245
https://doi.org/10.1128/genomeA.01223-14
https://doi.org/10.1002/pmic.200300685
https://doi.org/10.1007/s00216-011-5409-1
https://doi.org/10.1007/s00216-011-5409-1
https://doi.org/10.1016/j.vetmic.2006.08.021
https://doi.org/10.1016/j.vetmic.2006.08.021
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1093/bioinformatics/btx431
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1016/j.fsi.2017.05.021
https://doi.org/10.1080/003655401750065562
https://doi.org/10.1128/IAI.71.12.6933-6942.2003
https://doi.org/10.1128/IAI.73.8.4471-4477.2005
https://doi.org/10.1128/IAI.73.8.4471-4477.2005
https://doi.org/10.1099/mic.0.000175
https://doi.org/10.1371/journal.pone.0141984
https://doi.org/10.1371/journal.pone.0141984
https://doi.org/10.1128/IAI.01023-16
https://doi.org/10.1038/icb.1991.51
https://doi.org/10.4149/neo_2011_05_392
https://doi.org/10.4149/neo_2011_05_392
https://doi.org/10.1080/20477724.2016.1238186
https://doi.org/10.1080/20477724.2016.1238186
https://doi.org/10.1128/IAI.73.8.4471-4477.2005
https://doi.org/10.1128/IAI.73.8.4471-4477.2005

J. Chen, et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

tuberculosis, J. Biol. Chem. 286 (2011) 26198-26209, https://doi.org/10.1074/jbc.
M111.246132.

T. Tonheim, J. Begwald, R. Dalmo, What happens to the DNA vaccine in fish? A
review of current knowledge, Fish Shellfish Immunol. 25 (2008) 1-18, https://doi.
org/10.1016/j.fsi.2008.03.007.

K. Plant, S. LaPatra, Advances in fish vaccine delivery, Dev. Comp. Immunol. 35
(2011) 1256-1262, https://doi.org/10.1016/j.dci.2011.03.007.

X. Liu, J. Xu, H. Zhang, Q. Liu, J. Xiao, Y. Zhang, Design and evaluation of an
Edwardsiella tarda DNA vaccine co-encoding antigenic and adjuvant peptide, Fish
Shellfish Immunol. 59 (2016) 189-195, https://doi.org/10.1016/j.fsi.2016.10.029.
G. Kurath, Overview of recent DNA vaccine development for fish, Dev. Biol. 121
(2005) 201-213.

W. Sirimanapong, K. Thompson, K. Kledmanee, P. Thaijongrak, B. Collet, E. Ooi,
A. Adams, Optimisation and standardisation of functional immune assays for
striped catfish (Pangasianodon hypophthalmus) to compare their immune response to
live and heat killed Aeromonas hydrophila as models of infection and vaccination,
Fish Shellfish Immunol. 40 (2014) 374-383, https://doi.org/10.1016/j.fsi.2014.07.
021.

C. Zhang, Z. Zhao, G. Liu, J. Li, G. Wang, B. Zhu, Immune response and protective
effect against spring viremia of carp virus induced by intramuscular vaccination
with a SWCNTs-DNA vaccine encoding matrix protein, Fish Shellfish Immunol. 79
(2018) 256-264, https://doi.org/10.1016/j.fs1.2018.05.029.

L. Zhu, Q. Yang, L. Huang, K. Wang, X. Wang, D. Chen, Y. Geng, X. Huang,

[56]

[57]

[58]

[59]

[60]

Fish and Shellfish Immunology 95 (2019) 357-367

P. Ouyang, W. Lai, Effectivity of oral recombinant DNA vaccine against
Streptococcus agalactiae in Nile tilapia, Dev. Comp. Immunol. 77 (2017) 77-87,
https://doi.org/10.1016/j.dci.2017.07.024.

J. Ye, L. Kaattari, S. Kaattari, Plasmablasts and plasma cells: reconsidering teleost
immune system organization, Dev. Comp. Immunol. 35 (2011) 1273-1281, https://
doi.org/10.1016/].dci.2011.03.005.

T. Xu, S. Chen, Y. Zhang, MHC class Ila gene polymorphism and its association with
resistance/susceptibility to Vibrio anguillarum in Japanese flounder (Paralichthys
olivaceus), Dev. Comp. Immunol. 34 (2010) 1042-1050, https://doi.org/10.1016/j.
dci.2010.05.008.

D. Chen, Y. Yao, Z. Cui, X. Zhang, K. Peng, X. Guo, B. Wang, Y. Zhou, S. Li, N. Wu,
Y. Zhang, Comparative study of the immunoprotective effect of two DNA vaccines
against grass carp reovirus, Fish Shellfish Immunol. 75 (2018) 66-73, https://doi.
org/10.1016/j.fsi.2018.01.047.

M. McVoy, R. Lee, F. Saccoccio, J. Hartikka, L. Smith, R. Mahajan, J. Wang, X. Cui,
S. Adler, A cytomegalovirus DNA vaccine induces antibodies that block viral entry
into fibroblasts and epithelial cells, Vaccine 33 (2015) 7328-7336, https://doi.org/
10.1016/j.vaccine.2015.10.078.

J. Tian, B. Sun, Y. Luo, Y. Zhang, P. Nie, Distribution of IgM, IgD and IgZ in
Mandarin fish, Siniperca chuatsi lymphoid tissues and their transcriptional changes
after Flavobacterium columnare stimulation, Aquaculture 288 (2009) 14-21, https://
doi.org/10.1016/j.aquaculture.2008.11.023.


https://doi.org/10.1074/jbc.M111.246132
https://doi.org/10.1074/jbc.M111.246132
https://doi.org/10.1016/j.fsi.2008.03.007
https://doi.org/10.1016/j.fsi.2008.03.007
https://doi.org/10.1016/j.dci.2011.03.007
https://doi.org/10.1016/j.fsi.2016.10.029
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref52
http://refhub.elsevier.com/S1050-4648(19)30922-2/sref52
https://doi.org/10.1016/j.fsi.2014.07.021
https://doi.org/10.1016/j.fsi.2014.07.021
https://doi.org/10.1016/j.fsi.2018.05.029
https://doi.org/10.1016/j.dci.2017.07.024
https://doi.org/10.1016/j.dci.2011.03.005
https://doi.org/10.1016/j.dci.2011.03.005
https://doi.org/10.1016/j.dci.2010.05.008
https://doi.org/10.1016/j.dci.2010.05.008
https://doi.org/10.1016/j.fsi.2018.01.047
https://doi.org/10.1016/j.fsi.2018.01.047
https://doi.org/10.1016/j.vaccine.2015.10.078
https://doi.org/10.1016/j.vaccine.2015.10.078
https://doi.org/10.1016/j.aquaculture.2008.11.023
https://doi.org/10.1016/j.aquaculture.2008.11.023

	Identification of common antigens of three pathogenic Nocardia species and development of DNA vaccine against fish nocardiosis
	Introduction
	Materials and methods
	Bacterial strain, fish and ethics statement
	Preparation of whole-cell protein extracts
	Two-dimensional gel (2-DE) electrophoresis and western blot
	Gel analysis and LC-MS analysis
	Bioinformatic analysis
	Gene cloning and recombinant plasmids construction of FHA gene
	Vaccination and bacterial challenge in hybrid snakehead
	Detection of FHA gene expression in vaccinated hybrid snakehead
	Determination of immunological serum parameters
	Detection of serum non-specific parameters
	Analysis of specific antibody (IgM) against N. seriolae by ELISA

	Detection of the expression of immune-related genes by qRT-PCR
	Statistical analysis

	Results
	2-DE profiles and immunoblot analysis of whole-cell protein
	Protein identification
	Transcription analysis and expression of DNA vaccines
	Analysis of immunological serum paraments
	Analysis of immune responses induced by DNA vaccine
	Vaccine efficacy against N. seriolae

	Discussion
	mk:H1_24
	Acknowledgments
	References




