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The  major  capsid  protein  (MCP)  is the  main  immunogenic  protein  of  iridoviruses,  that  has  been
widely  used  as  an  immunogen  in vaccination  trials.  In  this  study,  the  codon-optimized  giant  sala-
mander  iridovirus  (GSIV)  MCP  gene  (O-MCP)  was synthesized  and  cloned  into  a pPICZ� B  vector
for  secretory  expression  in the methylotrophic  yeast  Pichia  pastoris  after  methanol  induction.  The
expression  of the  O-MCP  protein  was detected  by  the  Bradford  protein  assay,  SDS-PAGE,  Western
blotting  and  electron  microscopy.  The  Bradford  protein  assay  indicated  that the  concentration  of the
O-MCP  expressed  was  about  40  �g/ml  in  culture  supernatants.  SDS-PAGE  analysis  revealed  that  the
O-MCP  had  a molecular  weight  of  about  66  kDa  and  reacted  with  a His-specific  MAb  that  was  con-
firmed  by  Western  blotting.  Electron  microscopy  observations  revealed  that the  purified  O-MCP  could
self-assemble  into  virus-like  particles.  Healthy  giant  salamanders  were  vaccinated  by  intramuscular
injection  with  the  O-MCP  antigen  at a  dose  of  20  �g/individual.  The  numbers  of  erythrocytes  and
leukocytes  in  the  peripheral  blood  of immunized  Chinese  giant  salamanders  increased  significantly  at
day 3 and  reached  a peak  at day  5  post-immunization.  Meanwhile,  the  differential  leukocyte  counts
of monocytes  and  neutrophils  increased  significantly  at day  5 post-immunization  compared  to that
of  the  control  group.  The  percentage  of lymphocytes  was  71.33  ±  3.57%  at day  21  post-immunization
. The  neutralization  assay  showed  that  the  serum  neutralizing  antibody  titer reached  321  at  day  21

post-immunization.  The  GSIV  challenge  test  revealed  that the relative  percent  survival  of  Chinese  giant
salamanders  vaccinated  with  O-MCP  was 78%.  These  results  indicated  that the  O-MCP  antigen  expressed
by  the  Pichia  pastoris  system  elicited  significant  immune  response  in the  Chinese  giant  salamander  against
GSIV  and  might  represent  a potential  yeast-derived  vaccine  candidate  that  could  be used  for  the control
of disease  caused  by  the  giant  salamander  iridovirus.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

The Chinese giant salamander (Andrias davidianus), that belongs

o the order Caudata in the family Cryptobranchidae,  is the largest
xisting amphibian species in the world [1,2]. In view of its high
edicinal, nutritional and scientific value, the artificial breeding

∗ Corresponding author at: Yangtze River Fisheries Research Institute, Chi-
ese Academy of Fishery Sciences, Wuhan 430223, China. Tel.: +86 18627783535;

ax: +86 27 81780158.
E-mail address: zlb@yfi.ac.cn (L. Zeng).

ttp://dx.doi.org/10.1016/j.vaccine.2015.08.054
264-410X/© 2015 Elsevier Ltd. All rights reserved.
and culture of this animal has significantly increased and has
become an important industry in China [3]. However, frequent out-
breaks of infectious diseases pose a serious threat to the further
development of the industry [4–7]. A Chinese giant salamander iri-
dovirus (GSIV) was  isolated from the diseased giant salamanders
in Hubei Province in 2010 [3], which caused high mortality of all
life stages of the Chinese giant salamander [8,9]. Currently, there
are no effective methods available for the treatment and control of

this disease.

Vaccination has been shown to be an effective method for the
control of infectious diseases in aquatic animals [10]. To date, many
vaccines for aquatic animal have been developed and are widely

dx.doi.org/10.1016/j.vaccine.2015.08.054
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2015.08.054&domain=pdf
mailto:zlb@yfi.ac.cn
dx.doi.org/10.1016/j.vaccine.2015.08.054
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Table 1
Primers used in this study.

Name Primersa 5′ → 3′

O-MCPF CGGAATTC CG ATGTCTAGTGTTACTGGTTCTGG
O-MCPR TCCCCGCGG C AAGGATTGGAAAACCCATACTACC
5′AOX1 GACTGGTTCCAATTGACAAGC
Y. Zhou et al. / Vacc

sed for preventing and reducing the economic impact of diseases
n aquaculture [11–13]. Inactivated vaccines are the most common
ype of vaccines used for aquatic animal vaccinations. However,
ue to the problems of antigenic competition, poor immunogenic-

ty, high production costs and/or the lack of safety, the inactivated
accine is limited to application [10].

Yeast expression systems have been widely applied to the
xpressions of structural proteins from many viruses [14–16]. This
as led to the licensing of vaccines against hepatitis B virus and
apillomaviruses in humans [17]. The methylotrophic Pichia pas-
oris strain is one of the most extensively used yeast expression
ystems, which has been successfully used to produce more than
00 proteins both for basic experimental research and industrial
urposes [18,19]. However, heterologous protein expression has
een plagued with problems of poor protein expression because of
iased codon usage. This problem is minimized by improving the
enetic code by using partly or fully rearranged synthetic codons
20,21].

The major capsid protein (MCP) accounts for 40–45% of the total
olypeptides of the iridovirus, which play an important role in
he induction of antiviral immune responses [22,23]. Since recom-
inant MCP  can be used as an antigen to generate vaccines, the
xpression of this gene is a viable area of research [10,24]. In
his study, the optimized codon sequence of the GSIV MCP  was
xpressed in P. pastoris and evaluated as a potential yeast-derived
accine for the immunization of Chinese giant salamander against
SIV infection.

. Materials and methods

.1. Virus, cell lines and animals

The GSIV was originally isolated and identified from diseased
hinese giant salamanders by our laboratory [8]. The epithelioma
apulosum cyprini (EPC) cell line was obtained from the China
enter for Type Culture Collection (CCTCC), Wuhan University and
rown at 25 ◦C in Dulbecco’s modified Eagle’s medium (DMEM)
upplemented with 10% fetal bovine serum. Healthy Chinese giant
alamanders (weight, 50 ± 5 g) that were confirmed to be free of
SIV by PCR were obtained from the farm of Yangtze River Fish-
ries Research Institute. The animals were kept in plastic aquaria
t 20–22 ◦C and fed daily with diced bighead carp meat for two
eeks before the experiments were initiated.

.2. Yeast strain and culture conditions

The P. pastoris KM71 strain pPICZa B vector, Escherichia coli strain
H5a, and the zeocin antibiotic were purchased from Invitrogen

CA, USA). The E. coli DH5a was cultured in low salt lauria bertani
LLB) broth and was used as a cloning host for vector storage and
mplification. P. pastoris transformants were screened on yeast
xtract peptone dextrose medium with sorbitol (YPDS) agar plates.
dditionally, zeocin was added to yeast extract peptone dextrose
edium (YPD) plates, which were comprised of the same com-

onents as the YPDS agar plates except that sorbitol was omitted
o that three concentrations of zeocin could be obtained includ-
ng 500, 800, and 1000 �g/ml for the isolation of multi-copy insert
ransformants. A single transformant with the plasmid was inoc-
lated in the buffered minimal glycerol-complex medium (BMGY)
nd induced protein expression in the buffered minimal methanol-
omplex medium (BMMY).

.3. Codon optimization and gene synthesis
The codon usage of MCP  (GenBank KF023635) from the GSIV
as analyzed through Graphical Codon Usage Analyser (http://

cua.schoedl.de/), and its sequence was optimized by replacing the
3′AOX1 GCAAATGGCATTCTGACATCC′

a Restriction sites in the primers are underlined.

codons less frequently used in P. pastoris with those frequently
used. The optimized MCP  gene (O-MCP) was synthesized by Gen-
Script (Nanjing, China).

2.4. Construction of the expression plasmid and transformation of
P. pastoris

The synthetic DNAs that encoded the O-MCP were amplified by
PCR using the primer pair of O-MCPF and O-MCPR (Table 1). EcoR I
and Sac II sites were added to the forward and reverse primers,
respectively. The reaction was carried out following the proce-
dures: 95 ◦C for 10 min, 30 cycles of 94 ◦C for 45 s, 56 ◦C for 45 s, 72 ◦C
for 1 min  and 72 ◦C for 10 min. The purified PCR product was cloned
between the frames of the �-factor and the 6 × His-tag. The recom-
binant plasmid was  checked for O-MCP integration by PCR with the
primer pairs of O-MCP and AOX1 (Table 1) following the procedures
described above. The recombinant plasmid was  confirmed by DNA
sequencing.

2.5. Transformation of P. pastoris and screening of the multiple
inserts

The preparation of competent cells and the transformation of P.
pastoris strain KM71 were performed as previously described [25].
In this study, the recombinant plasmid was linearized with Sac I
and integrated into competent cells of P. pastoris strain KM71 by
electroporation using an electroporator (Eppendorf, electropora-
tor 2510). The transformants were plated on YPDS agar plates that
contained 100 �g/ml zeocin and incubated at 30 ◦C for 3–10 days.
Colonies with inserts were further selected on YPDS plates that con-
tained 500, 800 and 1000 �g/ml zeocin and incubated at 30 ◦C for
another 3–10 days.

2.6. Expression and purification of O-MCP in P. pastoris

A single KM71 transformant with the plasmid was cultured in
20 ml  BMGY at 30 ◦C overnight until the optical density reached 2–6
at 600 nm.  The yeast were harvested by centrifugation and resus-
pended in 5 ml  of BMMY.  Methanol was added every 24 h to a final
concentration of 0.5% (v/v) to induce protein expression. The yeast
cells were discarded after centrifugation at 4000 × g for 30 min. The
supernatant was then incubated with the His-bind resin and the
resin was washed and then eluted with PBS. The protein concen-
tration in culture supernatants and purified protein samples were
determined by the method of Bradford using the Bio-Rad Protein
Assay kit (Bio-Rad) with bovine serum albumin (BSA) as a standard.

2.7. SDS-PAGE and Western blotting

The purified protein was mixed with an equal volume of 2 × SDS-
PAGE loading buffer and separated by SDS-PAGE. The gels were
either stained with Coomassie brilliant blue R-250 to visualize the

protein bands or transferred onto a nitrocellulose (NC) membrane.
After transfer, the membrane was incubated with the mouse anti-
His-tag monoclonal antibody and horse radish peroxidase (HRP)-
conjugated goat anti-mouse IgG antibody in turn. After incubated

http://gcua.schoedl.de/
http://gcua.schoedl.de/
http://gcua.schoedl.de/
http://gcua.schoedl.de/
http://gcua.schoedl.de/
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ith 3,3-diaminobenzidine tetrahydrochloride (Sigma, USA), the
embrane was analyzed for any reactions that had occurred.

.8. Electron microscopy of the negatively stained O-MCP

The purified O-MCP was adsorbed onto carbon-coated copper
rids and negatively stained with 2% ammonium phosphotungstic
cid for 1 min. The grids were then examined using an H-7650 elec-
ron microscope (Hitachi, Japan) at 80 kV. Meanwhile, the purified
SIV was negatively stained and observed as a control.

.9. Immunization and collection of blood samples

The 120 healthy Chinese giant salamanders were randomly
ssigned into two equal groups. The immunized group was inocu-
ated intramuscularly with 0.1 ml  of 20 �g O-MCP and the control
roup received the same volume of PBS (Sigma, USA). Before blood
amples were collected, the experimental animals were anaes-
hetized for 20–30 min  in MS-222 at a concentration of 1 mg/ml.
lood samples were collected from three animals of each treatment
roup randomly by tail venipuncture at days 1, 3, 5, 7, 14, 21, 28,
nd 35 post-immunization. The blood samples were allowed to clot
t 4 ◦C for 10 h and then centrifuged at 1500 × g for 10 min. Serum
as harvested from each sample and used in serum neutralization

ssay (SN) for the detection of specific antibody.

.10. Blood parameters

Blood samples used for counting erythrocytes were diluted with
inger solution and the blood samples used for counting leukocytes
ere diluted with an acetic acid gentian violet solution. The blood

ells were counted in a cell counting chamber using microscopy.
or the differential leukocyte count (DLC), fresh blood smears on
lass slides were stained by Wright Giemsa, and then 100 leuko-
ytes were randomly counted and classified under oil immersion
icroscopy.

.11. Serum neutralization antibody assay

The serum neutralization antibody titer was measured by using
he GSIV and EPC cells according to the method of Yao et al. [26].
riefly, the sera were heated at 56 ◦C for 30 min  and serial twofold
1:2–1:512) dilutions were made in 0.5 ml  of DMEM. An equal vol-
me of GSIV with a titer of 100 TCID50/ml  was added to each serum
ilution and the mixtures were incubated at 25 ◦C for 1 h. After incu-
ation, the virus/serum mixtures were inoculated and incubated

 h at 25 ◦C in wells (0.1 ml  per well) of a 96-well microplate con-
aining EPC cell monolayers. The mixtures were gently aspirated
nd 0.2 ml  of fresh DMEM supplemented with 2% FBS were added
ack to each well. The 96-well microplate was incubated at 25 ◦C
or 5–7 days. The viral cytopathic effect (CPE) was  monitored and
he neutralizing antibody titers of the sera were calculated by the
eed–Muench method [27].

.12. Evaluation of the protection against GSIV challenge

400 �l of live GSIV (1.0 × 108 TCID50/ml) was injected intraperi-
oneally into 30 animals each in the immunized and control groups
t day 15 post-immunization. Mortality was recorded for 14 days.
he relative percent survival (RPS) was calculated according to

mend [28]:

PS = {1 − (mortality in vaccinated Chinese giant salamanders)/

(mortality in control Chinese giant salamanders)} × 100%
 (2015) 5662–5669

2.13. Statistical analysis

The results were expressed as the mean ± standard deviation
(SD) and all statistical analyses were done using SPSS 17.0 package.
The least-significant-difference test was  used for between-group
comparisons.

3. Results

3.1. Synthesis of the codon-optimized gene

The analysis of the original O-MCP gene DNA sequence was done
by using the Graphical Codon Usage Analyzer. The rare codons in
the GSIV MCP  gene appeared to have a lower level of expression in
P. pastoris, which were replaced with more frequently used ones.
The GC content of the GSIV MCP  gene was  adjusted from 59.55%
to 43.03% (Fig. 1). The Codon Adaptation Index (CAI) parameter
increased from 0.6 to 0.84.

3.2. Screening of multi-copy recombinant plasmids in P. pastoris

The O-MCP gene was cloned into the expression vector pPICZ�  B
between the frames of the �-factor and the 6 × His-tag, that yielded
the recombinant plasmid, pPICZ� B-O-MCP. The recombinant plas-
mid  was integrated into the chromosomal DNA of P. pastoris strain
KM71 by electroporation. The transformants were detected by PCR
using the AOX1 sequencing and the O-MCP primers (Table 1), and
two bands were amplified with the sizes of approximately 2.0 and
1.4 kb, consistent with the predicted sizes of the intact AOX1 struc-
tural gene and the specific O-MCP gene, respectively (Fig. 2A). The
positive clones, which were resistant to 1000 �g/ml zeocin, were
subjected to further selection in order to obtain a high expression
clone.

3.3. Expression and characterization of O-MCP

Expression was  performed in BMGY and BMMY  cultures and
the expressed protein was  purified by the His-bind resin proce-
dure. The results of the Bradford protein assay indicated that the
concentration of O-MCP was approximately 40 �g/ml in culture
supernatants.

The SDS-PAGE analysis indicated that the O-MCP extracted
from the precipitate of the culture supernatant had a molecular
weight of about 66 kDa (Fig. 2B). The recombinant O-MCP became
detectable 24 h after induction and the concentration of the pro-
tein increased with increased incubation (data not shown). The
result of Western blotting revealed that the recombinant O-MCP
combined with a His-specific MAb  (Fig. 2B), but no similar sign
was observed in the negative control strain Km71/pPICZ� B (mock
plasmid).

Electron microscopy analysis demonstrated that the puri-
fied O-MCP could self-assemble into virus-like particles (VLPs).
The electron microscopy image of the negatively stained sam-
ple showed the presence of intact VLPs, that were similar to the
negatively stained GSIV particles in size and morphology (Fig. 2C
and D).

3.4. Blood parameters

In the immunized group, the number of erythrocytes increased
beginning at day 3 and peaked at day 5 post-immunization
compared to the control group. The number of erythrocytes in

control group was maintained at about 6.83 × 107/ml  throughout
the analysis (Fig. 3). The leukocytes in the immunized salaman-
ders increased significantly at day 3 and reached a peak at day
5 compared to the control group. A significant increase in the
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Optimized  1 ATGTC TAGTG TTAC TGG TTC TGGTATTACTTC TGG TTTTATTGA TTT GGC AACT TATGA C 
Ori ginal  1 ATGTCTTCTGTAACCGGTTCAGGTATCACAAGTGGTTTCATCGA CTTGGCCACTT ATGA C 

M S S V T G S G I T S G F I D L A T Y D 

Optimize d  61 AAC TTGGAGA GAGC TAT GTATGGAGG ATCCGATGCT ACT ACATA CTTCGTCAA GGAAC AT 
Orig inal  61 AATCTTGAGA GAGCAATGTAC GGGGGTTCAGA TGCCACCACGT ACTTTGTCAAGG AGCAC  

N L E R A M Y G G S D A T T Y F V K E H 

Opti mize d  121 TATCC AGTTG GTTG GTTTAC TAAGCTT CCTTCTTTGGCT GCCAA AAT GTC CGGTA ACCCA 
Ori ginal  121   TACCCCG TGGGG TGGTT CACCA AGCTGC CGTCTC TGGCT GCCAA GATGTC GGGTAA CCC G 

Y P V G W F T K L P S L A A K M S G N P 

Optimized 181 GCCTTCGGACAACAGTTTTCAGTTGGTGTCCCTAGAAGTGGAGATTACATTTTGAATGCT 
Original 181 GCTTTCGGGCAGCAGTTTTCGGTCGGCGTTCCCAGGTCGGGGGATTACATCCTCAACGCC 

A F G Q Q F S V G V P R S G D Y I L N A 

Optimized 241 TGGTTGGTCCTTAAGACTCCAGAAGTTAAATTGCTTGCAGCTAACCAATTGGGTGACAAT
Original 241 TGGTTGGTGCTCAAGACCCCCGAGGTCAAGCTCCTGGCCGCAAACCAGCTGGGAGACAAC 

W L V L K T P E V K L L A A N Q L G D N 

Opti mize d  301  GGAACCATT AGATGGACTAAAAACCCTATGCACAATATCGTTGAGAACGTCAA TCTTTCA
Orig inal  301   GGCA CCAT CAG GTGG ACA AAGA ACCCC ATG CAC AACA TTGT GGA GAAC GTC AACCT CTCA 

G T I R W T K N P M H N I V E N V N L S 

Optimized 361 TTCAACGATATTTCAGCTCAGAGTTTTAATACAGCTTACTTGGACGCCTGGAGTGAATAT
Orig inal  361  TT CAACGACATCA GCGCCCAGTCC TTTAACACGGC ATACCTGGACG CCTGGAGCGAG TAC  

F N D I S A Q S F N T A Y L D A W S E Y 

Opti mize d  421  ACCA TGC CAGA GGC TAA GAG AATTG GTTA CTA TAACA TGATCG GAAAT ACTT CTGATTTG
Orig inal  421   ACCA TGCC AGA GGCC AAGC GCA TAGG CTAC TATA ACAT GAT AGGC AACA CCAG CGAT CTC  

T M P E A K R I G Y Y N M I G N T S D L 

Opti mize d  481  ATCAA CCC AGCCCCTG CAAC AGGTCAAA ATGG AGC CAG AGTCTTGCCTG CTAAG AACTTG
Original   481   ATCAAC CCCGCCCCGGCCACAG GCCAG AACGGAGCCAG GGTCCT CCCGGCCA AGAACCTG 

I N P A P A T G Q N G A R V L P A K N L 

Opti mize d  541 GTTCT TCCATT GCC ATT TTT CTT TTCCAG AGATTCCGGTCTTGCTTT GCC AGT TGT CTC T
Ori ginal  541   GTTCT TCCCC TCCCATT CTTCT TCTCCAGAGACAG CGGCCTGGC CCTGCCAGT CGTCTCC 

V L P L P F F F S R D S G L A L P V V S 

Opti mize d  601 TT GCCTTACAACGA GATTA GAATC ACT GTTAA GCT TAG AGC AATTC AAGACTTG CTTAT C

Orig inal  601 CT CCC CTA CAA TGAGA TCA GGA TAACA GTCAAG CTGAG GGCCATCCAGG ACCTCCTGAT C 
L P Y N E I R I T V K L R A I Q D L L I 

Opti mize d  661 TT GCAGCA TAATAC CACT GGT GCTAT TTC CCC AATCGT TGC CGC AGATC TTGA AGGTGG A 
Orig inal  661   CTC CAGCA CAA CAC CACAGGGG CAATC AGC CCC ATCGT GGC CGC CGACC TCG AGG GAGGT 

L Q H N T T G A I S P I V A A D L E G G 

Opti mize d  721 TTGCC TGA CACAGT TGA GGCTAA TGT CTA TAT GACAGT TGC CTTGAT TAC CGGAGATGA A 
Orig inal  721  CTC CCCGACACCGT CGAG GCC AACG TCT ACATGACC GTC GCC CTCATC ACC GGGG ACGA G 

L P D T V E A N V Y M T V A L I T G D E 

Opti mize d  781  AGACA AGC TAT GTCTTCC ACTGTT AGAGACAT GGT TGT CGAGCAAG TTCA GGCTGCCC CA
Orig inal  781 AG GCAGGCCATGA GCAGCACAGTC AGGGACATGGT CGTGGAGCAGG TGCAGGC CGCCCC

A
R Q A M S S T V R D M V V E Q V Q A A P 

Opti mize d  841  GTTCATATGGTCA ACCCTAGAAAT GCAG CTACATTCCATACCGA TATG AGATTT TCTCAC
Ori ginal  841   GTCCACA TGGTCAACCCC AGGAACGCGGCCA CCTTCCA CACCGACATGCGGTT CTC ACAC 

V H M V N P R N A A T F H T D M R F S H 

Opti mize d  901 GCCGT TAA GGCATT GAT GTT CAT GGTTCA AAACGT CAC CCA CCC ATC AGT CGGTAG TAAT
Ori ginal  901  GCAGTCAAGGCCCTGATGTTTA TGGTGCAGAACGTCACACACCCT TCCGTCGGCTC CAA T 

A V K A L M F M V Q N V T H P S V G S N 

Opti mize d  961 TA CACTTGTGTTACACCTGTTGTCGG TGT CGG AAA CACTGTTCTTGA ACC AGCTTTGGC C
Orig inal  961  TA CACCTGCGT CAC TCCCGTCGT GGG AGTCG GCAACA CGGTCCTGGAG CCAGCCCTGGC G 

Y T C V T P V V G V G N T V L E P A L A 

Opti mize d  1021 GT TGA TCCTGT CAAATCAGCTAGTCTTGTT TATG AGAATACAACCAGATTGCC AGACAT G
Orig inal  1021  GTGG ATCC CGTC AAG AGCG CCAGC CTG GTGT ACG AAAA CAC CACA AGGC TCCC CGA CATG  

V D P V K S A S L V Y E N T T R L P D M 

Optimize d  1081  GGTGTCGAATACTATT CATTGGTTGAGCC ATGGTACTATG CCACTTCTA TTCCT GTTTC C 
Ori ginal  1081 GGAGTCGAGT ACTACTCGCTGG TGGAGCCCTGG TACTATGCCAC CTCCATCCCAGT CAG C 

G V E Y Y S L V E P W Y Y A T S I P V S 

Optimized 1141 ACAGGACATCACTTGTACTCATATGCACTTAGTTTGCAAGACCCACACCCTTCTGGTTCC
Ori ginal  1141 ACCGGGCACCACCTCTAC TCCT ATGCCCTCA GCC TACAGGACCCCCACCCATCC GGATC C 

T G H H L Y S Y A L S L Q D P H P S G S 

Opti mize d  1201  ACCAACTACGG AAGATTGACTAACGC TTCTCTTAATGT TACTTTGTCCGCAGAAGCTAC T
Orig inal  1201  ACCAATT ACGG CAGACTGACCA ACGCCAGCCTTAA CGTCACCCTGT CCGCTGAGGCC ACC  

T N Y G R L T N A S L N V T L S A E A T 

Optimize d  1261  ACAGCCGC AGC TGGT GGA GGTG GAGA TGA CTC TGGATACAC CAC TGCA CAGA AAT ATG CT 

Ori ginal  1261  ACGGC CGCCGCAGGAGGCGGAG GTGACGA CTCTGGGTACA CCACCGCCC AAAAGTACG C
C

T A A A G G G G D D S G Y T T A Q K Y A 

Optimize d  1321 CT TATCGT TTTGGC TAT CAA TCACAACATTAT CAGAAT TATGAA CGGTAG TAT GGGTTT T 
Ori ginal  1321 CTCA TCG TTCT GGCCA TCAA CCACAAC ATTA TCCGCAT CATG AACGGCT CGAT GGGATTC  

L I V L A I N H N I I R I M N G S M G F 

Opti mize d  1381 CCAAT CCTT TAG
Ori ginal  1381 CCA ATCTTG TAA 

P I L *  

Fig. 1. Nucleotide sequences and deduced amino acid sequence of codon-optimized and wild-type GSIV MCP  gene. Bases modified to optimize codons are in red and wild-type
bases  are in black. A total of 305 out of 464 codons (almost 66%) were substituted.
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Fig. 2. Construction of the O-MCP plasmid and the expression and electron microscope observation of the O-MCP protein. (A) Verification of the transformant by PCR analysis.
Lane  M,  DNA marker; lane 1, PCR products using 5′- and 3′-AOX1 primers; lane 2, PCR products of using O-MCPF and O-MCPR primers; lane 3, PCR products of the negative
control.  (B) SDS-PAGE and Western blot analysis of the O-MCP that was expressed in Pichia pastoris. The O-MCP was linked with the mouse anti-His-tag monoclonal antibody
and  horse radish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody in turn. Lane M,  protein marker; lane 1, the culture supernatant of Km71/pPICZ� B-O-MCP;
lane  2, the culture supernatant of the negative control (Km71/pPICZ� B); lane 3, Western blot result of the culture supernatant of Km71/pPICZ� B-O-MCP; lane 4, Western
blot  result of the culture supernatant of the negative control (Km71/pPICZ� B). (C) Electron micrograph of negatively stained O-MCP was similar to that of the negatively
stained GSIV particles (D) in size and morphology.

Fig. 3. The changes of the erythrocyte and leukocyte numbers in the peripheral
blood of the Chinese giant salamanders immunized with the O-MCP. The results
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Fig. 4. The changes in the differential leukocyte counts of monocytes, neutrophils
and  lymphocytes in the peripheral blood of Chinese giant salamanders immunized
with the O-MCP. The results included: monocyte percentages of O-MCP immunized
group (purple bar) and PBS group (green bar), neutrophil percentages of O-MCP
immunized group (red bar) and PBS group (black bar), lymphocyte percentages of
ncluded: erythrocyte numbers of O-MCP immunized group (orange bar) and PBS
roup (blue bar), leukocyte numbers of O-MCP immunized group (purple bar) and
BS group (green bar). Data are presented as mean ± S.E. (n = 3). *P < 0.05; **P < 0.01.

eukocyte numbers was also observed at day 21 post-immunization
Fig. 3).
The percentage of neutrophils began to increase on day
 post-immunization and peaked at day 5 post-immunization
28.33 ± 2.32%). At day 7 post-immunization, the percentage
eclined slightly but it was significantly higher than that of the
O-MCP immunized group (orange bar) and PBS group (blue bar). Data are presented
as  mean ± S.E. (n = 3). *P < 0.05; **P < 0.01.

control group (Fig. 4). The percentage of monocytes increased sig-

nificantly at day 4 and reached a peak of 15.92 ± 1.15% at day
7 post-immunization (Fig. 4). In the immunized group, the per-
centage of lymphocytes remained at basal levels throughout the
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Fig. 5. Serum neutralization antibody assay and GSIV challenge test. (A) The changes
of  the serum antibody titers in Chinese giant salamanders immunized with O-MCP.
The Chinese giant salamanders in immunized groups were vaccinated with the O-
MCP  at doses of 20 �g O-MCP and the mock immunized control group received the
same volume of PBS. Blood samples were collected from three animals from each
treatment group randomly at days 1, 3, 5, 7, 14, 21, 28, and 35 post-immunization.
Data are presented as mean ± S.E. (n = 3). **P  < 0.01. (B) The cumulative mortality
curves of vaccinated and control Chinese giant salamanders that were challenged
with GSIV. Each symbol is shown as the mean of triplicate groups. The challenge
test was  initiated at day 15 post-immunization. The Chinese giant salamanders
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increased significantly at day 14 and reached a peak at day 21 post-
ere inoculated intramuscularly with 0.1 ml  of 20 �g O-MCP (�), while the negative
ontrol received the same volume of PBS (�).

rst 7 days and increased gradually, peaking at 71.33 ± 3.53% at
ay 21 post-immunization. The percentage decreased slightly but
as still significant at day 35 compared to the control group

Fig. 4).

.5. Serum neutralization assay

The results of serum neutralization assay (SN) indicated that the
-MCP vaccinated Chinese giant salamanders produced neutraliz-

ng antibodies against the GSIV. The mean of SN antibody titers
f immunized group was 321.2 ± 50 at day 21 post-immunization.
y day 35 post-immunization, the antibody titer was still highly
ignificantly in the immunized group compared to the controls
Fig. 5A).

.6. Protection of immunized Chinese giant salamanders against
SIV challenge

The Chinese giant salamanders vaccinated with O-MCP had a
igher survival rate after the GSIV challenge than control group
Fig. 5B). At day 14 after the GSIV challenge, cumulative mortalities

f the immunized Chinese giant salamanders injected with 20 �g
f O-MCP were about 20%, while the cumulative mortality of the
ontrol group was 93%. The RPS value was 78%.
 (2015) 5662–5669 5667

4. Discussion

The MCP  is a well-known immunogenic protein of iridoviruses
[29–32], and it has been used as a primary immunogen in sev-
eral vaccine trials [10,24,33–35]. Recent studies indicate that the
siRNA-based silencing of the GSIV MCP  gene can effectively inhibit
GSIV replication in FHM cells [23]. Additionally, the antiviral effect
observed in a serum neutralization test confirmed the crucial role
of the MCP  gene in GSIV replication [23].

The native GSIV MCP  gene was  cloned into the expression vec-
tor pPICZ�  B, but it was  difficult to detect the integrity of the MCP
protein (data not shown). To improve expression of heterologous
proteins, the codon optimization technique has been extensively
used to improve the expression of heterologous proteins and typi-
cally results in a 10- to 50-fold increase in the target protein output
[21]. In this study, the GC content of the O-MCP gene from the
GSIV was  adjusted from 59.55% to 43.03%, which was  thought to
be a more appropriate range for the Pichia system. Additionally,
the Codon Adaptation Index (CAI) parameters increased from 0.6 to
0.84. A parameter of 1.0 is considered as the best for the expression
organism, and a CAI of >0.8 is good in terms of the gene expression
level that can be obtained.

To enable the gene cassette to carry a higher copy number
of the optimized gene (O-MCP), the putative multi-copy insert
transformants were selected using a high concentration of zeocin
(1000 �g/ml), since the multi-copy gene generally had a positive
effect on highly effective expression [36,37]. In order to simplify the
purification process, the O-MCP gene was  inserted the downstream
of the �-factor secretion signal so that the secreted O-MCP protein
should take the most of the total protein and be obtained easily
from the medium [38]. The SDS-PAGE analysis of the methanol
induced expression of Km71/pPICZ� B-O-MCP showed that the
recombinant O-MCP had a molecular mass of 66 kDa. The predicted
size of O-MCP was  63 kDa, that suggested that eukaryotic post-
translational modifications slightly increased the molecular weight
of the protein. To detect the complete expression of O-MCP, we per-
formed a Western blot using an anti-His antibody to identify the
6 × His-tag fused to the O-MCP protein. A band at about 66 kDa was
observed and this molecular weight was  identical with the protein
observed by SDS-PAGE.

The virus-like particles (VLPs) resembled the complete GSIV in
terms of its morphology, protein composition, and capsid structure,
which could induce high-titer of antiviral neutralizing antibodies
in experimental animal [38]. The VLPs have already been devel-
oped as a licensed vaccine for a human papillomavirus [39] and
HBV [40]. In the results reported herein, the O-MCP  produced from
yeast exhibited a similar morphology to GSIV [23] and induced high
concentrations of virus neutralizing antibodies. This suggested that
the O-MCP could be a potential vaccine against GSIV in the Chinese
giant salamander.

The health status and immunological responses of aquatic ani-
mals can be monitored by using hematology [41]. In this study, the
numbers of erythrocytes and leukocytes from immunized Chinese
giant salamanders increased significantly at day 3 and reached a
peak at day 5 compared to the control salamanders. These results
suggested that erythrocytes and leukocytes were involved in the
early innate immune response of the Chinese giant salamanders
after vaccination with the O-MCP. Additionally, the numbers of
monocytes and neutrophils in the peripheral blood from the immu-
nized Chinese giant salamanders also increased and reached a peak
at day 5 post-immunization. However, the number of the lym-
phocytes did not change the first week post-immunization but
immunization. At the same time, the numbers of monocytes and
neutrophils were decreasing. These results suggest that the mono-
cytes and neutrophils were involved in the early innate immune
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esponse of the Chinese giant salamanders vaccinated with the O-
CP, while the lymphocytes increased during the adaptive stage of

he immune response. The hematological changes observed were
imilar to Chinese giant salamanders that were immunized with an
nactivated iridovirus vaccine [3].

Neutralizing antibody plays a crucial role in providing protec-
ion against some viral diseases [42]. The SN antibody titers reached

 peak at day 21 post-immunization both in this study and in a pre-
ious study that tested an inactivated GSIV vaccine. However, in
his study the SN titers detected were slightly lower than those
bserved for the inactivated GSIV vaccine (341 ± 9.52) [3]. The
hinese giant salamanders vaccinated with the O-MCP exhibited
ignificant protection compared to the control group (RPS, 78%).
he RPS of the vaccinated group was higher in this study than that
eported for the study that used the inactivated vaccine (RPS, 72%)
3]. The in vivo experiment did indicate that the O-MCP was  very
mmunogenic and was able to induce a strong protective immune
esponse against GSIV. Currently, all the epidemic strains of the
SIV appear to be the same genotype in China [43]. The low-cost
f production of the recombinant O-MCP reported herein and the
trong immune dose that was elicited suggest that there may  be an
pplication for this vaccine. Additional studies are required to fur-
her define the effective dose and time before protective immunity
s elicited in different life stages of the Chinese giant salamander.

. Conclusion

In summary, the MCP  of the GSIV was successfully expressed
n P. pastoris through optimization of the MCP  codons and the
ecombinant protein exhibited a similar morphology to GSIV. Addi-
ionally, the O-MCP stimulated a protective immune response in
he Chinese giant salamander suggesting that the O-MCP is a poten-
ial candidate for the development of a vaccine for the control of
isease caused by the Chinese giant salamander iridovirus.
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