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Abstract B cell activating factor (BAFF), belonging to
the tumor necrosis factor superfamily (TNFSF), is a critical
cytokine for B cell survival and immunoglobulin secre-
tion. Here, the BAFF gene of Chinese sucker
(Myxocyprinus asiaticus) (MaBAFF) was cloned using
RT-PCR and RACE (rapid amplification of cDNA end)
techniques. The open reading frame (ORF) of MaBAFF
encodes a 272-amino acid protein containing a transmem-
brane domain, a TNF family signature, and a putative furin
protease cleavage site as seen in BAFFs from other spe-
cies. Tissue expression profiles of MaBAFF determined
by absolute and relative quantification of real-time quanti-
tative PCR (qPCR) showed that MaBAFF is widely dis-
tributed in various tissues, with the highest expression in
spleen. MaBAFF can be detected during fertilized egg
period by RT-PCR. Upon induction by A. hydrophila,
the expression of MaBAFF was up-regulated in spleen
from 48 to 72 h, and the expression of BAFF and IgM all
reached a peak at 48 h in head kidney. The soluble BAFF
gene (MasBAFF) had been cloned into pET30a. SDS-
PAGE and Western blotting analysis confirmed that the

His-MasBAFF was efficiently expressed in Escherichia
coli Rosset (DE3). CCK-8 assay indicated that the
MasBAFF recombinant protein (200 ng/ml) could prolong
the survival of peripheral blood leukocytes. Based on
ELISA screening and Western blotting, monoclonal anti-
body 1-F2A3 against recombinantMasBAFFwas selected
and used for immunohistochemistry, which showed that
BAFF-positive cells were detected in spleen and head
kidney. Our results raise the possibility that MaBAFF
may be useful to enhance immune efficacy in Chinese
sucker disease defense.

Keywords Myxocyprinus asiaticus . BAFF . B cell
survival . Immunohistochemistry

Introduction

Chinese sucker (Myxocyprinus asiaticus), which has
been listed in the China Red Data Book of Endangered
Animals and designated a class II state-protected animal
since 1990s, is the only genus Myxocyprinus in Asia
(Cheng et al. 2016). Moreover, Chinese sucker is a
species of potential economic and ornamental value in
aquaculture because of its delicious meat and beautiful
body color. Currently, due to water pollution and serious
infectious diseases, the number of Chinese sucker has
declined. Artificial breeding is an important way to
recover resources, but it still faces the problem of high
mortality in the larval stage (Li et al. 2017). The immune
system, including the innate and adaptive immune sys-
tem, is an important defense system for animals to resist
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invasion by foreign pathogens (Pandit et al. 2013). In
order to protect wild resources and aquaculture industry,
research on the immune system of Chinese sucker is
necessary. However, little is known about immune
mechanisms of Chinese sucker. B cell activity factor
(BAFF), which is produced by innate immune cells
and promotes B cell activation and antibody production,
is an important gene for studying innate immune and
adaptive immune systems of Chinese sucker.

In immune system, members of tumor necrosis factor
superfamily (TNFSF) play a critical role in regulating the
immune responses, and their ligands are type II mem-
brane proteins that can act in a membrane-bound form or
as a soluble cytokine that retains biological activity after
being proteolytically cleaved by a protease (Schneider
et al. 1999). BAFF (also known as TALL-1, BLyS,
THANK, zTNF4, or TNFSF13b), which plays a vital
role in B cell survival, proliferation, and differentiation,
is an important member of TNFSF (Rolink et al. 2002;
Glenney and Wiens 2007). Structurally, BAFF protein
contains an intracellular N-terminal transmembrane do-
main (TMD) and extracellular C-terminal TNF homolo-
gy domain (THD) conserved between TNFSF ligands
(20–30%) (Mackay and Browning 2002; Wiens and
Glenney 2011). In addition, there is an unusual long D-
E loop (flap region) in its soluble crystal structure com-
pared with other TNF superfamily members, and this flap
plays an important role in the formation of trimer or
capsid-like multimer (i.e., a 60-mer) and receptor binding
(Karpusas et al. 2002; Liu et al. 2002; Liu et al. 2016).
Three BAFF receptor family members have been identi-
fied: BAFF receptor (BR3, known as TNFRSF13C), B
cell maturation antigen receptor (BCMA, also known as
TNFRSF17), and transmembrane activator and calcium
modulator cyclophilin ligand interactor (TACI, known as
TNFRSF13B) (Gross et al. 2000; Tribouley et al. 1999;
Li et al. 2012). Recent data suggest that BR3 may be the
primary receptor responsible for BAFF-mediated func-
tion (Thompson et al. 2001). In addition to BAFF,
BCMA and TACI also bind to APRIL, a TNF family
member that shares a high level of sequence similarity
with BAFF. BAFF is mainly expressed on the innate
immune cells, such as monocytes, dendritic cells (DCs),
macrophages, activated T cells, neutrophils, and some
non-hematopoietic cells (Nardelli et al. 2001; Mackay
and Browning 2002; Vogt et al. 2005). Under physiolog-
ic conditions, BAFF regulates the proliferation and func-
tion of T and B lymphocytes by binding to three different
receptors (Liang et al. 2010).

The BAFF gene has been cloned and characterized in
several fish species including zebrafish (Liang et al.
2010), grass carp (Pandit et al. 2013), Nile tilapia (Liu
et al. 2016), Japanese sea perch (Cui et al. 2012), rock
bream (Godahewa et al. 2016), and miiuy croaker
(Meng et al. 2015). This is the first time to clone and
characterize the BAFF gene of Chinese sucker. In this
study, to gain further insight into the evolution of this
molecule, we describe here the molecular cloning, the
phylogenetic analysis, expression pattern, and function-
al analysis of the BAFF gene from Chinese sucker
(Myxocyprinus asiaticus).

Materials and methods

Experimental fish

Healthy Chinese suckers (average weight 75 g) were
purchased from a local commercial farm in Chongqing.
Before conducting any experiment, the fish were accli-
mated for 2 weeks in recirculating aerated water tanks at
20 °C. All animal experiments in this study were con-
ducted in accordance with the Regulation of Animal
Experimentation of Chongqing, China.

RNA isolation and reverse transcription polymerase
chain reaction

Total RNA was extracted using the RNAsimple Total
RNA Kit (TIANGEN, Beijing, China) according to the
standard protocol. The first-strand cDNA was synthe-
sized from 1 μg of total spleen RNA using the Primer
script™ RT Reagent kit with gDNA Eraser (TaKaRa,
Dalian, China). Degenerate primers (BAFF-JB-F,
BAFF-JB-R; Table 1) were designed based on the ami-
no acid sequences of zebrafish (NP-0011070621), grass
carp (AGG11791.1), and rohu (ANQ43935.1). PCR
conditions were as follows: 1 cycle of 94 °C for 5 min,
35 cycles of 94 °C for 30 s, 54 °C for 45 s, and 72 °C for
45 s, and then 72 °C for 10 min. The RT-PCR product
was gel purified and ligated into a pGEM-T easy vector
(Promega) and sequenced.

Rapid amplification of cDNA ends

To obtain the full-length cDNA sequence of MaBAFF,
3′- and 5′-RACE were performed with SMART™
RACE cDNA Amplification Kit (Clontech, USA) and
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both needed two rounds of PCR to complete. In the first
round of the touchdown PCR for 3′-cDNA, gene-
specific forward primer (3′-RACE-F1; Table 1) that
designed from the partial MaBAFF sequence and uni-
versal primer mix (UPM; Table 1) were used under
these conditions: 1 cycle of 94 °C for 5 min; 30 cycles
of 94 °C for 30 s, 65–50 °C for 45 s (− 0.5 °C/cycle), and
72 °C for 1 min; 1 cycle of 72 °C for 10 min. For the
amplification of 5′-cDNA, gene-specific reverse primer
(5′-RACE-R1; Table 1) and UPM were used under the
same conditions as listed above. Then, the nested-PCR
for 5′ and 3′-RACE was carried out, respectively, using
5′ RACE-R2/NUP (nested universal primer; Table 1)
for 5′ and 3′-RACE-F2/NUP for 3′ nested primer sets
(Table 1). The PCR products from the first round were
diluted 50 times and used as a template, with the fol-
lowing conditions: 1 cycle of 94 °C for 5 min; 35 cycles

of 94 °C for 30 s, 60 °C for 45 s, and 72 °C for 1 min; 1
cycle of 72 °C for 10 min. The PCR products were
cloned into pGEM-T Easy vector and sequenced, re-
spectively. The right sequences were assembled and
validated through BLAST search.

Analysis of MaBAFF sequence

TheMaBAFF sequence generated was analyzed using the
BLAST at the National Center for Biotechnology Infor-
mation Website (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
The deduced amino acid sequences were analyzed with
the Expert Protein Analysis System (http://www.expasy.
org/) and the transmembrane domain predication was
done using the program TMHMM Server v. 2.0
(http://www.cbs.dtu.dk/services/TMHMM/). Multiple
sequence alignments were performed using the

Table 1 Description of primers used in this study

Primer Sequence 5′-3′ Application

SMARTerIIA oligonucleotide AAGCAGTGGTATCAACGCAGAGTACXXXXX 5′ RACE

3′ RACE CDS primer A AAGCAGTGGTATCAACGCAGAGTAC(T)30VN 3′ RACE

5′ RACE CDS primer A (T)25VN 5′ RACE

UPM CTAATACGACTCACTATAGGGCAAGCAGTGGTAT
CAACGCAGAGT

5′, 3′ RACE

NUP AAGCAGTGGTATCAACGCAGAGT 5′, 3′ RACE

BAFF-JB-F AAGACCTTCCAGAARGARTTY Core cDNA

BAFF-JB-R CGATGCCGCCGGTGTARCANGTRT Core cDNA

3′RACE-F1 CAGGTCTAAAGCGAGGCTCAG 3′ RACE

3′RACE-F2 GTTCCGCTGTATTCAGAGC 3′ RACE

5′RACE-R1 GAATACAGCGGAACAGAACG 5′ RACE

5′RACE-R2 GAGCTGAGCCTCGCTTTAGAC 5′ RACE

Mas-F GGAATTCCATATGAGTCTGGGTCATGTTTCAGAC Protein expression

Mas-R CCCAAGCTTTCAAGCCAGTTTTATTGCTCC Protein expression

BAFF QPCR F TCTGTGCTTTCCCTGTACCA Q PCR

BAFF QPCR R CCGTCTTTGCTGTCCTCTT Q PCR

IgM QPCR F AATGGTGGAGAGTACAAGAGACC Q PCR

IgM QPCR R CAGGTTCATCATTAGCAAGCCAAG Q PCR

L18a QPCR F TACAGAGACCTGACCACCTC Q PCR

L18a QPCR R GTCGTGGAACTGCTTGATGG Q PCR

18s rRNA QPCR F CCTGAGAAACGGCTACCACAT Q PCR

18s rRNA QPCR R TGGGTTTAGGATACGCTCATTC Q PCR

GAPDH QPCR F GTTGACCTCACCTGCCGTCTC Q PCR

GAPDH QPCR R CCAACAAAGTCGGCAGAAAC Q PCR

β-actin QPCR F TCCATCGTCCACAGGAAGTG Q PCR

β-actin QPCR R TTCCGCATCCCGAGTCAATG Q PCR
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CLUSTALW 1.83 program (Thompson et al. 1994). The
phylogenetic tree was constructed using the neighbor-
joining (NJ) algorithm (Saitou and Nei 1987) in MEGA
version 5.0 (Tamura et al. 2011), and analysis reliability
was assessed by 10,000 bootstrap replicates. The three-
dimensional structure of BAFF protein is constructed by
SW I S S - M O D E L ( h t t p : / / w w w . e x p a s y .
org/swissmod/SWISSMODEL.html) using human
BAFF (PDB ID: 1osg.1.A) as template.

Analyses of tissue and ontogenic expression

For tissue distribution analysis of BAFF, tissues, includ-
ing spleen, head-kidney, kidney, heart, gill, liver, intes-
tine, skin, muscle brain, and blood, were collected from
three healthy individuals and frozen immediately in
liquid nitrogen before storage at − 80 °C until required.
Total RNA and the first-strand cDNA were prepared as
described above. Two quantitative methods of qPCR,
absolute and relative quantification, were used for the
study. Briefly, absolute quantification is performed by
constructing a standard plasmid of BAFF gene,
performing real-time quantitative PCR, preparing a stan-
dard curve and a regression equation, and then obtaining
the absolute copy number of the BAFF gene in each
tissue. The detailed steps are as described previously
(Zhang et al. 2018; Arabkari et al. 2019). For relative
quantification, four candidate reference genes GAPDH,
L18a, 18s rRNA, and β-actin were selected and the
number of copies in each tissue was determined as
described in BAFF; then, their stability was analyzed
using geNorm software (Etschmann et al. 2006; Mu
et al. 2019). The stably expressed gene was selected as
an internal reference gene to quantify the BAFF gene of
Chinese sucker in each tissue. The conditions of qPCR
were as follows: 1 cycle of 94 °C for 3 min; 40 cycles of
94 °C for 10 s, 57 °C for 20 s, and 72 °C for 20 s.
Melting curve analysis of PCR production was mea-
sured from 60 to 95 °C. All reactions were conducted
for three biological replicates. The relative expressions
of target gene were determined by mean crossing point
(cp) deviation by that of reference gene, following
2−ΔΔCT method. The significant difference of gene ex-
pression between the control and treated groups was
determined by Duncan test using SPSS software with
p < 0.05 as significance level.

For ontogenic expression analysis of MaBAFF, ma-
ture Chinese sucker were bred by induced breeding at
the hatchery, and fertilized eggs and newly hatched fish

were collected and maintained at ambient temperature
(18–21 °C) in the laboratory. After hatching, samples
were collected and snap-frozen directly in liquid nitro-
gen every 2 days. Total RNA from various stages was
prepared as described above. L18a was chosen as the
reference gene for internal standardization.

Stimulation of immune response

To study the immune response ofMaBAFF and IgM in
selected tissues, fish were divided into control and treat-
ed group. The control group was injected with 100 μl
PBS per fish, while the treated group was intraperitone-
ally injected with 100 μl inactivated A. hydrophila(XS-
91-4-1)with the concentration of 1 × 109 CFU/ml. Three
individuals were randomly collected at 0, 24, 48, and
72 h post infection (p.i.). Then, tissues were recovered,
snap frozen in liquid nitrogen, and stored at 80 °C. Total
RNA was extracted and then reverse transcribed into
cDNA, and qPCR was performed as described above.

Expression, purification of recombinant MasBAFF
and SDS-PAGE analysis

The soluble DNA fragment of MaBAFF was amplified
by PCR. The PCR product was digested with Nde I and
Hind III and ligated into the pET30a plasmid at the
corresponding restriction sites. This recombinant plas-
mid named pET30a-MasBAFF was transformed into
competent BL21 (DE3) cells to express the fusion pro-
tein. The bacteria were incubated in 3-l Luria broth
medium containing 50 μg/ml kanamycin at 37 °C with
vigorous shaking (180 rpm) to an optical density of
600 nm (OD600) ≈ 0.6. Then, 0.25 mM of IPTG (iso-
propyl–beta–D-thiogalactopyranoside) was added as in-
ducer and placed on the shaker incubator at 15 °C for 16
h. After induction, bacteria were harvested by centrifu-
gation at 12,000 rpm for 5 min. The pellet was resus-
pended in 150 ml of Tris-buffer saline (50 mM Tris,
150 mM NaCl, 1% Triton X-100, 1 μg/ml Pepstatin A,
1 μg/ml Leupeptin, pH 8.5) and sonicated on ice until
cells were completely lysed. This was centrifuged at
12,000 rpm and 4 °C for 30 min and the soluble proteins
in the supernatant were collected directly and applied to
Ni-IDA column to purify histidine-tagged proteins un-
der native condition. The pellet containing the inclusion
bodies was solubilized in 120 ml of 8 M urea, 50 mM
Tris (pH 8.0), 150 mM NaCl, 20 mM imidazole buffer
saline, and this soluble buffer was also used to
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equilibrate Ni-IDA column. The eluate was collected
and applied to molecular-sieve chromatography to im-
prove the purity of target protein. The protein was then
diluted into a buffer containing 4 mM GSH, 0.4 mM
GSSG, and 2 mM DDT to allow for correct disulfide
formation. The concentration of purifiedMasBAFFwas
determined spectroscopically at 595 nm using a protein
assay kit based on the Bradford reagent. Purified fusion
proteins were analyzed by SDS-PAGE and Western
blotting analysis.

Peripheral blood leukocyte isolation

Chinese sucker were killed by benzocaine (Sigma-
Aldrich) over-dose and blood was extracted with a
heparinized needle from the caudal vein and diluted 2
times with sample diluent. The equal blood was added
to the top of lymphocyte separation medium (TBD,
Tianjin, China), 2000 rpm, 20 min, and leukocytes were
harvested from the surface between the plasma and
separation medium.

In vitro survival assay (CCK-8 assay)

The survival of Chinese sucker peripheral blood leuko-
cytes in vitro was determined by a cell counting kit-8
(Genview, USA) according to the manual. To put it
simply, PBLs were prepared as described above. Then,
cells were adjusted to 105 cells/ml by RPMI1640 medi-
um containing 10% FCS and incubated in 96-well plates
for 4 h. Thereafter, cells were treated withMasBAFF at
various concentrations. The finial concentrations of
MasBAFF were 20 ng/ml, 200 ng/ml, and 2000 ng/ml.
Chinese sucker peripheral blood leukocytes were cul-
tured at 25 °C during the experiment. After 48-h incu-
bation, CCK-8 reagents were added to the culture. Then
incubated for 1 h, the absorbance was finally determined
at 450 nm using a microplate reader. PBS was used as
control groups and LPS (10 μg/ml) was used as a
positive control.

Production of anti-Chinese sucker BAFF monoclonal
antibody

The calf muscles of the hind legs of 6–8-week-old Balb/
c female mice were immunized with purified recombi-
nant protein. The antigen (20 μg) was mixed with
QuickAntibody-Mouse 5W adjuvant (Boaolong, Bei-
jing, China) in a 1:1 ratio for the first immunization.

After 21 days, the same injection was administrated to
boost the immunization. Then, injections were given by
tail vein at 2-week intervals with 20 μg pure purified
recombinant protein. Three days after the last injection,
the mice were sacrificed. Spleen cells were collected
from the immunized mouse and fused with Sp2/0 mye-
loma cells using polyethylene glycol according to stan-
dard fusion protocols. Hybridomas were grown on feed-
er layers of mouse peritoneal cells in 96-well plates and
screened by indirect ELISA. Hybridomas giving posi-
tive results were cloned by limited dilution, then the
isotype of MAb was identified by using Isotrip™
Monoclonal Antibody Isotyping Kit (ImmunoCruz™),
and the mAbswere characterized by indirect ELISA and
Western blotting.

Immunohistological Analysis

Tissue sections of head kidney, thymus, and spleen were
analyzed using immunohistochemistry. Paraffin sections
(7 μm) were prepared and dewaxed in xylene, rehydrated
in reducing alcohol, rinsed in PBS, and endogenous
peroxidase activity was quenched with an endogenous
peroxidase blocker for 20 min. Paraffin sections were
then incubated with mouse anti-BAFF mAb or PBS
negative control control for 1 h at 37 °C, washed with
PBS, and then incubated with biotin-labeled secondary
antibody for 1 h at 37 °C. Color development was then
carried out using a 3-30 diaminobenzidine (DAB) color
solution. After washing the slides with water, the sections
were counterstained with hematoxylin. The sections are
dehydrated, transparent, mounted, and observed under
microscope (Olympus, DP27).

Results

Characterization of MaBAFF cDNA sequence

The full-length cDNA of MaBAFF was obtained by
RACE method and deposited into GenBank under ac-
cession number (GenBank no.MG148352). The
MaBAFF cDNA was of 1382 bp in length, containing
an ORF of 819 bp, a 5′ UTR of 110 bp and a 3′ UTR of
563 bp with a polyadenylation signal (AATAAA) up-
stream of poly (A) tail. This ORF encoded a protein of
272 amino acids with a calculated molecular mass of
about 30.384 kD and theoretical isoelectric point (pI) of
5.24 (shown in Fig. 1 of supporting information).
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Multiple sequence alignment, phylogenetic analysis,
and 3D structure modeling

Multiple alignment and comparison with other known
teleost BAFF proteins using the DNAMAN software
indicated that the MaBAFF shared the highest identity
(81.07%) to rohu, 80.71% identity to grass carp, and
76.43% identity to zebrafish. The deduced amino acids
of the MaBAFF contain the predicted transmembrane
domain of 23 (residues 20–42) and the TNF family
profile locates between Gln 122 and Ala 271 (Fig. 1).
The phylogenetic tree showed that MaBAFF clustered
together with BAFF sequences, but not with APRIL and
BALM sequences. Meanwhile, MaBAFF share highly
conserved evolutionary relationship among Cyprinidae
family (Labeo rohita, Ctenopharyngodon idella,
Carassius auratus, and Danio rerio) belonging to one
clade containing teleost fish (Fig. 2).We predicted the
3D structure of Myxocyprinus asiaticus BAFF mono-
mer by SWISS-MODEL using the human sBAFF (PDB
ID: 1osg.1.A) as a template. Despite some difference
existing at amino acid level, the predicted structure of

MaBAFF shares high similarities with its counterpart
(Fig. 3). An additional feature is termed “flap” region,
also named “D-E loop”, that is unique to BAFF based
on structural comparisons.

Tissue and ontogenic specific expression

Stability evaluation of four candidate internal reference
genes

The stability evaluation of the four internal refer-
ence gene candidates GAPDH, β-actin, 18srRNA,
and L18a was performed by calculating the copy
number in tissues of Chinese sucker. The lowest
copy number is defined as 1, and copy number of
other tissues is compared with it. The copy number
ratio of GAPDH between brain and muscle is 180,
and the ratio of β-actin in spleen and muscle is
more than 70. However, the expression level of
L18a and 18srRNA in each tissue varied within a
smaller range of lower than 10-fold (shown in Fig.
2 of supporting information). The geNorm software

Fig. 1 Alignment of BAFF amino acid sequences between Chi-
nese sucker and other species. Amino acid sequence alignment of
BAFF from several species was performed using DNAMAN
software. The putative transmembrane region is boxed and the

dotted line above BAFF sequences indicates the conserved long
D–E loop, known as the “flap”. Underlined sequence is the con-
served TNF homology domain (THD) of BAFF.
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Fig. 2 Phylogenetic tree based on BAFF, APRIL, and BALM
amino acids of different species. The tree was constructed by the
neighbor-joining method (Tree Top program) using ClustalW and

MEGA 5 packages and was bootstrapped 10,000 times. The
Chinese sucker is indicated by an arrowhead (▲)

Fig. 3 Homology modeling of
the MaBAFF monomer based on
the human structure. Cartoon
displays of structure models are
shown. Yellows represent β
strands. Greens represent loops.
Red represents α helix. Purples
represent “flap” regions
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was then used to analyze the stability of these four
candidates and the order of the stability is: L18a =
18s rRNA > β-actin > GAPDH (shown in Fig. 3 of
supporting information).

Tissue-specific expression

In order to better analyze the tissue distribution of
the BAFF gene, it was quantified by both absolute
and relative quantification of qPCR. Absolute quan-
tification showed that the BAFF gene was expressed
in all tissues examined, with the highest copy num-
ber in the spleen (4.14-fold) and its expression in
other tissues fluctuated in the range of 1–2-fold (Fig.
4a). Relative quantification was carried out using
18s rRNA as internal reference genes, with high
mRNA levels observed in the spleen, followed by
the muscle, head kidney, and intestine. The lowest
levels were observed in the kidney (Fig. 4b). In
comparing the results obtained by two quantitative
methods, we can conclude that MaBAFF is widely
distributed in various tissues and presents the
highest expression in the spleen.

Ontogenic specific expression

RT-PCR results suggested that BAFF gene expres-
sion in Chinese sucker can be detected at the
fertilized egg period and stably observed in all
detecting time point period from fertilized egg to
33 days after hatching (Fig. 5).

Expression of MaBAFF and IgM in different tissues
after challenge with A. hydrophila

The relative expression levels of MaBAFF and IgM
mRNA in the kidney, spleen, peripheral blood leuko-
cytes, and peritoneal cavity cells of Chinese sucker
within 72 h p.i. with inactivated A. hydrophila are
shown in Fig. 6. The mRNA expression level of BAFF
was significantly up-regulated in the spleen from 48 to
72 h p.i., and peaking in the head kidney at 48 h p.i.,
then returned to almost normal levels at 72 h p.i.. The
transcription level of MaBAFF in peripheral blood leu-
kocytes and peritoneal cells was reduced before 24 h
p.i., and there was no obvious upward trend at all points
in time. The highest upregulation of IgM was observed
in the head kidney at 48 h p.i., and no significant
increase in spleen, peripheral blood, and peritoneal cav-
ity cells was observed.

Expression and purification of the recombinant
MasBAFF protein (rMasBAFF)

The recombinant His-tagged MasBAFF, approximately
19.25 kD in molecular weight, was mainly expressed in
inclusion body of host bacteria and also expressed in a
small amount in the cytoplasm (Fig. 7a). The recombi-
nantMasBAFF was successfully purified using Ni-IDA
and molecular-sieve chromatography. The identity of
the purified proteins was determined using anti-His
monoclonal antibody. Western blotting analysis indicat-
ed that bacterially expressed protein showed a predom-
inant band with the estimated molecular weight of
19.25 kDa (Fig. 7b).

Fig. 4 Analysis of BAFF mRNA expression level in Chinese
sucker tissues. a Absolute quantification of qPCR; blood tissue
of Chinese sucker with the lowest BAFF expression copies was
used as the control group. The ordinate represents the mRNA

expression of the fold increase versus control. b Relative quanti-
fication of qPCR. Data were calculated relative to the tissue with
lowest expression (kidney) set to 1, normalized against 18srRNA
mRNA levels
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Bioactivity of rMasBAFF

To investigate the effect of rMasBAFF on the in vitro
survival of peripheral blood leucocytes of Chinese suck-
er, we indirectly determined the number of viable cells
after 48-h co-culture with rMasBAFF via CCK-8 assay.
As shown in Fig. 8, after 48 h, the positive control group
(LPS) had the highest number of viable cells and the OD
value was 0.733. The numbers of living cells were
higher in rMasBAFF-treated cultures compared with
the PBS control. In the BAFF group, when the protein
concentration was 200 ng/ml, the OD450 value was
0.649, and the number of living cells was the largest.
SPSS analysis also showed that the cell viability of
BAFF group was higher than that of PBS group. These
results showed that rMasBAFF protein has a higher cell
survival at a dose of 200 ng/ml after treatment 48 h and
has a certain prosurvival effect on peripheral blood
leukocytes.

Production and specificity analysis of mAbs

After the fusion, approximately 80% wells yielded hy-
bridomas, of which seven hybridomas secreted Chinese

sucker BAFF-specific antibodies screened by indirect
ELISA. Then, one hybridoma was cloned, which pro-
duced a strong positive result (O.D. > 1.0) and was
subcloned by limiting dilution. The antibodywas named
1-F2A3. The isotype of MAb 1-F2A3 was identified as
IgG2a. Western blot analysis showed that MAb 1-F2A3
specifically recognized the recombinantMasBAFF pro-
tein and did not react with the recombinant proteins
CD79b and Chinese sucker serum (Fig. 7c).

Immunohistochemistry results

Immunohistochemistry was performed on head kidney,
thymus, and spleen section of Chinese sucker with the
prepared 1-F2A3 monoclonal antibody, and the results
showed that the monoclonal antibody could recognize
BAFF-positive cells in the head kidney and spleen (Fig. 9).

Discussion

In mammals, BAFF plays a crucial role in B cell matu-
ration and maintenance (Rolink et al. 2002). Until now,
most research has focused on mammalian and avian

Fig. 5 The detection of BAFF in
early developmental stage of
Chinese sucker

Fig. 6 BAFF and IgM mRNA expression level after being chal-
lenged with A. hydrophila in Chinese sucker. Inactivated
A. hydrophila was injected into peritoneal cavity. After the desig-
nated time course, total RNA was extracted from spleen, head
kidney, PBL (peripheral blood leucocyte), and PC (peritoneal

cavity cells) of the control and treated group of fish. qRT-PCR
was conducted to analyze BAFF and IgM gene expression in
various organs. The results were expressed as mean ± standard
errors (bars) after normalizing the values with L18a (internal
control). **P < 0.01, *P < 0.05
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BAFF (Schneider et al. 2004; Ettinger et al. 2007). But
recently, a few studies have also been carried out to
characterize BAFF in several fish species. There is
growing evidence that BAFF affects many important
biological characteristics, such as immune recognition
and autoimmune diseases. Therefore, as an important
cytokine, it is a good candidate to begin to study the
immune mechanisms of Chinese sucker.

In this study, the cDNA sequence of BAFF from
M. asiaticus was determined. As a member of the TNF
ligand family, MaBAFF also has the most distinctive
features such as a transmembrane domain and a TNF
homology domain. However, as reported in some teleost

BAFF sequences, the existence of a furin-like cleavage
motif was not identified in MaBAFF. Multiple align-
ment results indicated that there is a conserved “K-R-S-
L” site in the BAFF sequences of four Cyprinidae
families, similar to the furin cleavage sites found in other
vertebrate species (Fig. 1). The phylogenetic analysis
provided evidence that MaBAFF shared a common
ancestor with other BAFF proteins (Fig. 2). In addition,
the predicted 3D structure indicates that although the
MaBAFF monomer molecule and the human counter-
part differ in amino acid residues, their three-
dimensional structure is highly consistent (Fig. 3). This
suggests that MaBAFF may have similar biological
functions to human BAFF in vivo.

Choosing the appropriate reference gene is the most
important step in gene expression analysis. For analyz-
ing the expression of MaBAFF in different tissues,
absolute quantitative analysis of four candidate internal
reference genes was first performed. The results showed
that the expression levels of GAPDH and β-actin genes
were significantly different in tissues, while 18srRNA
and L18a were relatively stable, and the distribution of
18srRNA in tissues was more uniform than L18a
(shown in Fig. 2 of supporting information). Then,
geNorm software was used to perform stability analysis
on the four candidate internal reference genes and re-
vealed that L18a and 18srRNA were well-stabilized
(shown in Fig. 3 of supporting information). Combining
the above results, 18srRNA was selected as an internal
reference gene for relative quantification of BAFF.
However, the copy number of 18srRNA in blood, skin,
and heart tissues is lower than that of other tissues,

Fig. 7 SDS-PAGE and Western blot analysis. a SDS-PAGE
analysis of MasBAFF protein expressed in E. coli BL21 (DE3).
M: marker; lane 1: total proteins from uninduced positive BL21;
lane 2: total proteins from induced positive BL21; lane 3:
supernate from induced positive BL21; lane 4: deposition from

induced positive BL21; lane 5: purified recombinant protein. b
Western blotting analysis of purified MasBAFF using mAb
against His6-tag. c Western blotting analysis of mAb 1-F2A3.
Lane 1: BAFF recombinant protein; lane 2: CD79b recombinant
protein; lane 3: serum of Chinese sucker

Fig. 8 Effects of MasBAFF on the survival of Chinese sucker
PBLs in vitro. Cells were cultured with the indicated doses of
MasBAFF for 48 h. Values are expressed as the mean ± standard
deviation (SD), **P < 0.01, *P < 0.05
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which will result in inaccurate results in using 18srRNA
internal reference gene to normalize BAFF gene expres-
sion in these three tissues. In order to ensure the accu-
racy of the experiment, these three tissues were re-
moved. The result is shown in Fig. 4b. MaBAFF has
the highest expression in the spleen, followed bymuscle
and head kidney. Absolute quantitative results also
displayed that BAFF had the highest copy number in
the spleen (Fig. 4a). Based on the results of absolute and

relative quantification of qPCR, we can conclude that
MaBAFF has the highest expression in the spleen.

According to the cell type expressing BAFF and itself
as a class of immune-related molecules, the highest ex-
pression level in the spleen can be explained. However,
in the reports of grass carp (Pandit et al. 2013) and miiuy
croaker (Sahoo et al. 2008), BAFF has the highest rela-
tive expression in the skin with β-actin as the internal
reference gene. A reasonable explanation is also given

Fig. 9 Immunohistochemical detection of 1-F2A3MAb reactivity in tissue sections of head kidney, thymus, and spleen.AHead kidney; B
thymus; C spleen; a, b, c: Negative control. Bars represent 20 μm
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that skin is the first line of defense against foreign path-
ogens. We initially selected β-actin as an internal refer-
ence gene to quantify the expression of BAFF in Chinese
sucker tissues, and the results also demonstrated the
highest expression in the spleen (date not shown). From
the absolute quantitative results of β-actin in Chinese
sucker tissues, it can be seen that the copy number
distribution in the tissue is not uniform and is not suitable
as an internal reference gene. In another report of rock
bream, the relative expression of BAFF in the kidneywas
as high as 374.97-fold, and very little in the skin and
muscle (Godahewa et al. 2016). The difference in the
results of these experiments may be due to differences in
fish species, different growth time points, and different
choices of internal reference genes; so, further research is
needed. RT-PCR suggested that BAFF expression was
stably observed from fertilized egg to 33 days after
hatching (Fig. 5). The expression pattern implies that
BAFF may play important role in fish immune system.

Aeromonas hydrophila is a type of Gram-negative
Brevibacterium that produces highly toxic exotoxin,
which can cause diseases such as rotten sputum, rotten
tail, and hemorrhagic sepsis after infection (Sahoo et al.
2008; Mu et al. 2013). In addition to B cell survival,
BAFF also induces IgM production through a T cell-
independent pathway (Moore et al. 1999). In this study,
the relative expression of IgM was analyzed to correlate
the relative expression patterns of the BAFF genes.
After 48 h of A. hydrophila challenge, the expression
levels of BAFF and IgM are up-regulated in the spleen
and head kidney and are most pronounced in the head
kidney (Fig. 6). It is well known that the head kidney
and spleen are lymphoid organs, which are the main
sites of differentiation of granulocytes, B cells, T cells,
monocytes, and natural killer cells. They initiate an
adaptive immune response through activation of lym-
phocytes (Romano et al. 2000). Therefore, it may be
because A. hydrophila as a foreign pathogen caused the
B cell response in Chinese sucker and up-regulated the
expression of BAFF and IgM. The mRNA expression of
BAFF in peripheral blood and peritoneal cells decreased
before 24 h of A. hydrophila stimulation, and there was
no significant up-regulation. IgM transcript expression
also showed no upward trend in peripheral blood leu-
kocytes and peritoneal cells. The expression levels of
BAFF and IgM in peripheral blood leukocytes and
peritoneal cavities did not show a significant increase
trend that may be related to the small proportion of cells
expressing BAFF in leukocytes and peritoneal cells.

BAFF protein was obtained by expressing soluble
mature E. coli using the PET30a plasmid. SDS-PAGE
analysis confirmed that the soluble fusion protein His-
MaBAFF was efficiently expressed in Escherichia coli
BL21 (DE3) (Fig. 7a). CCK-8 assay indicated that the
MasBAFF recombinant protein (200 ng/ml) could pro-
long the survival of peripheral blood leukocytes (Fig. 8).
The 1-F2A3 mAb was obtained by immunizing Balb/c
mice with purified recombinant BAFF protein, and
Western blot results displayed that the antibody specif-
ically recognized the BAFF recombinant protein (Fig.
7c). Immunohistochemistry demonstrated that 1-F2A3
monoclonal antibody can detect positive BAFF cells in
the head kidney and spleen, but the cell type of positive
cells cannot be determined. Based on morphology of
positive stained cells, these positive BAFF cells may be
monocytes or macrophages (Fig. 9). At present, we have
only studied the changes of BAFF genes after infection
at the mRNA level, while the changes at the protein
level still need further research.

In summary, this is the first report on the cloning and
characterization of the Chinese sucker BAFF. It is also the
first time to analyze the tissue distribution of BAFF genes
by two quantitative methods of qPCR. Our results suggest
thatMaBAFF plays an important role in promotion of the
survival/proliferation of Chinese sucker lymphocytes.
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