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A full-length cDNA encoding the immunoglobulin (IgM) heavy chain gene of Nile tilapia was
successfully cloned using the 5 and 3’ RACE techniques. The complete cDNA of the Nile tilapia IgM
heavy chain gene is 1,921 bp in length and has an open reading frame (ORF) of 1,740 bp, which
corresponds to 580 amino acid residues. The deduced amino acid sequence of the Nile tilapia IgM
heavy chain includes a typical secretory IgM heavy chain designated "On-silgM" and a variable region
that is connected to 4 constant regions to form the L-V,-C,1-C,2-C3-C 4 pattern. Comparisons of the
nucleotide and amino acid sequences of On-sigM with IgM heavy chains of other organisms showed the
highest similarity scores of 62.6 and 55.4%, respectively, to the orange-spotted grouper (Epinephelus
coioides). Structural analysis of 126 cDNAs encoding variable domains of the IgM heavy chain revealed
that at least 9 V, families, 6 Dy segments and 4 J, families were utilized using several mechanisms to
generate the repertoire of antigen-binding domains. Variation analysis of the variable domains indicated
that the amino acid sequences of the framework regions (FRs) were less variable than those of the
complementarity determining regions (CDRs), among which the most variable was CDR3. Tissue
expression profile analysis using quantitative real-time RT-PCR of healthy Nile tilapia showed that the
IgM heavy chain gene was ubiquitously expressed in all 13 tested tissues, but the highest expression
level was observed in the head kidney, followed by the spleen, intestine and peripheral blood
leukocytes (PBLs). Furthermore, Southern blot analysis of the constant region of the IgM heavy chain
gene of 3 different fishes indicated that Nile tilapia genomes may contain 2 copies of the IgM gene.
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INTRODUCTION

Nile tilapia (Oreochromis niloticus) is a freshwater fish continue. In 2010, tilapia production was focused in 2
that is cultured worldwide and is an important economic leader countries (China and Egypt), with productions of
aquatic animal. The global production of tilapia was 3.6 1,331,890 and 557,049 tons, respectively. In 2014,
million tons in 2011, and yearly increases are thought to 174,872 tons were produced in Thailand as result of



increased aquaculture throughout the country, ranging
from earthen ponds to intensive cage-culture systems,
making Thailand the 5" largest world tilapia producer
(FAO, 2014). This activity has also been promoted by
related industries and supply chains, such as hatcheries,
feed manufacturers and distributors, to support the huge
domestic consumption. However, this intensive culture
system has a high risk of disease outbreaks. The bulk of
fish deaths occurs due to protozoan, fungal and bacterial
infections, typically due to Aeromonas hydrophila,
Streptococcus agalactiae and Flavobacterium columnare,
and result in lost tilapia yields in culture systems
(Mohamed and Refat, 2011; Pridgeon et al., 2011,
Rodkhum et al.,, 2011). To circumvent these problems,
fish immunity must improve to increase the efficiency of
disease prophylactic and therapeutic methods. The
immune systems of vertebrates govern homeostasis,
prevention and surveillance and are generally divided into
2 parts: innate and adaptive immune systems. The
adaptive or acquired immune system, which was
discovered in cartilaginous fish, is distinguished from the
innate immune system by antibody (immunoglobulin)
production by plasma B cells and the functions of
cytotoxic T cells associated with the degranulation
process. Antibody production and degranulation are
potent and effective methods used to specifically
eliminate pathogenic infection. Immunoglobulins are
important molecules in jawed vertebrates, ranging from
gnathostomes to tetrapods, but are not found in
invertebrates (Flajnik, 2002; Flajnik and Du Pasquier,
2004). The fundamental functions of immunoglobulins
include toxic neutralization, the promotion of phago-
cytosis by opsonization and activation of the complement
system (Walport, 2001; Holland and Lambris, 2002). An
immunoglobulin molecule is composed of 2 heavy chains
and 2 light chains that are joined by inter- and intra-
disulfide bonds.

In bony fish, 3 major isotypes of immunoglobulins exist:
IgM, IgD and IgT/IgZ (Hikima et al., 2011; Salinas et al.,
2011). Immunoglobulin isotypes are determined by the
constant region (Cy), which also dictates the effector
function of the molecule in different types of immune
responses. The variable region contains the antigen-
binding site (Roitt et al., 2001) and is located at the N-
terminus of the heavy and light chains. Heavy chains are
composed of a variable segment (Vy), a diversity
segment (Dy), which is not found in the light chain, and a
joining region (Jy). The variable regions of the heavy and
light chains consist of 4 framework regions (FR1-4) and 3
complementarity determining regions (CDR1-3), or hyper-
variable regions. The CDRs are highly variable in
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Nucleotide sequence because of considerable contact
with antigens (Pilstrom and Bengten, 1996).

The mechanisms used to generate the diverse
immunoglobulins in higher vertebrates can be summarized
into at least 7 events that consist of combinatorial
diversity, junctional imprecision, junctional diversity, gene
conversion, secondary V. gene recombination, somatic
hypermutation and heavy/light chain pairing. During B cell
development, the diversity of antigen-binding elements
begins with rearrangement mediated by recombination-
activating gene (RAG), which initiates the assembly of
the antigenic binding domain of immunoglobulins, Artemis
(DNA repair proteins) and terminal deoxynucleotidyl
transferase (TdT), which are utilized for P and N nucleotide
addition, respectively (Lieber, 1992; Kuo and Schlissel,
2009).

In Osteichthyes, secreted IgM (slgM) is one of the
major proteins in the serum and is generated during
immune responses against pathogenic infection. IgM is
classified as the primordial immunoglobulin of the
adaptive immune response and is found in monomeric
and tetrameric forms in circulating blood (Acton et al.,
1971; Wilson and Warr, 1992). IgM can exist in 2 forms,
slgM and membrane-bound (mIgM), which are generated
via alternative RNA splicing of the primary transcript of
the p gene (Ross et al.,, 1998). slgM consists of the
variable region and 4 constant domains in the heavy
chain, whereas mlgM contains variable region, 3 constant
domains and 2 additional transmembrane domains (Tyl
and Ty2) and acts as a B cell receptor for initial antigen
binding (Dylke et al.,, 2007). To date, the cloning and
characterization of the IgM gene has intensively been
reported in holostean, cartilaginous and teleost fish
(Rauta et al., 2012). However, information about the
mechanisms important for generating diversity for antigen
binding is reported in some teleost fish but still lacking in
Nile tilapia.

The aim of this study was to increase the
understanding of the teleost immune system, specifically
IgM, which is the most vital humoral molecule for
adaptive immune responses.

This study performed molecular characterization of the
full-length cDNA of the IgM heavy chain gene of Nile
tilapia and the diverse expression of its variable domain
were intensively investigated. In addition, tissue
distribution analysis was performed using gquantitative
real-time RT-PCR, and genomic structural analysis of the
gene was performed using Southern blot analysis.
Information from the current study may provide a better
understanding of the adaptive immune system of Nile
tilapia.
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Table 1. Oligonucleotide primers used for PCR analysis.

Oligonucleotide , , Amplicon .
Gene name primer Sequence 5’ > 3 size Experiment
IgM heavy chain - IgMuF1 AGGAGACAGGACTGGAATGCACAA - 3' RACE-PCR
IgM heavy chain - IgMuR1 TTGTGCATTCCAGTCCTGTCTCCT . 5 RACE-PCR, Variable
domain analysis
IgM heavy chain - IgMuF2 GGATGATACCTATACTGCCTCCTG 174 Real-time PCR
IgM heavy chain - IgMuR22 AATCTAGTCTGATCATTCAGGTCA 174 Real-time PCR
R-actin - R-actinF2 ACAGGATGCAGAAGGAGATCACAG 155 Real-time PCR
3-actin - B-actinR2 GTACTCCTGCTTGCTGATCCACAT 155 Real-time PCR
CTAATACGACTCACTATAGGGCAAGCATGG
- - UPM-long TATCAACGCAGAGT - RACE-PCR
- - UPM-short AAGCAGTGGTATCAACGCAGAGT - RACE-PCR
Constant region of _ g5 GGATGATACCTATACTGCCTCCTG 533 Southern blot
IgM heavy chain
Constant region of g p GGTGAACAACACAGAAGCGTGT 533 Southem blot

IgM heavy chain

MATERIALS AND METHODS
Experimental animals

Healthy adult Nile tilapia weighing 500 to 600 g were obtained from
the Department of Aquaculture, Faculty of Fisheries, Kasetsart
University. The fish were maintained in aerated water tanks and fed
with commercial feed twice a day for a week.

Cloning of the full-length cDNA of the IgM heavy chain gene of
Nile tilapia

Total RNA from the head kidney and spleen of an adult Nile tilapia
was extracted using TRIzol reagent (Gibco BRL, USA) according to
the manufacturer's instructions. The mRNAs were consequently
prepared using a QuickPrep Micro mRNA Purification Kit
(Amersham Biosciences, USA). Five hundred micrograms of mRNA
from each organ were pooled, 1 pg of mixed mRNA was used per
reaction, and 5 and 3’ first-strand cDNA were synthesized using
the BD Smart RACE cDNA Amplification Kit (Clontech, USA). The
cDNAs were then used as templates for 5 and 3 RACE PCRs,
which were conducted using the specific primers IgMuF1 and
IgMuR1, respectively (Table 1). These primers were designed from
the EST clone HK0156 encoding the partially constant region of the
Nile tilapia IgM (GenBank accession no. FF279636). The PCR
conditions included pre-denaturation for 5 min at 95°C; 25 cycles of
95°C for 30 s, 55°C for 30 s and 72°C for 90 s; and a final
elongation step at 72°C for 5 min. The 5 and 3' RACE PCR
products were purified using the HiYield™ Gel/PCR Fragments
Extraction Kit (RBC Bioscience, Taiwan), ligated into the pGEM T-
Easy cloning vector (Promega, USA) and transformed into
Escherichia coli strain JM 109, which was grown on Luria Bertani
(LB) agar containing ampicillin (0.01 g/mL), IPTG (100 mM) and X-
gal (50 mg/mL). Each plate of transformants was incubated at 37°C
for 18 h. Positive clones, that is, white colonies, were selected, and
plasmids were extracted using the Plasmid DNA Extraction Manual
Kit (Bio Excellence, Thailand). Nucleotide sequencing of the
selected clones in the 5 and 3 directions was performed by
Macrogen, Inc. (Korea) using the M13F and M13R primers with the
Thermo Sequence Fluorescent Labeled Primer Cycle Sequencing
Kit (Amersham Pharmacia Biotech).

Characterization of the full-length cDNA of the IgM heavy chain
gene of Nile tilapia

After sequencing, the nucleotide sequences were screened for
vector contamination, and vector sequences were removed using
VecScreen (http://www.ncbi.nlm.nih.gov/VecScreen/
VecScreen.html). The nucleotide sequences from the 3’ and 5’
fragments were multiply aligned to find overlapping regions and
compared with nucleotide and amino acid sequences of other
vertebrate IgMs in the GenBank database using the BLASTN and X
programs (http://blast.ncbi.nim.nih.gov/ Blast.cgi). The coding
sequences, conserved residues and signature motifs that were
important for immunoglobulin functions and structure were deter-
mined using the IMGT (International ImMunoGeneTics Information
System) database  (http://www.ebi.ac.uk/imgt/) and  other
publications. The full-length cDNA of the IgM heavy chain in Nile
tilapia was examined to predict its signal peptide sequence using
the SignalP 4.0 Server (http://www.cbs.dtu.dk/services/ SignalP/).
The similarity and identity of the nucleotides and amino acids of the
IgM heavy chain of Nile tilapia and other vertebrates were
calculated using the MatGat 2.02 program
(http://bitincka.com/ledion/matgat).

Phylogenetic analysis

The deduced amino acid sequences of the constant domain of the
IgM heavy chain, consisting of the Cu2-Cu4 domains, in Nile tilapia
and other vertebrates (gnathostomes to mammals) were multiply
aligned using CLUSTALW. Cul was excluded because it is known
as the high conserved region resulted from the evolutionary
duplicated to generate other C regions. The IgD heavy chains of
Mandarin fish, Siniperca chuatsi (ACO88906), and grouper fish,
Epinephelus coioides (AEN71108), were used as outgroups for the
phylogenetic tree. Then, the evolution of the IgM heavy chain gene
was determined using the UPMGA method by performing 1,000
bootstrap resampling replicates with the MEGA program, version
5.05 (http://www.megasoftware.net).

Construction of a cDNA library of the variable domain of the
IgM heavy chain gene

The cDNA library was constructed using 5 RACE PCR with the
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specific primer IgMuR1 (Table 1). Briefly, the previously prepared,
ready-to-use, first-strand cDNA template for 5° RACE PCR was
amplified, cloned and sequenced using the same protocols
described above.

Diversity analysis of the variable domain

After sequencing, the entire nucleotide sequences of randomly
selected clones were analyzed for homology with other sequences
available in the GenBank database using the BLASTN and
BLASTX programs, as previously described. A representative
sequence from each redundant group was arbitrarily chosen for
further family classification. The resulting 126 cDNA sequences
were analyzed to find the leader sequence, FR and CDR according
to the IMGT standardization numbering. Each of the Vy families, Dy
segments and Jy families was classified using the CAP3 program
(http://bioweb.pasteur.fr/seqana/ interface/cap3. html). The Vy
family was grouped based on the percentages of nucleotide
sequence identity in the same Vy family greater than 80% (Brodeur
and Riblet, 1984). Then, the similarity and identity of the Vu, Dy and
Ju amino acids were calculated using MatGat 2.02, and multiple
alignments were performed using the CLUSTALW program. To
examine the degree of sequence variability in the variable region of
Nile tilapia IgM, the deduced amino acid sequences were multiple-
aligned and calculated as the position variability using the Kabat
and Wu method (Kabat and Wu, 1971) and Shannon analysis
(Stewart et al., 1997).

Tissue distribution of IgM heavy chain gene by quantitative
real-time PCR

Total RNA from the brain, gills, gonad, heart, head kidney, intestine,
liver, muscle, skin, spleen, stomach, peripheral blood leukocytes
and trunk kidney of a healthy Nile tilapia was extracted using TRIzol
reagent (Gibco BRL, USA). The contaminating genomic DNA was
digested with RNAse-free DNAse | (Fermentas, USA), and first-
strand cDNA synthesis was performed using 1 pg of total RNA from
each tissue with the RevertAid First Strand cDNA Synthesis Kit
(Fermentas, USA). First-strand cDNA from the 13 tissues was
quantitatively examined using the IgMuF2 and IgMuR22 primers
(Table 1). The expression levels were normalized to the expression
level of beta-actin mRNA using the B-actinF2 and B-actinR2 primers
(Table 1). The quantitative real-time RT PCR was conducted using
an Mx Pro™ 3005P QPCR (Stratagene, USA), and the mRNA
expression of the IgM heavy chain and beta-actin genes was
detected using Briliant 1 SYBR Green gqPCR Master Mix
(Stratagene, USA). The cycling conditions consisted of 95°C for 10
min, followed by 40 cycles of 95°C for 30 s, 55°C for 1 min and
72°C for 1 min. For each sample, 3 replicates were performed for
the IgM heavy chain and -actin mMRNAs. Standard curves were
constructed to examine the efficiency and specificity of both specific
primer sets. PCR efficiencies for IgM heavy chain and B-actin
genes were 2.015 and 2.023, respectively. The relative expression
ratio of the IgM heavy chain gene in Nile tilapia was calculated
according to the 2 formula (Livak and Schmittgen, 2001).
Statistical analysis was performed using the SPSS program,
version 13.0. Differences in the expression levels of the Nile tilapia
IgM heavy chain gene in the 13 tissues were analyzed using one-
way analysis of variance (ANOVA), and the means were compared
using Duncan's new multiple range test. The significance level was
established at P<0.05.

Southern blot analysis

Genomic DNA was isolated from the whole blood of 3 different Nile

Phuyindee et al. 2285

tilapias and was subjected to phenol-chloroform treatment, as
described by Taggart et al. (1992). Ten micrograms of DNA from
each fish were completely digested with the Eco Rl and Pst |
restriction enzymes, and electrophoresis in a 1% agarose gel was
performed to separate the DNA fragments. The DNA fragments
were then transferred to a nitrocellulose membrane using the
capillary blotting method with 20X SSC, and the membrane was
dried and baked at 80°C for 2 h in a hot-air oven. Probes specific
for the Cp2-Cu3 constant regions were prepared by PCR using the
designed primers SBF and SBR (Table 1). PCR probes were
labeled with Digoxigenin-11-dUTP using the DIG-High Prime DNA
Labeling and Detection Starter Kit | (Roche, Germany) according to
the instruction manual. The membranes were incubated in
hybridization solution (DIG Easy Hyb) with denatured, DIG-labeled
DNA probe at 68°C overnight. After hybridization, the membranes
were stringently washed twice in ample 2X SSC, 0.1% SDS at 25°C
for 5 min and in 0.5X SSC, 0.1% SDS at 68°C for 15 min under
constant agitation. Then, immunological detection of the membrane
was carried out following the procedure recommended by the
manufacturer. Finally, color detection with NBT/BCIP was
performed to investigate the intensity of the bands by photography.

RESULTS

Cloning and characterization of a full-length cDNA
encoding the IgM heavy chain gene in Nile tilapia

A complete full-length cDNA of the IgM heavy chain gene
in Nile tilapia was successfully cloned using 3’ and %
RACE PCR. The full-length cDNA was 1,921 nucleotides
in length and composed of a 45-nucleotide 5 untrans-
lated region (UTR) that was followed by the open reading
frame (ORF) beginning with ATG, the first translated
codon. The length of the ORF was 1,740 bp and encoded
580 amino acids, and the leader peptide was predicted to
consist of 26 amino acids. Translation terminated at
nucleotide position 1,786, which encoded TAG, the stop
codon. The length of the 3’ UTR was 90 nucleotides and
included the polyadenylation signal (AATAAA) and poly A
tail (Figure 1). The deduced amino acid sequence of the
Nile tilapia IgM heavy chain gene included a typical
heavy chain sequence for secretory IgM, which was
termed "On-sigM". Its organization began with 1 variable
region and 4 constant regions that formed a Ly-Vy-Cy1-
C,2-C,3-C 4 pattern, which is different from the teleost
fish IgM membrane-bound form that is generally
rearranged as Ly-Vy-Cy1-C2-C,3-Tyl-Ty2 (Saha et al.,
2005; Tian et al, 2009). The potential N-linked
glycosylation sites were found as NSS in the Cp2, NKT in
the Cu3 and 2 NTTs in the Cp4 domain (Figure 1).
Comparisons of On-slgM (GenBank accession number
KC677037) with known IgM heavy chain cDNAs of other
higher vertebrates showed that the nucleotide identity
scores were between 38.0 to 47.3% and the amino acid
identity and similarity scores ranged from 24.2 to 28.8%
and 45.7 to 51.5%, respectively (Table 2). On the other
hand, comparisons of On-sigM with known IgM heavy
chain cDNAs of other cartilaginous and teleost fishes
indicated that the nucleotide identity scores were
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= Leader sequence FR1
ATGGGGACACCAATGTGGACCGGGCAGAGACAARTGGCTCCTACAATGAACCATCCAGCGTTGACGGCTGTTATTC TTGTCCTGTCAGTT TACTGGGTTGGTACT EGGGGTCAA

M NHPALTA AVITULVILSVYWVGTGGQ

CDR1 FR2
ACATTGACAGAGTCTGAATCAGTGGTTAAACAGCCTGGACAATTCCACAGACTGACCTGTACATACTCAGGGTTCAGT GGTGATATCTATGCTAACTGGATCAGACAGGCTGCA
TLTESESVVKQPGQFHRLTTYSGFSGDIYAN@IRQAA

FR3
'ACTACTCTCAGTCAGTCAGAGGCCGGTTCACCATCTCCAGAGACAACAGCAGAAAGCAGGTGTAT
S HS S S KYYSsS QS VRGRZ FTTISI RDNSUZ RI KD GQVY

CDR2
GGAAAAGGACTGGAATGGATCGCTTATATCAGTCATAGTAGTAGC
G K GL EWTIA AYTI

SR R C,Fl
CTGCAGATGAACAGCTTGACGACTGAGGATTCAGCTGTTTATTATT TTCGATATAGTGATTACTTTGACTAGTGGGGAAAAGGGACAACTGTGACTGTCACAACAGCCAC
LQMNSLTTEDSAVYYVRYSDYFDYmGKGTTVTVTTAT

TCAACTGCACCCACTGTGTTTCCTCTGGTACCATGTGGTTCTGAGACTGGAGATATGGTCACTCTTGGCTGCCTTGCCACCGGATTTAACCCTCCTGCGGTGACTTTCTCGTGG
STAPTVFPLVPGSETGDMVTLG@LATGFNPPAVTFS
ACCAAAGGCGGCGCTGCCTTGACAGACTTCATCCAGTACCCTGCAGTACAGAAAGGCAATGTTTATACTGGAGTCAGT CAAGTCCGAGTGAGGAGACAGGACTGGAATGCACAA
T K GGAALTU DT FTIAOQYUPAVQE KSGNVYTOGV S QVRVRIROQDUWNA ADQJQ

CAGAATTTACAATGTGCTGTGACTCACGCTGCTGGGAATGCACAGACTATTGTCACACCACCAC CCACSI&%CACCGCCATTTAAGCAGAATCCGACTC’ITAAAGCGTTTTCC
o NLo[cla veTHAAGNAQTTIVTZPPZPPZPPZPPTFTZ KO QNTPTTLTE KA ATFS
TCCTCTTCTGATGAGGATGATACCTATACTGCCTCCTGCTTTGCCAAAGAGTTTGCACCAAAGACACATAACTTAAAATGGCAGAAAAACGGAGTAGACGTCGCCAGCACAATA
S S SDEDODTTYTR AS[[CFaAEKETFAPIEKTU HNTLTERKIEOQERKNS G VDV VASTTI
GATCTGACCGAATCGAAAAATGCGGCTGGAAAAACACTGTACAATGCAGCAAGTTTTCTCACAGTAAATTCCAGTGACCTGAATGATCAGACTAGAT TTACATGTGTGT TTACT
DLTESTZ KN AAGEKTTLTYNA AASTFEFTLTVNSSDLNDOQTRTFEFT TERVTEFT

C,3
GGAGGAGAAGATGGATCTTTGAATAAAACTGTCATTTACAAAAAG, CAATG'FCCTGGTTGTGTTACATCTAATGTGAAAGTAGTAATCAGTGGCCCCACAACTGAGGACATG
G GEDGSTULNIEKTV VTIYI K KNQCZPGT CV VTSNV VI EKVYVVISGPTTETDM
CTTGTCCGTAAAAAAGGAACTATAACATGTGCAGTCACAGTACAAAAAGATGAACCCCAAATAACCTGGGAGGATGAGAAACTAGGGGACATAGCAAGTAACCCAGTCACTARA
LVRKKGTITCAVTVQKDEPQITEEDEKLGDIASNPVTK
GTCGAAGACAATGGGAATACATACGTGTCTAAGCTTGACATCACCTATGACGAATGGACCAGGGGGGTAACACGCTTCTGTGTTGTTCACCACGAAGATTTGATTGAGCCTTTG
VEDNGNTYVSKLDITYDEETRGVTRFEVVHHEDLIEPL

AGGGAACCGTATAAAAGGGATT GGAGgAIJilACCCTCAGCGTCCGTCAGTGTT'I‘ATGCTCCCTCCTTTAGAACAAACTAACAAAGCAGAGGTGACCCTGACTTGTTTTGTGAAA
REPYZXKRDTFGGNTPOQRTPSVFMLZPZPLET QTNE RKAET VTTLTEFVEK
GACTTCTTCCCTAAGGAGGTTTTTGTGTCTTGGC TTGTGGATGACGAGGAAGCAGACTCAATTTATGCTTTTAATACCACAGAACCCATTGAAAACAATGGATTTTATTCTGCT
D FFPKEVV FVs@BMLLVDDEEA ADT STIVYATFNTTETPTIENNSGTFTYSA
TATGGCCAGTTATTTGTCAGCCTTCACCAGTGGCAAAGGGATGATGCTGTCTATAGC TGTGTAGTGTACCACGAATCTGTGGTTAACACAACTAGAGCTATTGTCAGGTCCATT
Y G oLFVsSLHQM@WoRrRDDAVY s[@vvyYy HEHESVYVNTTRATILITVTR RS STI
GGGTACAGAACATTTGACAAAAACCGCATTGACCTCAACATGAACATCAACCAAGACTCCAAGTGCTCGCTCCAGTAGATGTTTC TCATGTCTCTGTCTGCTGTTTGTTCTTTA
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Figure

ATGTCTGTTGCTTGTGATATGACATTGTGT TTGTGTGTTTTAATGCAGATTCAAAATAAAAAAAAAAAAACAAAAAAAAAAAAAAAAAAAAAAAAAA 1921

1. Nucleotide and deduced amino acid sequences of On-slgM. The predicted amino acid sequence is marked under the nucleotide

sequence. The conserved cysteine and tryptophan residues are boxed. The conserved blocks GKGLEW at FR2, YYCVR at FR3 and
FDYWGKGTTVTVTT at FR4 and the immunoglobulin signature motif, LQCAVTH, are highlighted in gray. Four potential glycosylation sites
are underlined. A typical polyadenylation signal, AATAAA, is italicized and underlined. The TAG stop codon is indicated with an asterisk.

between 38.0 to 67.0% and the amino acid identity and
similarity scores ranged from 26.4 to 55.4% and 46.1 to
75.0%, respectively. Noticeably, the greatest amino acid
similarity to On-slgM (75.0%) was with the closely related
orange-spotted grouper, E. coioides (Table 2).

Evolutionary relationship between the Nile tilapia IgM
heavy chain gene and other vertebrates

The relationship between the Nile tilapia IgM heavy chain
gene and other vertebrates was examined by
phylogenetic analysis using the deduced amino acid of
the IgM heavy chain constant region, Cu2-Cp4. In the
evolutionary tree, all of the IgM heavy chain genes were

clearly separated from the IgD heavy chain genes of the
Mandarin and grouper fishes, which were used as the
outgroups of the tree. The tree could be split into 2 major
clusters that included superclasses Tetrapoda and
Pisces. The first group (superclass Tetrapoda) was
composed of human, dolphin, cow, mouse, rat, platypus,
salamander, duck, chicken, turtle and newt. Interestingly,
classes Chondrichthyes (cartilaginous fish) and
Sarcopterygii  (lobe-finned fish; lungfish) were also
grouped into this branch. Only class Osteichthyes (bony
fish) was grouped into the second group. On-sigM was
classified into the group of Osteicthyes in superclass
Pisces and was closely related to the orange-spotted
grouper (order Perciformes), which was also similar
based on homology analysis (Figure 2).
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Table 2. Comparisons of Nile tilapia IgM heavy chain sequences with those of other vertebrates.

Name

Identity (%)

Accession number

Similarity (%
Nucleotide Amino acid imilarity (%)

Higher vertebrates

Human CAA47708
Dolphin AAG40853
Cow AANG60017
Mouse CAC20701
Platypus AA037747
Salamander CAE02685
Duck AAA68605
Chicken CAA25762
Cartilaginous fish

Antarctic skate ACU11614
Nurse shark AAT76789
Teleost fish

African lungfish AA052809
Long nose gar AAC59688
Bowfin AAC59687
European eel ABM87939
Zebrafish AAT67447
Grass Carp ABD76396
Haddock CAHO04753
Rainbow trout AAB27359
Atlantic salmon AAB24064
Japanese pufferfish BAD26619
Snakehead ACF49353
Atlantic halibut AAF69488
Japanese flouder BAB60868

Orange-spotted grouper AAX78211

Mandarin fish AAQ14845
Tristan klipfish ACH87158
Black rockcod AAL99934
Antarctic fish ABW77756
Ploughfish ABY54906
Antarctic fish ABW77754
Blackfin icefish AAL99930
Antarctic fish ABW81218

40.2 28.8 47.0
40.2 26.9 45.7
47.3 26.4 46.2
41.2 25.8 46.2
38.0 28.2 46.9
41.4 27.2 47.6
39.3 24.2 51.5
38.8 25.9 47.9
47.7 28.2 46.1
38.1 28.9 49.0
38.0 26.4 47.2
41.9 33.9 52.1
52.1 34.4 54.0
52.0 34.7 57.5
43.5 34.2 55.1
43.6 34.1 54.2
46.1 34.8 55.5
50.6 41.2 64.9
50.8 40.3 64.0
52.2 45.1 63.6
60.3 48.5 67.2
56.0 49.2 65.4
56.6 49.2 66.1
62.6 55.4 75.0
60.2 52.2 67.4
67.0 51.6 69.6
58.2 49.1 65.9
56.5 48.6 68.2
57.9 48.8 66.1
56.8 48.6 65.5
64.4 49.9 67.2
57.6 48.7 66.5

Structural and diversity analyses of the variable
domain of the IgM heavy chain gene in Nile tilapia

The putative V4, Dy and Jy segments of the non-
redundant 126 cDNA clones (GenBank accession
number KC708098- KC708223) could be classified into 9
families, 6 segments and 4 families, respectively, based
on the percent nucleotide identity. In the Vy domain
classification, the range of nucleotide identity for each Vg

family was between 51.5 to 66.5%. The nucleotide and
amino acid identity between the clones within each family
ranged from 80.1 to 99.7% and 80.2 to 99.1%,
respectively. Families Vy Il and Vy, IV were more frequently
employed than other families because they showed
utilized frequencies of 30.2 and 26.9%, respectively. The
Vg I, I, V, VI and VII families exhibited utilized
frequencies of 10.3, 18.2, 7.9, 3.2 and 1.6%, respectively;
however, the VyVIIl and Vy IX families possessed only
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Figure 2. Phylogenetic tree showing the relationships between the Nile tilapia IgM heavy chain amino sequences and those of other
known vertebrates (Cu2-Cu4). The numbers at the relevant branches refer to bootstrap values of 1,000. Values indicate the
percentage along the branch. Common names and accession numbers for the sequences are indicated in parentheses behind their
scientific names. The IgD heavy chain (Cdx-3,) of the Mandarin fish Siniperca chuatsi (Basilewsky, 1855) (ACO88906) and grouper fish
Epinephelus coioides (Hamilton, 1822) (AEN71108) were used as outgroups.

1 clone (0.8%) that was used for V, gene rearrangement
of the IgM heavy chain (Figure 3). Arbitrary classification
of the Dy segments placed them into 6 groups, with the
core nucleotide sequences in each group as follows:

GCGGCG, TGGGA, GGCTAC, GGTGCT, GACGAA and
TACAA. Additionally, P and N nucleotide additions were
investigated for the entire group. In particular, palindromic
sequence additions were discovered in the following
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XC208098 1 ROPAGKVLERISQD! DSLXUKFSVELDS SENTVTLT GQMI QPEDTAVY LA
XC708099  1:WFSVALLLLLAAE- CVK(EQLMQPASMLY QPG QRLTVTC (V5 IRQPAGKVLERISQD! DILRNKFIVELGS SSNTVILT GQMLQPEDTAVY YA

KC708200  L:WLSVALLLLLAAS- CUXQEQLTQPASMLL QPG QRLTITC (VS IRQPA GKVLERISLD! DSLXNKTS VELDS SSNTVTLX GQML QPEDTALYYC A

KC?708101  1:WFSVALLLLLAAL- CUXQEQLTQPASHLY QPG QPLTITC (VS IRQPAGKVLERISQD! DSLXNKTSVELDS SSNTVTLTGRM QPECTAVR YL A

XC70810¢  1:PPIVALLLLLAAE- (UKQEQLTQPASMLY QPG QPLTITE (03 IRQPAGKVLERSQD DSLXNKESVELDS SSNTVTLT GOMI QPEDTAVR YL A

XC708102  1:PFIVALLPLLAAE- (UK(EQLTQPASHLY PLQPLTITC (03 IRQPAGKVLERSQD DSLXNXFSVELDS $3NTVTLT GO QPEDTAVY YL A

XC708204  1:{--DALSIVLOXSHCDSMIS QUPARWSVQPLQPLTITC (V3 IRQPAGKVLERISQD! DILXAXTSVELDS $SNTVILTGQM) QPEDTAVR LA

KC708105  1:WFSVALLLLLAAL- CUXQEQLTQPASMLY QPG QPLTITC (VS IRGPAGKVLERISQD! DSLXUXFSVELDS SSNTVTLTGQM) QPEDTAVY LA

XC708106  1:PPIVALLLLLAAGS CUK(AQLTQPPSVIVQPLQRLTITL (03 IRQPAGKGLEWI GURYTS- CTYYXDSLXSEFS IDLDS SSNTVTLN GO QPEDTAVR YL A

XC708107  1:PFIVALLLLLLAGSEVNIETLT(PASHIVRPGEHLTITC (V3 IRQPAGKGLERT GRA [DWOITTY PXDSLXNKTS IS FES SSKTVTLX GTM QPEDTAVY YL A

XC708108  1:PrIVALLLLLLAGS RUNJETLT (PASHIVRPGERLTITC (03 IRGPAGKGLERI GRAFDGITTY PXDILXAXTS ISTES SSXTVTLX (T QPEDTAVE YL ARG

KC708109  1:WFFVALLLLLATS- CVEQEQLRQPASETV QPG QRLTITC (VS IRQPAGKELERT QAT CYTTYXDSLXS XS 15 TDS SSXTVILT GQMI QPDITAVR YL A

KC708110  1:WFSVALLLLLAAGYCVKEQLTQPEFVTV QPG QRLTIT (V5 WIRQPAGKCLER GSVRDGY S TYYXDSLXNKET INLIT SSKTVTLHGQMI QAEDTAVY YL &
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= Loder peytile M CDR. m CDR—P 1)
KC208101  1:FMUDCRTALPFLT- LCLAGWNG{TLTES - EPAVK QPG QS KRLTCTTS QP TLS SY0I APGXCLDIIAT -DE GG SSYXYY- 303 VQLRE TV SRDNS ROQLYLQUNS LXTED SA0YY CAR 28
KC70810¢  1:MMELKDRTAVLT-LCLAGWNG{TLTES - EPAVK (PG QSHRLTC TTPQETLS SYGGANRQAALKGLINIAT -DF 6 35 SK¥F- $Q3 VDR TV SRDNS RQQLYLQMYS LXTED SAUYY CTHHA 16
KC708102  L:GMMDCRTALLFLT-LCLAGVDG{TLTES- EPAVK QPG QSHRLTC TS QP TLS SYGMPUTRQAPGXGLINIAT -DF 66 33 SKYF- $Q3 VQGRT TV SRDNS REQLYLQMDS LXTED SAUYY CAR 24
KC708104  L:}MMDCRTGLLILT-LCLAGVDG{TLTES - EPUVKRPG QS KRLTC TS QU TLS SY0IHOI RQAPCXGLINIAL -DF 66 33 STYP- SQ3 VQGRT TV IRDNI RQQLYLQMNS LXTED SAUYY CAR 11
KC20810S  1:FMUDCRTGLLLLT- LCWAGVDG{TLTES - ESWIKRPCESHRLTOTAS QP TT S SYUMBIVRQAPCXCLDIIAS -NEYDSSNI ¥R SQS FRERFTI SRDRS KQQLYLQMNS LXTED $GUYY CAR 28
KC708106  1:-MMDCRTGLLFLT-LCLAGVDG{TLTES- EPUVRRPGQSHRLTC TS QFTLS SYWIH0I RQAPGXGLDNIAA -DFG 6 33 SIVF- SQ3VQLRF TV SRDNS RQQLYLQMNS LXTED SAUYY CARDA 15
KC708107  L:hMMDCRTGLLYLT-LCLAGYNG{TLTES - EPAVK QPG QSHRLTC TS QP TLS SYGMLINRQAALKGLDNIAT -DF 6 35 SK¥F- Q3 VQDRT TV SRDNS RQQLYLQMNS LXTED SAUYY CTHHA 16
KC208108  L1:FMUDCRIGLLLLT-LOYAGVTGATLTES - DPAVK(PCLS KRLTCTAS QF ITS SYUUBIVRQAPCXCLDI IS TVRFNDEENS P AQS VQURTTI SRDDS ROQUYLQMNS LXTED SAUYY CAR 28
KC208119  L1:FMUDCRIGLLFLT-LOYAGVTGATLTES - IPAVKQPGES HRLTOTAS QF IFS SYOMBIVRQAPCXCLD 1S TVRE NDEENS ¥R - AQS VQURETI SRDDS RQQUYLQMNS LXTED SAUYY CARG 4 27
KC708120  1:-MMDCMTGLLLLT-LCOAGVDG{TLTES - EPYIKRPGESHTLTCTAS GF TF SOV AMRINRQAPLXCLIN IAF LTIPT LS TK S - SQ3 VQGRTI SRNNDXQQVYLEMNS LXTED SAUTY CGR 15
KC708121  L:FMUMDCRTALLFLT-LCLAGVDG{TLTES - EPAVK(PGQSHRLTCTTS QU TLS SYUMROI RQAPGXCLDIAT -DE 633 SKYF- 305 VQURT TV SRDNS REQLYLQMNS LXTED SAUYY CAR 74
XC70818¢  L1:FMMDCRTALLILT-LCLAGYNG{TLTES - EPAVK QPG QS HTLTCTT S QFTLS SY0IHINRQAPCXCLINIAT -DF 66 STTXY Y- $QS VQURI TV IRDNS REQLYLQUNS LXTED SAUYY CAR] 74
KC208122  1:}MUMDCRTALLFLT-LOLAGWNG{TLTES - EPAVKQPGQSHRLTOTTS QP TLS S0 FIWRQATCXCLDIAT -DE 6633 SKYP- SQ3VQURITVSRDNS REQLYLQMNS LXTED SAUYY CAR] 4
KC708124  L:-MMDCRTGLLLIT-LCLAGWNG{TLTES- EPAVKQPGQSHRLTCTT S GFTLS SY0IH0I RQAPGXGLDNIAA -DETT SSTKYR- $Q3 VQLRF TV SRDNS REQLYLQMDS LY TED SAUYY CARY 19
KC?2081¢S  L:FMUDCRTGLLLLT- IFCAGIDGATLTES - EPUVKRPGESHTLTCTTS QU TTRNY SURUVRQAPGXCLIDVIAS ISP S CINKY P~ SQTVQURTTI SRDXDKQQVRLQMSSLTTAD SAUYY CARR 19
XC708126  1:}MMDCRMRLLILT-LCFAGVNGTLTES - EPAVKQPCES KRLTCTT S G ST'S SY BT RQAPCXCLINIAY I3F SHIAYI Y'Y= SHSVRDRTTI SRONGREQLYLQUNS LRTED SAUYY CAR] 27
X708127  1:}MMDCRMRLLFLT-LCFAGVNGATLTES - EPAVKQPGES HRLTCTT 3 §1 3PS SYGUROI ROAPCXCLINIAY 13- SNIAYI VY- SHIVRIRETI SRONGREQLYLQMNS LRTED SAUYY CAR) 27
KC708128  L:-MMDCRTGLLFLT-LCLAGWNG{TLTES- EPAVKQPGRSHRLTCTT S QFTLS SYGMGUSRQAAGKGLDIIAT -DF 66 33 SK¥F- Q3 VDR TV SRDNS RQQLYLQMYS PXTED SAUYY CTHEA 16
KC208129  L:FMUDCRTGLLLLT-MTOAGADG (AVANS - EPVIKRPCLSHRLTYTAS QP TT S GYUURGMREAPGXRLDVIGE 35 -PDES SQVF- SQSVQURTTI SRDXNRQQLYLQMNS LY TED SAUYY CAR] 26
KC?208120  1:FMUDCRTCLLLIT- LOLAGYNGTLTES - EPAVKQPG QS KRLTCTT S QP TLS YOI HOIRQAPCXCLDI 1AL -DETT SSTKY Y- SQS VQURI TV SRDNS REQLYLQMDS LXTED SA0YY CARHA 14
KC708121  1:-MMDCRTGLLFLT-LCLAGVDG{TLTES - EPUVKRPCQSHRLTC TS GFTLS SYWIHOI RQAPCXGLINIAA -DF 66 33 SIVF- SQ3VQLRF TV SRDNS RQQLYLQMNS LXTED SAUYY CARDA 2
KC70812¢  1:FMMDCRTGLLFLT-LCLAGVDG{TLTES- EPUVKRPGQSHRLTC TS QFTLS SY0IH0OI RQAPCXGLDNIAA -DF6 6 33 SI¥F- SQ3 VLRI TV SRDNS RQQLYLQMNS LXTED SAUYY CARDA 15
KC708133  L1:FMUDCRTGLLILT- LCLAGYNG{TUTQS- EPAVKQPGLSHRLTCTT S QUIT'S SYGUROIRQTPEXCLDVIATISHS 363 STOP- SQSVQURTTI SRDNS REQLYLQMNS LXTED SAUYY CAR] 17
KC208124  1:FMUDCUTCLAATN- SCLAGWNGYTLTES - EPAVK (PG QS KRLTOTT S QP TLS SYUMEINRQAACKCLDI IAT -DE 6633 SKYP- 3QS VQIRF TV SRDNS RQQLYLQMNS LXTED SA0YY CTHH 1
KC70812§  1:-MMDCRTGLLFLT-LCLAGVDG{TLTES - EPUVKRPCQSHRLTCTT S QFTLS SYWIHOI RQAPGXGLDNIAA -DF 66 33 SIVF- SQ3VQLRF TV SRDNS RQQLYLQMNS LXTED SAVYY CARDA 25
KC708126  1:-MMDCRTGLLLLT- IFCAGIDG{TLTES- EPUVXRPGESHTLTCTT S QU TTRNY SUPUNRQAPCXGLINIAS ISPS 63X TP~ SQTVQCRITI SRDNDXQQUC LQMISLTTAD SAUYY CARR 19
XC708137  L1:FMUDCRTGLLILT- LOLAGYNG{TLTES-EPS SKQPCQSHRLTCTT S QP TLS SYUMEIVRQAAGXCLDIAT -DE 6 638 SKYP- 305 VQIRT TV SRDNS RQQLYLQVNS LXTED SAUYY CTH 26
XC708128  1:LMMDCRIGLLLLT-LCYAGVEGATLTES - IPAVKQPCES KRLTCTA S GF IF'S SYGUBINRQAPCXCLIN I TVRENDLONI ¥R AQS VLRI TI SRDDI RQQVYLQMNS LXTED SAUYY CAR 28
KC708129  1:-MMDCRTGLLLLT- IFCAGIDG{TLTES - EPUVKRPCES HTLTCTT S GF TERNY SURURRQAPCXGLINIAS ISP S 63T LL DS PRIVYHL QETTTXQQVRLQM IS LTTAD SAUYY CARR 40
KC708140  L:-MMDCRTGLLLLT-LCOAGVDG{TLTES - GSWIKRPGESHTLTCTAS QP TTS SYGMRINRQAPGXGLINIAS -NE2 6 SSNI PR~ SQ3FRERTTI SRONSXQQLYLQMNS LXTED SAUYY CAR 27
KC708241  L1:FMMDCRTGLLLLT- IFCAGIDGATLTES - EPUVKRPGESHTLTCTTS QU TTRYY SURWVRQAPCXCLDOIAS ISP S CINKY P~ SQTVQURTTI SRDXDKQQURLQMSSLTTAD SAUYY CARR 19
KC20814¢  1:FMUDCRTCLLE-T-LOLAGWNGYTLTES - EPAVKQPG QS HRLTOTTS QP TLS SYIMENRQAACKCLDIIAT -DE 6 633 SKYP- 503 VQIRF TV SRDNS RQQLYLQMNS LXTED SAUYY CTH] 2
KC708142  1:-MMDCRTGLLFLT-LCLAGWNG{TLTES- EPAVKQPGQSHRLTCTT S QFTLS SYGMGINRQAALKGLDNIAT -DF 6 33 SK¥F- $Q 3 VQDRF TV SRDNS RQQLYLQMYS LXTED SAUYY CTHHA 16
KC708144  L:FMUDGRTGLLITNSLAGQWYNG (D SDRNLKQQLNKP G QS HRLTC TTS QP TLS SYUML(WRQAAGXCLDIAT -DE 6633 SKYF- 303 VQIRT TV SRDNS RQQLYLQMNS LTTED SAUYY CVR 26
XC708145  1:}-MDCRTALLILN- PLLORCNG{TLTES - EPAVK QPG QS HRLTCTT S QP TLS SY0IFUNRQAPCXGLINIAT -DF 66 33 SXYP- $QS VQGRT TV SRDNS REQLYLQUNS LXTED SAUYY CAR 22
KC708146  1:} -MDFRAGLLLLT- LEVAGVDS {TITQS- EPVAKRP CESHRLTO TGS M ETS SYIMBIVRQCPEXCLDIVAS IRFYDSAYI VY- TS VQLRITI SRDRS KEQLYLQMDS LY TEDTAUYY CAR 26
KC708147  L:f-MDISARLLIIL-LFGGEVDGATLTES- EPVIKRPGESHRLTCTAS QP TF S SYDI HUWRQDPGXVLDIVAEDS - TGS SKYF- SQ3 VQLRFTI SRDNS ROQVYLOMNS LXTED SAUYY CAR] 17
XC208148 l:rnmmtmu-m-mnc LTES-EPUVKRPGEIHTLTCTTS m:u (WRQAPGXGLDIIAS ISP S GIMKYY- SQTUQGRTTI SRDMDKQQUYLQMSSLTTAD SAUYY CARR 19
AR AR AR R LN} LE L] LI} R A R ARRR N

Figure 3. Classification of the variable region of the Nile tilapia IgM heavy chain. The FR and CDR domains were identified using the IMGT
database. Dashes indicate gaps that were introduced for maximal alignment, and the amino acid identity is indicated by asterisks. Dots
indicate residues conserved in most sequences. The accession humber of each sequence is shown before the first point of the sequence.

forms: GCGC, CGCG, GCGGCGCCGC, GCTAGC,
CGTACG, CCGG, CAGCTG, AGCT, ACGT, TTTAAA,
GGATCC and AATT. The highest utilized frequency was
observed for the Dy VI segment (28.6%), which coincided
with the highest redundancy clones (21.4%), while the Dy
IV segments showed the lowest utilized frequency of
3.2% (Figure 4).

The boundary of the J,; segment was determined as the
first codons encoding the FDYWG motif; as a result, the
Ju segment could be classified into 4 major groups. The
Julll segment in the FDYWGKGTTVTVTT form was the
most frequently (43.7%) used in rearrangements, while
the least frequently used segment was Jul (7.9%) (Figure
5). Moreover, the diversity and variance of the CDR3
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— Leader peptide — » FRL P CORLy, rro —» CDR2 FR3 — CDR3 FR4
KC708149 1:MNHPALTAVILVLSVYWVGTGGPTLTESESVVKQPGQSHRLTCTYSGFSGDIYARAWVRQAAGKGLEWIALIEDSSSDIYYSQSVQGRFTISRDNSRKQVYLQMNSLTTEDSAVY YCARVIETTDY --FDYWEKGTSVIVTT 138
KC708150 1:MNHPALTAVILVLSVYWVGTGGPTLTESESVVKQPGQSHRLTCTYSGFSGDIYAAWIRQAAGKGLEWIAYIEPSST-IYYSQSFRGRFTISRDNSRKQVYLQMSSLTTEDSAVY YCARD--ETYNAFDYWSKGTMVTVTT 137
KC708151 1:MNHPALTAVILVLSVYWVGTGGPTLTESESVVKQPGQFHRLTCTYSGFSGDIYANWIRQAAGKGLEWIAYIEHSSS-KYYSQSVRGRFTISRDNSRKQVYLQMNSLTTEDSAVY YCVR-=Y¥SDY--FDYWEKGTTVIVTT 135
KC708152 1:MNHPALMAVILVLSVYWVGTEGPTLTESESVVKQPGQSHRLTCTYSGFSGDIDADWIRQAPGKGLEWIAYINPGGSY ISYSQSVRGRFTISRDNSRKQVYLEMSSLTTEDSGVY YCARE|=DGDY--HDYWEKGTTVTVTT 137
KC708153 1:MNHPALMAVILVLSVYWVGTGGPTLTESESVVKQPGQSHRLTCTYSGYSGDIDADWIRQAAGKGLEWIAYINPGGSY ISYSQSVRGRFT ISRDNSRKQVYLOMNSLTTEDSAVY YCARE|-DGDY--FDYWEKGT TVTVTT 137
KC708154 1:MNHPALTAVILVLSVYWVGTGGPTLTESESVVKQPGQSHKLTCTYSGFSGDIYVAWIRQAAGKGLEWIAYIBPSSS-IYYSQSVRGRFTISRDNSRKQVYLQMNSLTTEDSAVY YCAR-~-HAAGAFDYWEKGTTVTVSS 137
KC708155 1:MNHPALTAVILVLSVYWVGTGGPTLTESESVVKQPGQSHRLTCTYSGFSGDIYAAWIRQAAGKGLEWIAYIBPSSS-IYYSQOSVRGRFTISRDNSRKQVYLOMNSLTTEDSAVY YCARDPYAGYHSED YWSKGTMVT ISS 139
KC708156 1:MNHPALTAVILVLSVYWVGTGGPTLTESESVVKQPGQFHRLTCTYSGFSGDIY TINWIRQAAGKGLEWIAYIEHSSS-KYYSQSVRGRFTISRDNSRKQVYLOMNSLTTEDSAVY YCVR{=Y¥SDY--FDYWEKGT TVIVTT 135
KC708157 1:MNHPKFVVVFLIIPIYWAGTESQTLTESESVIKRPGDSHRLTCTYSGYGGDIHVIGWIRQAAGKGLEWIAFIWSDNSGSFYCESVRGRET I SRDNSRKQVYLOMNSLT TDDSAVY YCAR{=-EGYGYEFDYWEKGTQVTVTS 137
KC708158 1:MNHPALTAVILVLSVYWVGTGGPTLTESESVVKQPGQFHRLTCTYSGFSGDIYANWIRQAAGKGLEWIAYIEHSSS-KYYSQSVRGRFTISRDNSRKQVYLQMNSLTTEDSAVY YCVR=-Y¥SDY--FDYWEKGTTVTIVTT 135
KC708159 1:MNHPALTAVILVLSVYWVGTGGPTLTESESVVKQPGQFHRLTCTYSGFSGDIYANWIRQAAGKGLEWIAYIEHSSS-KYYSQSVRGRFTISRDNSRKQVYLOMNSLTTEDSAVY YCVRR4=Y¥SDY--FDYWEKGO-LTVTT 134
KC708160 1:MNCPGFTFVFLIVSVYWAGTEGPTLTESEAVIKRPGDSHRLTCTYSGFGWDIHAVWIRQAAGKGLEWIAWIRSDSSNIHYSQSFRGRVTISRDNSRQQLYLOMNSLTTEDSAVY YCARE|S ~HDA--FHDYWEKGTMVTVTT 137
KC708161 1:MNCPEITFVFLIVSVYWAGTEGPTLTQSESVIKRPGDSHRLTCTYSGFGWDIHAAWIRQAAGKRPEWVGWIHSNGNE ISYSQSFRGRFTIYRENSRQOQLYLOMNSLTTEGSAVY YCAPE|=-ORY--HDYWEKGTTVTVTT 136
KC708162 1:MNCLRLPLFFL-VSVYWAGTEGPTLTESESVVKRPGDSHRLTCTYSGYGWDIHAAWI RQAAGKRPEWVGWIHSNGNE IHY SQSFRGRFT I SRDNSRQQLYLOMNSLTTEDSAVY YCAPE|--RGY--FDYWEKGT TVTVTT 135
KC708163 1:MTGPVHLVVFLIQFFFLAGTESPTLTQSESVVKRPGDSHRLTCTYSGFSSDIYATWIRQAAGKGLEWIAYIYPGSDNIYYSQSFRGRFTISRDNSRKQVYLQMNSLTTEDSAVY YCARN|-DGVEDYHDYWEKGT TVIVTT 139
KC708164 1:MIRSVYLVVYVILFSFLTGTEGPTLTESESVVKRPGDSHRLTCTYSGFSGDYSNJAWIRQAAGKGLEWIALINCGSST -WY SOSFRGRFT I SRROQQKAGVSADEQLDDEDSAVY YCARN-SGSWGYEDYWSEGT TVIVTT 138
KC708165 1:MIRSVYLVILHILFCFLAGSESQTLTQSEPVVKRPGESHGLTCTYSGFSSDFATIAWI RQAAGKGLEWIAYIBSGSGTIYYSESFRGRFTTTRDNSRKQVYLQMNSLT TEDTAVY YCARE|-GAH--SEDYWEKGTMVTVSS 137
KC708166 1:MIRSVYLVILHILFCFLAGSESQTLTQSEPVVKRPGESHRLTCTYSGYSSDFATAWIRQAAGKGLEWIAYIBSGSGTIYYSESFRGRFTTTRDNSRKQVYLOMNSLMPEDSAVY YCARE|-GGA—--AFDYWEKGT TVIVIT 137
KC708167 1:MIRSVYLVILHILFCFLAGSESQTLTQSEPVVKRPGESHRLTCTYSGFSSDFATIAWIRQAAGKGLEWIAYIESGSGSIYYSESFRGRFTTTRDNSRKQVYLQMNSILMPEDSAVYYCAR{-GWD-—-GHDYWEKGT TVTIVTT 136
KC708168 1:MIRSVYLVILHILFCFLAGSESQTLTQSEPVVKRPGESHRLTCTYSGFSSDFATAWIRQAAGKGLEWIAYIBSGSGSIYYSESFRGRFTTTRDNSRKQVYLQMNSLMPEDSAVY YCARE|-PLNYGYEDYWEKGTQVTVTS 139
KC708169 1:MIRSVYLVVYVILFSFLTGTEGPTLTESESVVKRPGDSHRLTCTYSGFSGDYSNJAWIRQAAGKGLEWIALINSGSST -WY SQSFRGRFTISRDNSRKQVYLQMSSLTTEDSAVY YCARN-SGSWGYEDYWEKGT TVTVTT 138
KC708170 1:MIRPNCLVVSLILFSILAGTEGPTLTESERVIKRPGDSHRLTCTYSGFSSDIDAAWIRQAAGKGLEWIAYCESGSGTISYSQSVRGRFTITRDNSRKQVYLQMSSLTTEDSAVY YCARV|-PAR--YHDYWEKGT TVTVTT 137
KC708171 1:MMRTVYLVVFLILFCFLTGTDGOTLSGSEPVVKKAWRLPQTDLY ILRVQQODIHAIAWI RQAAGKGLEWIAITIWRDS SGSVY SQSVRGRFT I SRDNSRKQVYLOMNSLTTEDSAVY YCAB A==CGTCAHD KCTTUT 137
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KC708172 1:4-MFSVAPILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGONLOPEDTAVY YCAR-[YNNWAF|D YWGKG TMV TVT S 133
KC708173 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT T INNDALKNKFSLSRDTSAQTVTITGQNLQPEDTAVY YCAR-[YNNWAFDCWGKGTMVTVT S 133
KC708174 1:+-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TYNNDALKNKFSLSRDTSAQTVTITGQONLQPKDTAVY YCAR-[Y NNWAFD YWGKGTMVTVT S 133
KC708175 1:1-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGQNLQPEDTAVY YCAR-[YNNWAFDYWGKGTMVTVT S 133
KC708176 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGQNLQPEDTAVY YCAR-[YNNWAF|D YWGKG TMVTVT S 133
KC708177 1:+-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TYNNDALKNKFSLSRDTSAQTVTITGONLQPEDTAVY YCAR-[Y NNWAFD YWGKGTMVTVT S 133
KC708178 1:1-MFSVALILLLAAASCVYGVDLIQPDSLIVQPGQSLTITCRYSGYSLTSSSYATYSWIRQRDGKQMDWIFTHWYDGSTJKNDALKNKFSMSRDTSAQTVTITGONLOQPEDTAVY YCARIGSY GAFDYWGKGTTVTVSS 135
KC708179 1:4-MFSVALILLLAAASCVYGIDLIQPDSLIVQPGQSLTITCRYSGYSLTSSSYAYSWIRQRDGKOMDWI FTNWYDGT TYKNDALKNKFSLSRDTSAQTVTITGONLQPEDTAVY YCARMKSGTEDYWGKGT TVTVTT 135
KC708180 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCOYSGYSVTR--YATRWVRQREGNPLEWINI JWSDGT TYNNDALKNKFSLSRDTSAQTVTITGQONLQPEDTAVY YCAR-[Y NNWAED YWGKGTMVTVTS 133
KC708181 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGSTINNDALKNKFSVSRDTSAQTVTITGONLOPEDTAVY YCAR-[YNNWAF|D YWGKG TMV TVT S 133
KC708182 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGQNLQPEDTAVY YCAR-[YNNWAFD YWGKGTMVTVT S 133
KC708183 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCOYSGYSVTR--YATVWVRQREGNPLEWINT JWSDGT TYINNDALKNKFSLSRDTSAQTVTITGONLQPEDTAVY YCAR-[Y NNWAED YWGKGTMVTVT S 133
KC708184 1:1-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGQNLQPEDTAVY YCAH-[YNNWAFDYWGKGTMVTVT S 133
KC708185 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGQNLQPEDTAVY YCAR-[YNNWAF|D YWGKG TMVTVT S 133
KC708186 1:+-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TYNNDALKNKFSLSRDTSAQTVTITGONLQPEDTAVY YCAR-[Y NNWAFD YWGKGTMVTVT S 133
KC708187 1:4-MFSVALILLLAAGSCVHGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TYNNDALKNKFSLSRDTSAQTVTITGQNLQPEGTAVY YCAR-[Y NNWAFD YWGKGTMVTVT S 133
KC708188 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVAR--YATVWVRQREGNPLEWINI JWSDGT TYNNDALKNKFSLSRDTSAQTVTITGONLOPEDTAVY YCAR-[YNNWAF|D YWGKG TMVTVT S 133
KC708189 1:4-MFSVALILLLAAGSCVYGVDLIQPDSTIVQPGQSLTITCOYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGTTYQQDALKNKFSLSRDTSAQTVTITGQONLQPEDTAVY YCAR-[Y NNWAED YWGKGTMVTVT S 133
KC708190 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGDPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGONLOPEDTAVY YCAR-[YNNWAF|D YWGKG TMV TVT S 133
KC708191 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGQNLQPEDTAVY YYAR-[YNNWAFD YWGKGTMVTVT S 133
KC708192 1:4-MFSVALILLLAAGSCVYGVDLIQPDSTIVQPGQSLTITCOYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TYNNDALKNKFSLSRDTSAQTVTITGONLQPEDTAVY YCAR-[Y NNWAED YWGKGTMVTVT S 133
KC708193 1:4-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALKNKFSLSRDTSAQTVTITGONLQPEDTAVY YCAR-[YNNWAF|D YWGKGTMVTVT S 133
KC708194 1:4-MFSVALILLLAARSCVYGVDLIQPDSMIVQPGQSLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TIYNNDALRNKFSLSRDTSAQTVTITGQNLQPEDTAVY YCAR-[YNNWAF|D YWGKG TMVTVT S 133
KC708195 1:+-MFSVALILLLAAGSCVYGVDLIQPDSMIVQPGQPLTITCQYSGYSVTR--YATVWVRQREGNPLEWINI JWSDGT TYNNDALKNKFSLSRDTSAQTVTITGONLQPEDTAVY YCAR-[Y NNWAED YWGKGTMVTVT S 133
KC708196 1:4-MFT--LILLLAAGSCVYSIDLIQPDSRVLQPGQPLTIVCQYSGYPLTDSSYGYCWVRQRQRQQOMDWINCMWYNGNTANNDALKNKFSVSRDTSARTVTITGQNLQPEDTAVY YCAR-[F-SDYFDYWGKGTTVTVTT 132
KC708197 1:4-MFT--LILLLAAGSCVYSIDLIQPDSRVLOQPGQPLTTVCQYSGYPLTDSSYGYCWVRQRORQOMDWINCNWYNGNTANNDALKNKFSVSKDTSARTVTITGONLQPEDTAVY YCAR|E-SDYEFD YWGKGTTVTVT T 132
KC708198 1:4-MFT--LIPLLAAGSCVYSIDLIQPDSRVLQPGQPLTIVCQYSGYPLTDSSYGYCWVRQRQRQOMDWINCMWYNGNTANNDALKNKFSVSRDTSARTVTITGQONLQPEDTAVY YCAR[F-SDYFDYWGKGTTVTVTT 132
KC708199 1:4+-MFT--LILLLAAGSCVYSIDLIQPDSRVLQPGQPLTIVCQYSGYSLTDSSYGYCWVRQRQROOMDWINCNWYNGNTANNDALKNKFSVSRDTSARTVTITGONLRPEDTAVY YCARYVAAGAFD WGKETTVTVSS 134
KC708200 1:4-MFT--LILLLAAGSCVYSIDLIQPDSRVLQPGQPLTIVCQYSGYSLTDSSYGIYCWVRQRQRQOMDWINCMWYNGNTANNDALKNKFSVSRDTSARAVTITGONLQPEDTAVY YCAR|FHGNAFD YWGKGTMVTVT S 133
KC708201 1:4-MFT--LILLLAAGSCVYSIDLIQPDSRVLQPGQPLTIVCQYSGYSFDDSSYGYCWVRQRQRQOMDWINCNWYNGNTANNDALKNKFSVSRDTSARTVTITGONLQPEDTAVY YCAR|EF-SDYFDYWGKGTTVTVTT 132
KC708202 1:4-MFT--LILLLAAGSCVYSIDLIQPDSRVLQPGQPLTIVCQYSGYPLTDSSYGYCWVRQRQRQOMDWINCMWYNGNTANNDALKNKFSVSRDTSARTVTITGONLQPEDTAVY YCAR|F-SDYEFDYWGKGTTVTVTT 132
KC708203 1:1-M--LALILLLSAGSCVYSIDLIQPDARSVQPGQSLTITCQYSGYSVTDNSYATGWIRQRERKAMDWI FHQWGGGSFYKNDALKNKFSYSRDTSAGTVTITGQNMQTEDMGVY YCYR-[Y RNWGEDYWGKGT TVTVT T 133
KC708204 1:4-MFHSDYCCWLLDHVCTYLISSNQI-SRVLQPGQPLTIVCQYSGYPLTDSSYGTCWVRQRQRQOMDWINCMWYNGNTANNDALKNKFSVSRDTSARTVTITGONLQPEDTAVY YCAR-|FSD-YFDYWGKGTTVTVT T 133
KC708205 1:MNHVLSGSDLLLAAGSCVYGVDLIQPDSMIVQPGQSLTITCQUYSGYSVTR--YATWWVRQREGNPLEWINI IWSDGSTTINNDALKNKFSVSRDTSAQTVTITGQNLQPEDTAVYYC e e T 135
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Figure 3. Contd.

region of 126 cDNA clones encoding the Nile tilapia IgM
heavy chain gene were examined. The results showed
that its nucleotide length ranged from 24 to 42 bp (8 to 14
amino acid residues), and 10 amino acid residues of
CDR3 were the most frequently used to create the
diverse repertoire of the variable domain. The average
length and length variability of the CDR3 region were
10.97 and 1.99, respectively (Figure 6).

Additionally, diversity analysis of the variable domain of
the Nile tilapia IgM heavy chain was relatively charac-
terized using the Kabat and Wu method and Shannon
analysis, which are general mathematical tools used to
estimate variability. The result of these methods
coincidently indicated that the amino acid sequences of

the FRs were distinctively less variable than those of the
CDRs; in particular, CDR3 showed the highest variability
at position 106, followed by CDR2 and CDR1 (Figure 7).

Tissue distribution of the Nile tilapia IgM heavy chain
gene

Quantitative real-time RT PCR analyses of the
expression profile of the Nile tilapia IgM heavy chain
gene indicated that the mRNA transcripts were
expressed in 13 tissues. The highest expression level
was observed in the head kidney (12.4-fold greater
compared to the brain), which significantly differed from



Phuyindee et al. 2291

Leader paptale —» FF1 CDR2 s
XC?708206 1:@LIVILMLLLWY-G3CUYJIDLIQ3DIEWYQPGLQIVTITC (W3 [N LXRXLLHHTY'T 383 5 WTLTCUNL QPEDTAVY YT 127
XC?70$207 1:B8LIVILMLLLWY-G3CVYYIDLIQ3DSEVRQPGQIVTITC (S §¥ SLTORNYATHWI RRSEGKALDI T LHF 6 RGIVA INRA LXNXLLHHTHT SRS S VTLTCVNL QPEDTAVY VT 127
XC?708208 1:@LIVILMLLLWY- G3CUYJIDLI Q3DIEVYQPGRIVTITC (03 §¥ SLTDRNYATHWI RRIECKALDW I LYY 6 RCIVA MRS LXNXLLHHTY T SRS S UTLTGC VML QPEDTANY T 127
XC?705209 1:@LIVILMLLLYY-G3CYYJIDLI Q3D EVYXPGQS VT ITC (VS §¥ SLTDRNYATLWI RRS ECKALDD I LR 6 NG IV (RS LXNXLLHHTY TSNS S VTLTGVNL QLEDTAVY YT 127
XC?08210 1:@LSVILMLLLWY-G3CUYJIDLIQ3DSEVYQPGQIVTITC (WS §¥ SLTDRNYAT)WI RRSECKALDW I LHEQ 6 RCIVA NS LXNXLLEHTY TSR3 3 VTLTGCVNL QPEDTAVY YT 127
XC?708211 1:BLIVILMLLLWY-G3CUYJIDLIQ3DIEVY QPG QIVTITC (VS §¥ SLTDRNYAT)WI RRS ECXAL DY I LHEQ 6 R0 I0VA MRS LXNXLLHHTY T SN 3 S UTLTGVNL QPEDTANY YT 127
XC?70821¢ 1:@LSVILMLLLWY- G3CUYITILIQ3DIEVYQPGQIVTITC (VS §¥ SLTDRNYATHWI RRS ECKALDW I LHEQ 6 NG IVA (MRS LXNXLPHHTY T SN 3 VTLTG VL QPEDTAVY VT 127
XC?708212  1:BLIVTLMLLLWY-G3CUYYIDLIQSDIEVYQPGQIVTITC (WS §¥ SLTDRNYATWI RRS ECKALDW I LHEQ 6 RCIVA MRS LXNXLLHHTY TSNS S UTLTGCVNL QPEDTANY YT 122
XC?705214 1:BLIVILMLLLWY-G3CUYJIDLIQSDSEVY(PLQIVTITC (VS (¥ SLTDRNYAT)WI RRS ECKAL DY I LHRQ 6 RGI0VA MRS LXNXLLHHTY TSNS S VTLTG VML QPEDTANY YT 127
XC?08215  1:BRSVILMLLPGSWDAGUYIIDLIQ3DSEVYQPGQIVTITC (S (LITDDRNYATWI RRIECKALDW I LHEQ 6 NG IVA MRS LXNXLLHHTY T SRS S UTL TG VML QPEDTANY YT 123
CRRRARAR, . AR RRRRRRRAAR AR ARRARRARAA ARAARARARARRARAARARAA ARARAARARARRARRAN | AR ARRARAARARAARR ARAARAARAR]L
VHVI
JH
Lavder peptile ~— FF1 CDR) — CDR2 m =
XC?08206 1:WTQTLTLLLVASLLHCUTHQSMESIPS SPUVKRPGETLSLICRGS QR TETCC THN SWRQQPGXALDWM GG S 33 SRURFVS S LS GRIEI SRDDI NSMVHLRL 33 LXPED SAVYY CANS CTTVIWSS J40
XC?208217 1:TQTLTLLLVASLLHCUT§QIMESIPS SPUUXRPCETLSLICRGS QPTITCC TENEVR QQPLKAL DMLY CY S 33 SRREPVS SLS CRIEI SRDDI NSMVHLRL SSLXPED SAUVYY CANS CTTUIVIS  L40
XC?0821% 1:WTQTLTLLLVASLLHCUTGQSMESIPS SPUMKRPGETL SVSCRGS G TETCC THNOI RQXPCXALDWM GVGR S 33 SRNRYVS SLS GRIEI SRODS RIMVHLRL 33 LXPED SAVYY CAN G- CTUVTUTIT L27
XC?08219 1:WTQTLALLLVAFSLPCUTHQSMESIPS SPUUKRPGETLSLICRES QFTETCL CHPOIRQQPCXCLEWI 61 6F 3 33 33N3PAS SLRCRIEI SRONS RIMTYLRL SNLXTED SAVYY CARH- CTTVIRIT J29
RRAAR RARRAR A RAARRARRAARRRAAR ARRAARAR AARRRARRARAR & AR RRR RAR R R ARRA R R RAR _ARRRAARR RAAR_ ARAR AR ARARKARARR |
VHVI DH JH
Leader peptale FR1 CDE CDE2 FE3 FR2 CDRY FR4
XC?08220 1:MLLILIALLTVLCLPRLNGQAMESIPS TPVLXNPQETL SLICRGT GF SFGIYAMHOIRQPACXTLDVL GI INYDA SXTURAS S VEGRI LI TRONS HIMVYLRL $3 LXPED SAVYY CAH QY SCYTAFDYOGXCTINTVTS 129
XC?08221 1:fLLSLSALLTVLCLPCLNGQAMESIPS TPYLXNPQEAL SLICRGS QFNFGSYGMHOI RQPTCXALDIL GV IS D& SKTURAS SVEGRIEI TRDNS RIMVYLRL 33 LXPED SAVYY CAH-4DG - SAFRYWAXCTHOTVTS 127
ARRRARNDNLARRANDAR AR ANDRNNRAANANNRNE AANANAL AR ANRL ARANNAE AR AANNR AR ANANARARNANNRNANNRNNNANNNNNNNNNRNNNNNNNNNNNNNN [ R E R TR IEE TR T )
VH VI DK T
Leader paptale CDFL m cor2 3 . 2 FRA
XC?0822¢ 1:BTVATLQSLLLLTFISAARUQSLTS SEPWYSRPGQSVTLS CRVQWLS LAWLHW IR (XP X GLEWI GRI£3H‘G‘H A QSL QG QFS ITKIT SQUHWNLUVASLY (EDS AVRETA 23
VHIX DH JH
Leader peptle FR1 r» cnnr> FR2 COE2  eps ‘g
XC708216  1:HLSLTAIMLYLSGSOUCHCDHT QPESESVQXRQSQILRCHVS YBOYS 62T SVRCI QQEARKGEET IV CEDG S SNANDQSMRETS 11 CDDYSRTQTI TGQNK QPADS SAYYCA 23
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that of other tissues, and was followed by the spleen,
intestine and peripheral blood leukocytes (PBLs). Low
expression was observed in the muscle and heart (Figure
8).

Southern blot analysis

Structural analysis of the constant region of the Nile
tilapia IgM heavy chain gene was performed after
digesting the genomes from 3 different fishes with the
Eco Rl and Pst | restriction enzymes. The hybridization of
a specific probe (C,2-C,3 exon) illustrated that the bands
appeared in the same pattern and with the same size and
intensity in each fish genome. The sizes of these bands
were approximately 20 and 7 kb for the Eco RI digestion
and 22 and 10 kb for the Pst | digestion (Figure 9).

DISCUSSION

Molecular cloning and characterization of a cDNA
encoding the IgM heavy chain gene in Nile tilapia
revealed that 3' RACE PCR only amplified 1 distinctive
band and this band was identical to only the secreted
form of the IgM heavy chain. In this experiment, the

specific primer that was used for the 3' RACE PCR was
designed based on the Cul region. Theoretically, the
mlgM, IgD and IgZ/T transcripts, which normally contain
the Cpl domain (Hikima et al, 2011), must be
simultaneously amplified with sigM, but we could not
identify all of them in this experiment. It is possible that
those mRNA levels were low in the spleen and head
kidney, that most mRNAs were primary IgM-IgD
transcripts or that the lengths of these mRNAs were too
long to amplify. Additionally, these mRNAs may have
short half-lives. Based on our these results, attempts to
find other forms of IgM and other heavy chain isotypes
failed with the currently used techniques, indicating that
slgM was the most abundant group of immunoglobulin
heavy chain transcripts. Thus, further study is needed for
a more complete understanding of the immunoglobulin
heavy chains in this fish. The organization of On-sigM
found in this current study was rearranged to form a
leader sequence and a variable region, which was
followed by a constant region (Cul-Cud). This type of
rearrangement is present in the secreted and soluble IgM
forms found in the circulating blood. In contrast, the
teleost IgM membrane-bound form, which possesses a
transmembrane (TM) domain, contains a constant region
that is rearranged as Cpl-Cp3-TM. To compare the
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VH JH
Tyr Cys Phe Asp Tyr
Y [e] F D Y
DH I
KC708218 TAC TGT GCC AAA GGAAGCGGCGATGCT TTT GAC TAC
KC708166 TAT TGT GCT CGA TTT GAT TAC
KC708126 TAT TGT GCC CGA TTT GAT TAC
KC708118 TAT TGT GCT CGG TTT GAT TAC
KC708215 TAT TGT GTG CGT TTT GAC TAC
KC708138 TAT TGT GCT CGG TTT GAT TAC
KC708142 TAT TGT ACT CGA TTT GAC TAT
KC708110 TAC TGT GCC AGA ATEECEGGGAAC GTACGACTAC TTT GAC TAC
KC708165 TAT TGT GCT CGA GA:ATTCT TTT GAC TAC
KC708107 TAC TGT GCC AGA GAGTA ACGAC TTT GAC TAC
DH II
KC708106 TAC TGT GCC AGA GTGATGEEAC CGC GGGACGCTGCT TTT GAC TAC
KC708148 TAT TGT GCT CGA CGCTGGEEGEGGAT AACGCTGCT TTT GAT TAC
KC708133 TAT TGT GCC CGA GAGGATGEGAA CGC TGCT TTT GAT TAC
KC708221 TAC TGT GCC AGA TACGATEGGEGAGCGCT TTT GAC TAC
KC708167 TAT TGT GCT CGA GGCTGGGACGGT TTT GAC TAC
KC708163 TAT TGT GCC AGA AACGATEEEET GGAGGACTAC TTT GAC TAC
KC708203 TAC TGT GTG AGA TACCGGAACTEGEEGC TTT GAC TAC
DH III
KC708108 TAC TGT GCC AGA GGAGGCGGGAACGGGT ATGGCTAC TTT GAC TAC
KC708155 TAT TGT GCT CGA GACCCCTACGCEGEGEGCTACCATTCT TTT GAC TAC
KC708120 TAT TGT GGT CGA AGCEGGCTAC TTT GAC TAC
KC708162 TAT TGT GCC CAA GAGC G CGECTAC TTT GAC TAC
KC708100 TAC TGT GCC AGA AGGAGagggggtEGGCTACT ACGCT TTT GAC TAC
KC708169 TAC TGT GCT CGG AATAGTGGCAGCT GGGEGCTAC TTT GAC TAC
KC708115 TAT TGT GCT CGA GACGGAGTIEGCTACGAAC TGGGC TTC GAC TAC
KC708220 TAC TGT GCC AGA CAGAGCAGIGGCTACGACGCT TTT GAC TAC
KC708216 TAC TGC GCC AAA TCGGATAACAGHEGECTACGGTGCT TTT GAC TAT
KC708147 TAT TGT GCT CGA GagggtAACAGTGGCTATGGCTAC TTT GAC TAC
KC708219 TAC TGT GCC AGA CACGGTGGCAGCT GGGEGCTAC TTT GAC TAC
KC708157 TAT TGT GCT CGA GAGGGC T ATGGCTAC TTT GAC TAC
KC708168 TAT TGT GCT CGA GAACCITTAAACT ATGGCTAC TTT GAC TAC
KC708104 TAC TGT GCC AGA aggggtGGTAGCT GGG GCTATGGETAC TTT GAC TAC
KC708102 TAC TGT GCC AGA aggagtGGTAGCT GGG GCT ATGGETAC TTT GAC TAC
KC708111 TAT TGT GCT CGA GAGCAAACGEBCCTAC TTT GAC TAC
KC708170 TAC TGT GCT CGA GTTLCGGCGEGCTAC TTT GAC TAC
KC708161 TAT TGT GCC CAA GAGCAGEGCTAC TTT GAC TAC
KC708119 TAT TGT GCT CGG GGTGGTGGAACCGACTAC TTT GAC TAC
KC708152 TAT TGT GCT CGA GAGGACGGAGACTAC TTT GAC TAC
KC708196 TAC TGT GCA CGT TTCTCCEGACTAC TTT GAC TAC
KC708099 TAC TGT GCC AGA AGGAAAGGTGGCGACTAC TTT GAC TAC
KC708149 TAT TGT GCT CGA GTCACTACTACGGACTAC TTT GAC TAC
KC708130 TAT TGT GCT CGA CACAGCGACTAC TTT GAC TAC
KC708159 TAT TGT GTT CGA TATAG TGATTAC TTT GAC TAC
DH IV
KC708199 TAC TGT GCA CGT TCAGTGGCAGCTGETGET TTT GAC TAT
KC708124 TAT TGT GCT CGA CACACTGTTAACAGT GGC CACGETGCT TTT GAC TAT
KC708109 TAT TGT GCT CGA GAGTATAGC GACGETEGCT TTT GAC TAT
KC708171 TAC TGT GCC AGT GGTGGAACUGGTECT TTT GAC TAT
KC708154 TAT TGT GCT CGA GACCACGCAGCGEGETECT TTT GAC TAT
KC708178 TAC TGT GCA CGT GGATCCTACGETECT TTT GAC TAT
KC708160 TAT TGT GCC AGA GAGAGCCACGATEGCT TTT GAC TAC
DH V
KC708150 TAT TGT GCT CGA GACGAAACGTACAACGCT TTT GAC TAC
KC708121 TAT TGT GCT CGA GAaGCAR A TTAC TTT GAC TAC
KC708140 TAT TGT GCT CGA GAacGGeGcAr A TIACgggget TTT GAC TAC
KC708222 TAC TGT GCA CGG BAGCEGEcAACGCCCT TTT GAC TAC
KC708179 TAC TGT GCA CGT ATGRAAGAGCGGCACC TTT GAC TAC
KC708129 TAT TGT GCT CGG GAGCEGEGGAACCACGCT TTT GAC TAC
DH VI
KC708205 TAC TGT GCA CGT TATARACAARC TGGGCT TTT GAC TAC
KC708223 TAC TGC GCT AGA CATARCAARC GGG TCT TTT GAC TAC
KC708132 TAT TGT GCT CGA GATGTATACARCGCT TTT GAC TAC
KC708135 TAT TGT GCT CGA G%GCT TTT GAC TAC
KC708146 TAT TGT GCT CGA GAG AACGCT TTT GAC TAC

Figure 4. Classification of the VH/DH/JH junctions. Core DH nucleotides are shaded in gray. Palindromic sequences are
underlined, and inverted (D-D joining) sequences are shown in small letters. The accession number of each sequence is
shown before the first point of the sequence..

amino acid sequences of On-sigM to those of other alignments, while the Cu2-Cp4 regions were used for
vertebrates, we selected the Cul-Cu4 regions for multiple phylogenetic analyses because the Cul gene was
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JH segments

TTTGACTACTGGGGGAAAGGAACACAAGTCACAGTAACTICT

———————————————————————————————— TA-C-GT---
———— e e T ______ A__
et T--C---A--
———————————————————————————————— T--C-GT---

TTTGACTACTGGGGAAAAGGGACAAC TGTGACTGTCACAACA
s G--ACA-CTGACTGTCACA---T--

TTTGAC TATTGGGGAAAGGGGACAACAGTCACTGTTTCATCA
————— T--C---—=--=-A--A--C--G---—----CA--A—-

Figure 5. Nucleotide sequences of the four putative J4 segments. Nucleotide identities of the Jy 111
segment are indicated as dashes. Nucleotide deletion is indicated as highlight letter and nucleotide
addition is underlined (for clone KC708159 compared with clone KC708111). The accession
number of each sequence is shown before the first point of the sequence.
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evolutionally duplicated to form other C genes (Bengten
et al., 2002).

The results of the evolutionary relationship analysis
showed that the IgM heavy chain of cartilaginous fish was
grouped in the higher vertebrate cluster because these
primitive fish do generate humoral immune responses

(Coscia et al., 2012). Interestingly, the cartilaginous fish
IgM heavy chain gene of the lung fish (subclass Dipnoi)
was also clustered in the higher vertebrate branch
because the Ilung fish is closely related to
crossopterygians (coelacanths), which are ancestors of
amphibians and higher vertebrates. Likewise, Ota et al.
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Figure 8. Quantitative real-time PCR analysis of the IgM heavy chain in 13 tissues of Nile tilapia.
Significant differences are indicated with different letters on each bar (P < 0.05). BR; brain, GlI; gills,
GO; gonad, HA; heart, HK; head kidney, IN; intestine, LI; liver, MU; muscle, PBLs; peripheral blood
leukocytes, SK; skin, SP; spleen, ST; stomach, TK; trunk kidney.
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Figure 9. Southern blot hybridization of the Cu2-Cu3 constant region of the
IgM heavy chain gene in Nile tilapia. Genomic DNA of 3 different fishes was
isolated from whole blood and digested with the Eco RI (E) and Pst | (P)
restriction enzymes. The band sizes were estimated by comparison with the
lambda Hind Il ladder shown on the left.
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(2002) found that the IgM heavy chain genes of lung
fishes (lobe-finned fishes) were closely related to those of
tetrapods rather than neopterygians, which are primitive
bony fish including bowfins and sturgeons.

When constructing the variable domain cDNA library of
On-slgM, the primer was designed in the Cu2 region to
eliminate contamination with the variable domains of IgD
transcripts. The classification of putative Vy, Dy and Jy
segments indicated that the Vg Il family (30.2%) was an
important group for the IgM heavy chain gene repertoire.
The V4 Il family demonstrated different initiation codons,
AUGAUG, compared with other families, and it was
suggested that these codons may encourage simpler and
faster translation initiation, in accordance with the report
of Kozak (1998) and Coscia and Oreste (2003). Recently,
many studies on the diversity of the variable domain of
the immunoglobulin heavy chain have analyzed the
MRNA and genomic levels in higher and lower vertebrates.
Interestingly, these compiled data have demonstrated
that the numbers of V4, family members in higher
vertebrates tend to be low, although some organisms,
such as mouse and frog, demonstrate large numbers of
Vy family members. However, the Vi family numbers in
teleost fish were somewhat higher than those of higher
vertebrates, possibly because the diversity generation
mechanisms of the variable domain of the IgM heavy
chain in higher vertebrates is more variable than that of
teleost fish. Hence, large numbers of Vy family members
were necessary to generate diversity of the variable
domain in teleost fish, especially in Nile tilapia.

Recently, many studies on the diversity of the variable
domain of the Ig heavy chain gene have demonstrated
the mRNA and genomic levels in higher and lower
vertebrates (Table 3). Most of the Vy families in teleost
fish have been mainly studied at the transcriptional level.
Nile tilapia demonstrated 9 Vy families, which was
moderate amount compared to those of vertebrate V
families (Table 3). These numbers were close to human,
that is, 7 Vy families (Matsuda et al., 1998) and an
Atlantic charr, that is, 8 Vy families (Andersson and
Matsunaga, 1998). Atlantic salmon revealed the greatest
number of Vy families, that is, 18 families (Yasuike et al.,
2010) followed by zebrafish, channel catfish and rainbow
trout, that is, 14, 13 and 13 families, respectively (Danilova
et al.,, 2005; Yang et al., 2003; Brown et al., 2006).
Furthermore, when 9 V, families of Nile tilapia were
analyzed a distinctive distribution of P and N nucleotide
addition, inversion (D-D joining) and nucleotide deletion
was observed in the generation of putative Dy segment
diversity, similar to the report of Hsu et al. (1989) and
Coscia and Oreste (2003). Additionally, the J,; segments
were rarely diverse, with the nucleotide sequences
differing by only 1 to 9 residues, and these differences
may be the effect of allelic variants (Stenvik et al., 2000).
Moreover, nucleotide addition and deletion of the Jy I
segment by 2 essential enzymes, TdT and RAG, were
also observed in clone number KC708159 (Figure 6).

CDR3 region analysis demonstrated that the diversity of
the CDR3 regions had a rather low exhibition level.
Commonly, the length distribution and variance values of
the CDR3 regions in higher vertebrates are higher than
those of lower vertebrates, especially cold-blooded
vertebrates. Short CDR3 regions in cold-blooded verte-
brates may restrict diversity generation of the antigen-
binding site of antibody molecules (Roman et al., 1995).
Additionally, highly specific affinity binding with an antigen
was discovered for CDR3 regions with high variability
(Casali and Schettino, 1996; Kabat and Wu, 1991).
Diversity analysis of the variable domain of On-sigM
indicated that the amino acid sequences of the FRs were
less variable than those of the CDRs, with the greatest
variability observed for CDR3.

Comparison of variable domain residues using

Shannon’s method and Kabat and Wu analysis showed
that the calculated amino acid variability (according to the
Kabat and Wu method) was more sharply shown in the
variable pattern. Based on the current data, the diversity
generation mechanisms of the variable domain repertoire
of On-sigM were likely obtained from combinatorial
diversity, junctional imprecision and junctional diversity.
At least 9 V families, 6 Dy segments and 4 Jy families of
On-slgM were used to generate diversity through random
linkage resulting from RAG enzyme activity (Tonegawa,
1983). Moreover, Artemis and TdT may be used to
promote junctional diversity through the deletion and
addition of P and N nucleotides at the Vu/Du/Jdy junction
site (CDRS3 region). However, it may be expected that
other mechanisms, such as somatic hypermutation,
secondary Vg, gene recombination and heavy/light chain
pairing, occur to increase the antigen binding capability,
antibody diversity and antigen recognition in Nile tilapia
immune responses.
In this experiment, quantitative real-time RT-PCR was
employed to study the expression profile of On-sigM in
various tissues of Nile tilapia. The highest expression
level was found in the head kidney, followed by the
spleen, intestine and PBLSs, as these organs act as major
lymphoid organs. Generally, the head kidney, spleen and
intestine are acknowledged as hematopoietic tissues that
play crucial roles in blood cell generation (Abbas et al.,
2007). Moreover, blood-borne antigens are stored at the
germinal center within the spleen, where multiple defense
mechanisms emerge to recognize and neutralize antigens
using specific antibodies (Grontvedt and Espelid, 2003;
Saha et al., 2005). Therefore, these organs may provide
larger population numbers of pro-B cells, pre-B cells,
immature B cells and mature B cells than other organs.
However, we found On-slgM transcripts in other non-
lymphoid organs, which suggested that large humbers of
mature B cells may normally circulate and infiltrate into
these organs (Mao et al., 2012).

Surprisingly, Southern blot analysis of the constant
region of the IgM heavy chain gene in 3 different fishes
indicated that the Nile tilapia diploid genome might
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Table 3. The number of Vi gene families in teleost fish and other vertebrates.

Vertebrate species V,, gene families  Study levels References
Transcriptional Genomic

Nile tilapia 9 / This study

Pufferfish 2 / Peixoto and Brenner, 2000

Zebrafish 14 / Danilova et al., 2005

Emeral rockcod 2 / Coscia and Oreste, 2003

Channel catfish 13 / / Yang et al., 2003

Atlantic cod 4 / Stenvik et al., 2000

Atlantic salmon 18 / Yasuike et al., 2010

Rainbow trout 13 / Brown et al., 2006

Atlantic charr 8 / Andersson and Matsunaga, 1998

Goldfish 3 / Wilson et al., 1991

Sturgeon 3 / Lundqvist et al., 1998

Nurse shark 5 / Rumfelt et al., 2004

Frog 11 / Haire et al., 1990

Chicken 1 / Ota and Nei, 1995

Rabbit 1 / Mage et al., 1984

Pig 1 / Sun et al., 1994

Mouse 15 / Mainville et al., 1996

Human 7 / Matsuda et al., 1998

Nile tilapia 9 / This study

Pufferfish 2 / Peixoto and Brenner, 2000

Zebrafish 14 / Danilova et al., 2005

Emeral rockcod 2 / Coscia and Oreste, 2003

Channel catfish 13 / / Yang et al., 2003

Atlantic cod 4 / Stenvik et al., 2000

Atlantic salmon 18 / Yasuike et al., 2010

Rainbow trout 13 / Brown et al., 2006

Atlantic charr 8 / Andersson and Matsunaga, 1998

Goldfish 3 / Wilson et al., 1991

Sturgeon 3 / Lundgvist et al., 1998

Nurse shark 5 / Rumfelt et al., 2004

Frog 11 / Haire et al., 1990

Chicken 1 / Ota and Nei, 1995

Rabbit 1 / Mage et al., 1984

Pig 1 / Sun et al., 1994

Mouse 15 / Mainville et al., 1996

Human 7 / Matsuda et al., 1998

contain 2 copies of this gene. This finding was confirmed
by cloning, sequencing and a search for Eco Rl or Pst |
restriction sites within the intron linking the Cpy2 and Cp3
exons, which were not found between these exons.
Moreover, the nucleotide length between the Cu2 and
Cu3 exons was determined to be approximately 104 bp
(GenBank accession no. KJ558374). Generally, the
length of the intron between the Cu2 and Cu3 exons of
the IgM gene in teleost fish is not larger than 4 kb
(Bengten et al., 2002; Srisapoome et al., 2004). Hence,
these results indicate that Nile tilapia might possess a

pseudo Cpu gene, similar to the channel catfish Ictalurus
punctatus, or a true second Cu gene cluster to increase
the diversity of the immunoglobulin heavy chain gene.

Conclusion

The results of recent studies imply crucial functional roles
for IgM, for which diversification at variable domains is
generated through a number of variations that increase
antigen recognition through the actions of the TdT and
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RAG enzymes. Our work suggests that fish such as the
Nile tilapia may possess additional Cp loci in their
genomes to create more diverse Ig heavy chains, which
may be important for the generation of specific immune
responses against pathogens.
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