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ABSTRACT. Major histocompatibility complex (MHC) class II genes
play important recognition roles in the immune system in vertebrates.
We cloned the MHC class II genes 4 and B in the stone flounder
(Kareius bicoloratus). The full-length cDNA and DNA sequences of
both genes were obtained, and their characteristic motifs were analyzed.
The DNA sequence of stone flounder MHC class II 4 consists of four
exons, while gene B contains six exons. The extra intron in gene B
might be a common feature in most of its Acanthopterygii orthologs.
Several conserved motifs were identified by multiple deduced amino
acid sequence alignments of the two genes and their orthologs. The
peptide sequences of a chain and f chain shared identity of 86.0-30.1%
and 69.8-31.3% with their orthologs, respectively. Bayes phylogenetic
trees showed that the stone flounder is closely related to the spotted
halibut (Verasper variegates), and the half-smooth tongue sole
(Cynoglossus semilaevis). Real-time quantitative PCR showed that
in the stone flounder, both genes 4 and B are highly or moderately
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expressed in several tissues, including the intestine, spleen and gills,
and less expressed or undetectable in the liver, kidney, brain, heart, and
gonads. These expression patterns differed slightly from those in other
teleosts. This might be a unique phenomenon in the stone flounder. This
first study of MHC genes in stone flounder could provide reference data
for comparative studies.

Key words: Major histocompatibility complex; Stone flounder;
Cloning; Expression

INTRODUCTION

The major histocompatibility complex (MHC) is called “the center of the immune
universe” (Trowsdale, 1995) because of its great contribution to immune recognition of anti-
gens. MHC molecules are members of the large immunoglobulin superfamily, and they mainly
encompass two classes, namely I and II. Class [ molecules are ubiquitously expressed in al-
most all kinds of cells, while the expression of class II molecules is mainly restricted to spe-
cialized antigen-presenting cells, including dendritic cells, macrophages, B cells, and thymic
epithelial cells (Antoniou et al., 2012). These molecules display the peptides of viruses and
other pathogens on the surface of immune cells, such as macrophages (Edwards and Hedrick,
1998). Class I molecules function in the immune system by presenting peptide fragments
to CD8" T lymphocytes (Flajnik and Kasahara, 2001) and natural killer cells (Quillet et al.,
1988). Class II molecules bind antigenic peptides that enter lymphocytes via phagocytosis
(Edwards et al., 1998) and present these peptides to CD4" T cells (Cresswell, 1994). In addi-
tion, functions of MHC molecules in fish sexual selection (Reusch et al., 2001) also attract the
attention of many researchers.

Each MHC class Il molecule is a heterodimer of an o chain and B chain (Brown et
al., 1993), which noncovalently associate with each other. Each chain comprises a membrane
distal extracellular domain (a1 or B1), a membrane proximal extracellular domain (a2 or f2),
a transmembrane region, and a short cytoplasmic anchor (Rothbard and Gefter, 1991). The a
chain possesses one conserved disulfide bond in the a2 domain and the 3 chain possesses two
conserved disulfide bonds in the 1 and B2 domains (Antoniou et al., 2012). The a chain and
the B chain together make up an open-ended and shallow peptide-binding groove, so there
is no stringent sequence requirement for binding peptides (Jardetzky et al., 1990). The two
chains are encoded by genes 4 and B, respectively (Klein and Figueroa, 1986). The most poly-
morphic sites are found in the peptide-binding region (PBR), which interacts with antigenic
peptides (Apanius et al., 1997).

Studies on teleost MHC genes are abundant. Ever since the first isolated MHC genes
were studied in carp (Hashimoto et al., 1990), researchers have found and analyzed MHC
genes in many teleosts, such as Atlantic salmon (Grimholt et al., 2003), zebrafish (Ono et al.,
1992), half-smooth tongue sole (Li et al., 2010), and miiuy croaker (Xu et al., 2011). Studies
have focused on their genome structure (Sato et al., 2000; Roney et al., 2004), polymorphism
(Graser et al., 1996; Du et al., 2011), evolution (Hughes and Nei, 1989; Eizaguirre et al.,
2012), mate choice (Landry et al., 2001), and other aspects. Expression studies showed that
MHC class II genes are ubiquitously expressed, with high expression in immune tissues, such
as spleen, kidney, gill, and intestine (Chen et al., 2006; Li et al., 2010; Xu et al., 2011).
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The stone flounder (Kareius bicoloratus Basilewsky, 1855) is a kind of demersal flat-
fish. It lives on sandy and muddy bottoms in coastal areas at depths of up to 150 m. Its native
habitat is the temperate waters of the northwest Pacific, from northern China to Japan, the
Kuril Islands, the Korean Peninsula, and South China Sea. It is oceanodromous and breeds
in autumn and winter. Adult individuals can grow up to 50 cm in length, and may reach 12
years of age. Because of its advantages in low-temperature resistance, disease resistance and
aquaculture cost, stone flounder has become one of the main aquaculture species in northern
China (Liu et al., 2009).

In the present study, both genes 4 and B of MHC class Il in stone flounder were cloned
and characterized. The genomic sequences of the two genes were obtained and multiple se-
quence analysis was conducted. Expression levels of these genes in various tissues were ana-
lyzed. This is the first study on MHC genes in stone flounder and will provide basic materials
for further research on disease resistance, evolution analysis and other possible aspects.

MATERIAL AND METHODS
Fish and sampling

Healthy wild stone flounders were caught in the Yellow Sea, northern China. They
were sexually mature and the gender could be distinguished by the morphology of their go-
nads. Besides, female individuals were much bigger than males. Tissues (muscle, brain, gill,
heart, kidney, spleen, liver, intestine, and ovary/testis) were removed and preserved at -80°C
until use.

DNA and RNA extraction and cDNA synthesis

Genomic DNA was extracted from muscle samples of each individual with the phe-
nol-chloroform method. Total RNA was extracted from each of the eight tissues with Trizol re-
agent (Invitrogen, Carlsbad, CA, USA) following the manufacturer protocol. 3'-RACE-Ready
c¢DNA was synthesized with BD SMART™ RACE ¢cDNA Amplification kit (BD Biosciences
Clontech, Palo Alto, CA, USA). First-strand cDNA in the spleen of 8 individuals (4 females
and 4 males) was synthesized with the PrimeScript™ RT-PCR kit (TaKaRa, Dalian, China)
following the manufacturer protocol.

Primer design and cloning

In a previous study, the whole length sequence of MHC class II B cDNA (GenBank
Nos. GQ273943.1 and GQ273944.1) and the 5'-end sequence of MHC class II 4 cDNA in
stone flounder were identified (Li et al., 2010). One specific primer (sf-MIIA-3'F, Table 1),
together with the universal primer (NUP) were used to amplify the 3'-end cDNA sequence
of gene A. Primers (sf-MIIADNA-Fw and sf-MIIADNA-Rv) were designed to amplify the
whole length DNA sequence of gene 4, and primers (stoneBDNA-Fw and stoneBDNA-Rv)
were for gene B DNA amplification. The polymerase chain reaction (PCR) system was 25 uL
with about 500 ng template DNA/cDNA. The reaction was catalyzed by Platinum® 7ag DNA
Polymerase High Fidelity (Invitrogen). PCR products were separated by agarose gel electro-
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phoresis and purified with the Quick Gel Extraction kit (CWBIO, Beijing, China). Purified
fragments were ligated to pEASY™-T1 Cloning vectors (TransGen Biotech, Beijing, China)
and cloned to Trans5a Chemically Competent Cells (TransGen Biotech). Positive clones were
screened by PCR with M13 primers and sequenced.

Table 1. Primers used in this study.

Primer Sequence (5'-3")
st-MITA-3'F GGGCTGCTCGGTGTCGCT
NUP AAGCAGTGGTATCAACGCAGAGT

sf-MIIADNA-Fw
sf-MITADNA-Rv
stoneBDNA-Fw
stone(BDNA-Rv
SE-A-Fw
SF-A-Rv
SF-B-Fw
SF-B-Rv
18S-70-Fw
18S-70-Rv
MI13-Fw
MI13-Rv

GGAGTGTGTGTCTGTGAGTGTC
AGGTGAGAAAAAGCAGGAAC
GAGTGTTTGTCAGTGAGCAGAGG
CAGTCCAGCAGATGGCAGC
TCCGATGATCTACACCGAAG
GTTGGGATAGGGAACATTGAG
AGAGAAGATTTCCTGTGTGGTG
CAGTCCTGAGGTTCCGATG
GGTAACGGGGAATCAGGGT
TGCCTTCCTTGGATGTGGT
GCCAGGGTTTTCCCAGTCACGAC
GCGGATAACAATTTCACACAGGA

Sequence alignments and data analysis

According to the deduced amino acid sequence, the secondary structure of MHC class
II o and B chains was predicted by PREDICT PROTEIN (http://www.predictprotein.org/). The
signal peptide was predicted by SignalP 4.0 Server (http://www.cbs.dtu.dk/services/SignalP/).
The amino acid sequences of stone flounder MHC class II a and § chains were aligned with
their orthologs by the Clustal W method (MEGA 5.1). Bayes phylogenetic trees were con-
structed by the MrBayes version 3.2 software.

Gene expression

Eight tissues (intestine, spleen, liver, kidney, brain, heart, gill, and testis/ovary) of 2
male individuals and 1 female individual were prepared for cDNA template in real-time quan-
titative PCR. Primers SF-A-Fw/SF-A-Rv and primers SF-B-Fw/SF-B-Rv were designed for
real-time quantitative PCR of genes 4 and B, respectively. 18S (18S-70-Fw and 18S-70-Rv)
was chosen to be the internal control for both genes. The PCR system was 20 pL with 20 ng
template cDNA. The experiments were conducted on a 7500 Real-time PCR system (Applied
Biosystems, Foster City, CA, USA) following the manufacturer protocol. The PCR results
were standardized by standard plasmids of the two genes and 18S fragment. Data were ana-
lyzed with the SPSS Statistics 19 (IBM) software.

RESULTS

Structure and genomic sequence of MHC class II A

The full-length cDNA of gene A4 (GenBank accession No. JX647844) was obtained.
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It is 974 nt in length, including a 40-nt 5'-untranslated region (UTR), a 226-nt 3'-UTR, and a
708-nt open reading frame (ORF), which is predicted to encode 235-amino acid residues. An
AATAAA motif and poly (A) tail were found in the 3'-UTR.

In the putative a peptide (Figure 1), the first sixteen amino acids form the signal
peptide. The transmembrane region is from amino acid 209 to 226, followed by a cytoplas-
mic tail. There is a motif GxxxGxxGxxxG (x stands for any hydrophobic residue other than
Gly) in the transmembrane region. One N-glycosylation site (N-V-T-E), three protein kinase
C phosphorylation sites (S-Y-R, S-F-R, and T-A-R) and four casein kinase II phosphoryla-
tion sites (S-D-S-D, S-F-1-D, S-Y-R-E, and T-K-N-E) were identified. One immunoglobulin
and MHC protein signature (Y-S-C-T-V-S-H) exist in the a2 domain. Six conserved cysteine
residues were found in the mature peptide, which can participate in the formation of disul-
fide bonds.

1 GGAGTGTGTGTCTGTGAGTGTCAGTGAGC TGCCGGTGAAG
41 ATGAAGATGAACGTCCTTGTCCTCTGCTTTGTCCTCAGTGTCTCCGCTGAAGgtaagatagactacagac
MK MNV LV LCF VL SVSsS AE i/

111 aatcaattaaatgttattagtataatttatattctgacctcctctgatcttaatcctcaacaagagtaaa
181 actgacagaaatgtgattcagaccttctagacctgtagcagcagaactcagatcaggtccaagacaaacce
251 tggaccggctctaaatataactttatcacaaaggtttgaatcctcaacgtacagagggcgtctgtctcca
321 gaacctaaactgagatgattcctcagcagaggagcttgaagctgaagetctggetettetgetttagaga
391 ctttagggacaacagcctgaaatctgggagctcagggctctagtggtgataaggtactaacagetettta
461 aggtttgatgctgacatattattaatgtaggtgaggaagaggattttaaatgaccaactaactacagtca
531 gtcaactaaccactcagagttaactaaccactcagagttaactaaccactcagtcagttaaccagctctt
601 gtgtcttcagGTCTACACAAGGACCTTCAGGT TATTGGATGT TCAGACTCTGATGGTGAGGAAGCATATA
GL-H KD Lio VvV I G € 8§ D8 D GIE EiA nY 37
671 ACCTGGATGGTGAAGAGATGTGGTTCGCTGACTTCATCAATAACAGAGGAGTCGAGCCTCAGCCCAGTTT
NLD GE EMW FA DFI NNR GV EP QP S F 61
741 CATTGATCACATGAGCTACCGTGAAGGCGCTTATCAAACAGCTGTGGCCAATCAACAAGCCTGCAAAACC
I D Bl M 8 ¥ R Blg6 ‘A Y “Q T A VN A (NQUCQ-AC K T 84
811 AACTTGGGAGTCGTTCGTCAGGCTTTGAAGGACTTCAAAATGGAAAATGgtaaaaataaataaatacttc
NL GV VRQ ALJXD FKM EN 100
881 tttcaatacaacaaaaaataatccatgtttacaaatcaataaaatccagtgtgagctgtgtgtgttaagt
951 agatgttgttactggtgctggtgaccagttaccggccactggtttcaaatggtcacgtgtttgttttatt
1021 tctggatcgatagtttcagatcattcttcttcatgaactgattctaaacttcetgtatgagaccaacttaa
1091 agtggagagaagattattcctaacgtggtgttccttcacagATCGTCCCTCCAGTCCGATGATCTACACC
DR P S S P M1 Y T 110
1161 GAAGACAAGGTGGAGCTCGGAGGGAAAAACACCTTGATCTGTCATGTGACTGGTTTCTACCCTCCTCCCG

E DK VIESL LG K R Y LG HEV "DiGiaE f Y BLURR 133
1231 TTCACGTCTACTGGACCAAGAACGAGGAGAACGTGACTGAAGGAACAAGTCTCAATGTTCCCTATCCCAA
VEVY RTPTK NE EN VTEH T8 L NVPEP ¥ PN 157
1301 CCAAGATCGTTCTTTCAGACAGACGGCCAGACTGGAGTTCACCGCTCAGCAGGGAGACGTCTACAGCTGC
Q' DR SSFE RWQ T AN L-E F"T A QQ G DV Y §C 180
1371 ACAGTGTCACACCCGGCTCTGGACCAGCCACTGACCAAAATCTGGGgtaagaagagtttcttaaagaaga
T v S H PA L D QP LT KIW 195
1441 ttgaaagagttaactgaccaatgagagaacatctgtgttgtgtctccagATGTGGACGTGCCTCAGCCCG
D V.D V B Q P 202

1511 GTGTGGGCCCGTCTGTGTTCTGTGGAGTGGGTCTGAGCGTCGGGCTGCTCGGTGTCGCTGCTGGAACCTT
cvVeePr sV Fee Vel sV 6L LeV AAGT P 22
1581 CTTCCTCATCAAAGGGAACGAGTGCAGCTGAT TGGCTGCTGGGATGATCACATGTTCCTGCTTTTTCTCA
EL . IVR G NE €. .S": 235
1651 CCTGAAGATTTGTCTTGATTTTTTTTTGCTCCTGTTTTTGCAGCT TGGACACT TTGTAACATAAAGATCA
1721 TARATATCATCTGTGTGTGTTTTGAATCAATAACT TGATCAAATCTTTCTGCTCATTTATAAATGAAGTT
1791 AAACACTGAAGAAGRATAANCAACAACAAAAARAAAARAAARAAAAA

Figure 1. DNA sequence and putative amino acid sequence of gene A. The initiation codon and the termination
codon are in shade. The signal peptide consisting of sixteen amino acid residues is underlined. One N-glycosylation
site and the signal of polyadenylation tail are in frame. The transmembrane region is marked by a wavy line. One
immunoglobulin and MHC proteins signature are double underlined.
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The DNA sequence of gene 4 (GenBank accession No. JX647845) is 1837 bp in
length. Exon 1 of 52 bp encodes the leader peptide. Exon 2 is 249 bp, encoding the a1 domain.
Exon 3 of 285 bp encodes the a2 domain. The connecting peptide, transmembrane region and
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cytoplasmic tail are encoded by exon 4 of 122 bp.

Structure and genomic sequence of MHC class I1 B

The full-length cDNA of gene B (GenBank accession No. JX645176) was obtained in a pre-
vious experiment. It is 1210 nt in length, including a 26-nt 5'-UTR, a 747-nt ORF, and a 437-nt 3'UTR
with an AATAAA motifand a poly (A) tail. The ORF is predicted to encode 248-amino acid residues.

The first eighteen amino acids of B peptide form the signal peptide (Figure 2). Four con-
served cysteine residues were found in the mature peptide, which can participate in the formation
of disulfide bonds. The transmembrane region is from amino acid 217 to amino acid 234. The
motif GxxGxxxGxxxxxxG (x stands for any hydrophobic residue other than Gly) was found in
this region. Besides, one N-glycosylation site (N-S-T-E), four protein kinase C phosphorylation
sites (T-F-R, T-E-R, T-P-R, and S-E-R) and four casein kinase II phosphorylation sites (T-S-C-E,

T-S-T-D, S-H-L-E, and S-M-P-E) exist in B1 and f2 domains.
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Figure 2. DNA sequence and putative amino acid sequence of gene B. The initiation codon and the termination
codon are in shade. The signal peptide consisting of eighteen amino acid residues is underlined. One N-glycosylation
site and the signal of polyadenylation tail are in frame. The transmembrane region is marked by a wavy line.
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GAGTGTT TGT CAGT GAGCAGAGGAACATGGCTT CATTCTTCCTCAGC TTCTCCCTCTTCT TCATCACTGT

M A SFF LS FSL FF ITV

CTGCGCAGCAGgt gagatcaaaatactgatcactgatcaattcactgatcaattcactgatcaattcact
C A A

gatcattctctgactcottttgtgttgtet tttettcagATGGATT TCTGAAT TATAAGGTATATAATTGT

DGF LN YK VYN C

GAGTTTAACTCGACTGAGC GTA TGTCGTTGTATTACAACAMACTGGAGATCG
EF LN DI EYTL SL YY NKL B I

TCACGTTCAGGAGCA TTGTTGGATACA T AAGCTGAGAGATT
yerE BB 8 vV G EEyY 3 T AY &85 R 0 AB RTF
CAACAAGGGTCC! GAGCCTCGAAGGAAGCTTACTGC TTAAACAACGTTGGACTT

N KGP E VVQ ARA SKEARY CL NNV GL
GATACAGAAAGTGCTCTGACGAAGTCAGgtgagtgtgtgtgt ttgtgtgtgtgtgtgtgtgtgtgtetgt
DTES ALT KS
ctgtctgtctgtetgtgtgtgtgtgtttgtgttcatgttccagetcagattcataaagaaaaactgttgt
gacagttaataatctggaaacaatgacaataaatatgatttgatattaaaacgtgtggagacaaacaata
aatattgaaggaggtagactcagetctgtgtcaccacctgetggteacacactgtaactacagecactgq
ctgaagcttctetttgttctttcatgaaataaaataaaagatgaatcaattetttgatgttttcagttga
ataatcaaaccacagactctcagaaccagttcacacctgacctgaccaacatctgtet tecagTCGAACC
VE P

CARAGTCAGACTTCACTCT AACATC( TGCAGCGTCTAC
K VR L W.SVON PP R 6 KiH P IM IV 68 VY
AGCTTCTACCCCAAACTGATCAGAG TGAGCTGGCAGAGAGACGGACAGGAAGTCACCCATGATGTCACTT
S8F YPK LI RVS wWQ RDG QB VTH DV T
CCACTGATGAGC TGGCAGACGGGGA TTGGTTC TACCAGATCCACT CCCACCTGGAGTACACGCCCAGY tg
STD EL ADG DWF YQI HS HL EY TPR
agtccagt taggtccagt tgagtccagt tgggtecagetgagtteagt tgagtccagttgggtecagtty
agtccagt tgagtccagt tgggtecagt tgggtecagt tgggtecagt cgggtecagttgagtecagget
ccggatccagt tgagtecagt tgggtecagt tgagtecagt tgggtecagt taggtgceagt tgggtecag
ttgagctcaaatgggtecagatgagttccaaagggtecagt tgggtecagt tggggt tagagcaacagaa
tetgatggttttatcttgtgttgatcagGrc TTTCCTGIG' ACA T

8§66 EK IS5 CV VEH ASL
GAGTAAACCTCTGATCACTGACTGGGgt aaatacctgtetgtgtgtecagetgeteacctgtetgtetge
$ K PLI TDRW

tcacctgtetgtetgetcaactgtetgtetgeteacctgtetttetacetgtet ttectcaghATCCATCC
DP S
ATGCCTGAGTCAGARAGAAACAAGATCGCCATCGGA CAGGACT 'CTGACCTTATCTC
MP?E SBE.RN KI AT 6T G LUTI L G L TOL
TGGCTGGATTCATCTACTAC ccagtt

EEE LI T TE R KX B
tagaccagttttaatggagtgtatttgt tttgat tCtgttettgtetettetet ttaaaccagGGOGAAT
GRI
CCTGGTTCCCAGTAACTGAGC TTGG TCC TGGTCC TGGT CCTGGTCCTGTTGCTGTTTCCCT TATGGAAGA
L ve s N .
AAAATAATTTGCTGCTGCTTCAACCTGCTTTCTGTTTTCAGC TCAGTGCTGCCATCTGCTG

A TTA TGTGCTGGTCTGA TCTCCATTA
GGACTGGGGTGCTTCCTCTGACAGT CCAGGATCTGGTC TGATCCAGACTCTGGTTTG CAC
ARACACCTGATTTGTAGCTTCACGGTGTGAAATCTATATTT TTCCATC TTCCTTTTGTCAAACTGTTTTA
AATCCTCTTTGATCCAGATCTCAGGTTTCTATAT TCTTACTGTT TTTAATCACRATAARK TTTGARACTA
AGARACACTAAARAARAAAAAAAAAAARAAAAAARA
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The DNA sequence of gene B (GenBank accession No. JX647846) is 2206 bp. It
consists of six exons and five introns. The 55-bp exon 1 encodes the leader peptide and
the 270-bp exon 2 encodes the f1 domain. Exon 3 of 214 bp, together with exon 4 of 68
bp, encodes the B2 domain. The 114-bp exon 5 encodes the connecting peptide, transmem-
brane region and partial cytoplasmic tail. The rest part of the cytoplasmic tail is encoded
by exon 6.

Multiple sequence alignment and phylogenetic tree

Alignment of multiple peptide sequences of stone flounder MHC class I a chain
(Figure 3) and B chain (Figure 4) with other species showed that the motifs GxxxGxxGxxxG
and GxxGxxxGxxxxxxG are shared by most vertebrates. Besides, the conserved cysteine
residues exist in most teleosts.
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Figure 3. Multiple sequence alignment of stone flounder MHC class II 4 and its orthologs. Asterisks
indicate positions that have a single, fully conserved residue. Colons indicate conservation between groups
of strongly similar properties - scoring >0.5 in the Gonnet PAM 250 matrix. Periods indicate conservation
between groups of weakly similar properties - scoring <0.5 in the Gonnet PAM 250 matrix. The motif
GxxxGxxGxxxG is in shadow.
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~MYLLKLFLVI .MLS.FTET. . .YYN.GKQE.FYS. SDYSDMVLLI . YSF. . VWDTQ.N. -EQ.VKS..N...NQAYLQQLK.GVD.F.RH.AQISDSAVRD.A.L.E.TIK. .RQA  zebrafish
~==MAQ.QGCSV.LVL. LV-FSPGGA . YLSVLER.QSS . SOGHDAVLLDQV. F. . ILEVEYN.T. . .MI...EKT.AL.IIL.NNPEFITHEIWKTN-L.KR.--TPLAQK.LTP...Y.Q.RLEKAE  guppy
==MVWLPRVPCVAAVILLLTVL. PPVALVRNSRPR. .E.STSE.H. YN-GTQRVR. LERYI. .REE.VR.D.D. .EYRAV.E. .RPD. . YW.SQPEILEDA. . TVD. . .RH.YEIFDNFLVPRR. . .T.TVYPTKTQ mouse
MVCLKLPGGSCMTALTVTLMVL . SRLALAGDTRPR. . WOLKFE . H. FN-GTERVRLLERCI . . QEESVR. D.D. . EYRAVEE. . RPD. . YW. SQKDLLEQK.G.VDN. . RH. Y. VGESFTVQRR. . . . . TVYPSKTQ HLA-DRB

1 LRFSLFFI! FLEYMVTSCEFNSTELNGIEFTYSHYYNKLKY ITFRSSVGKFVI GE! QKETYCLGNIGRETERALTKSVEPKVRLHSVAPP  stone flounder

1 ...S.IS...L..S-LYT....MESVLGR.V....D.KD...IM.W....ME.TR.S........F.ER.VK.. .NW.NNP.YL.QA.GE. .R.. .N. .KIDYQT. .D..A..¥.M....T.. miiuy croaker

1 - $.IS...L..S=L.T....MESFLGR.V....D.KN.. ...ME.TR.S. YW.NDA.FL.QT.GE..R...NH.QAWYSHT.D..AK.Y......T.. large yellow croaker

1 - ..S...L..S-LYT....RY.YMNR.D....DPKD..¥M0.Q.L.. .EI.R.S..L..Y ..VK...AW.NDP.IL.Q..GE..R..VNHVENAYQAV....A..Y.V.S.TT.S orange-spotted grouper
1 - ..S...L..S-LYT....ME.VT...V....D.KD...IR.Y.F.. .EFTR.S... Y.VK...FW.SDP.FL.Q...E..R..VN...IDYQA.....A..Y......T.S Hong Kong grouper

1 - ..SV..L..S=LYT...Y.E.ALDR.V...SD.KD..YI..T.F..IEDVR.S..L..Y KY..NW.NDP.VL.QR........ KY.VDIRYQN.....A..Y. walleye

1- ..S...L...SLYT....RYFWTDR.V....DPRN..YIN.Y.....E.AR.S..E.E. ..VK.......DP.YL.QR..E..R...T..NIDYQN..D...K.S.V. striped sea bass.

1 - ..S...L..ISLYT....RS.DIDR.V....DPKN..¥I..Q..... EFTR.S....EY F.VKQ.KY..SNP.IL.QR.GE. .R...NHVNAYYPH..D...K.¥...R..... European sea bass

1 - ..S...L..S-L.S....WYFATQR.D...S..KDM.YIE.Y.F. .VEFAR.S. KQ.QGW. .DK.IL.VK..E..R..KT.V.N.YAY...Q.AK red sea bream

1 - 5a8LsBIN L oYL YRRV VL o DD T Y B TRL S .V....QRHWR---LGCNESSEGDVLSQQR.KDH.A. .. ...K.Y. i turbot

1 - -=...LIVS...L.LLT.HT..... NFRTVT.L....KADD.AYID. I.S.D.R. F.VS..K.W.E.PE-.T.A.NE..R..VH.V.LDYRTG.A. .A. ..ET.. half-smooth tongue sole
1 - MSKSIR.YICLAVALSTLYET. .YASDV..R.LYS.IDMH.A..IQ.YTF. .VEHLR.N.T..E. K..K.L.R.QE-.VQ..GEL.RL.KP.ADIRYRAI.D. $..T.. rainbow trout

1 - MS.SI-.CVSLTLVLSIFSGT. .YFEQV.RQ.RYS.KD.Q....ID.YVF. . AE.VR.N.T. ..VK...AW...PE-L.VELGEL.RF.KH.ADLHYRAT.D.T...H...S..... Atlantic salmon

1

1

1

1

1

122 AGKHPTMLVCRVYNFYPKLI stone flounder

123(G:H. 8%, .8 FD: . L HK.. o
123 G.H..S....S.FD...QH.K...
123 G...SA....S.FD....K.K...

miiuy croaker
large yellow croaker
orange-spotted grouper
123G 8 ie B B o R Hong Kong grouper
123:Ghs walleye
striped sea bass
European sea bass

red sea bream

turbot

half-smooth tongue sole

...VL.TL.A...L....K.SS.

) walicd . rainbow trout
R L F ...I..TE.MVYH....L..A.. A...VL.AIL.A...L....K.SS.VL~ Atlantic salmon
125 E....AV.L.SA.E....K.KM..L...K...5.... .M. M. ... -Q.L......7Q..TK..N.HIS..D. \A...VL.IIIAIL.L....K.ST...... Nemommmeome zebrafish
122 ¥50.0Q..I.SA.D....Q...T.L...K...S........PN.N.L....TY. .F..KP....T.ML.. .. .K. .NLY. .ELE-.D.KWS. .VV.5A. .LL. .VF.I...... .TTSN. .W. .TTEDVCPEETL  guppy
135 PLE.HNL...S.SD... EKTGIV..GLVRN...TF.TLVM. .TV.Q...VYT.Q...P..TD.VIVE.KAQ-ST.AQ. .MLS .VG.FVL. . LFLG. . LFI. F.NQK. QSGLQPTGLLS == === mouse
137 PLQ.HNL...S.SG...GS.E.R. GLIQN...TF.TLVM..IV..... VYT.Q...P.VTS..TVE.RAR-S..AQS.MLS.VG.FVL. .LFLG. . LFI.F.NQK. HSGLQPTGFLS ===== HLA-DRB

122

Figure 4. Multiple sequences alignment of stone flounder MHC class II B and its orthologs. Asterisks indicate
positions that have a single, fully conserved residue. Colons indicate conservation between groups of strongly
similar properties - scoring >0.5 in the Gonnet PAM 250 matrix. Periods indicate conservation between groups
of weakly similar properties - scoring <0.5 in the Gonnet PAM 250 matrix. The motif GxxGxxxGxxxxxxG
is in shadow.

Phylogenetic analysis showed that the deduced amino acid sequence of stone floun-
der MHC class II a chain shares 86.0, 72.3, 70.2, 70.2, 70.2, 69.8, 69.7, 68.8, 68.1, 65.8,
62.4, 60.7, 54.1, 52.4, 49.8, 48.9, 30.3, and 30.1% identity with that of spotted halibut,
miiuy croaker, large yellow croaker, turbot, orange-spotted grouper, European sea bass,
striped sea bass, walleye, half-smooth tongue sole, gilthead sea bream, red sea bream, red
shoulder, Atlantic salmon, rainbow trout, zebrafish, carp, human, and mouse, respectively.
A Bayes phylogenetic tree (Figure 5) further confirmed that stone flounder clusters with
spotted halibut and that they both belong to the same family Pleuronectidae.

A Bayes phylogenetic tree (Figure 6) constructed based on stone flounder MHC
class II B chain and its orthologs confirmed that stone flounder clusters with half-smooth
tongue sole and that they both belong to the same order Pleuronectiformes. The de-
duced amino acid sequence of stone flounder MHC class II B chain shares 69.8, 69.8,
69.6, 69.4, 69.0, 68.1, 67.9, 55.4, 54.1, 49.8, 41.0, 31.3, and 31.3% identity with that of
walleye, red sea bream, half-smooth tongue sole, large yellow croaker, miiuy croaker,
orange-spotted grouper, turbot, Atlantic salmon, rainbow trout, zebrafish, guppy, human,
and mouse, respectively.
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Figure 5. Bayes phylogenetic tree of MHC class II A. The sequences analyzed are: spotted halibut (GU253882),
miiuy croaker (GU936787), large yellow croaker (EF681861), turbot (DQ094170), orange-spotted grouper
(FJ598317), European sea bass (DQ821106), striped sea bass (AAB67867), walleye (AY158872), half-smooth
tongue sole (FJ372721), gilthead sea bream (DQ019411), red sea bream (AAW21980), red shoulder (AF212850),
Atlantic salmon (AAL40122), rainbow trout (CAB96452), zebrafish (CAD60677), carp (CAA64707), human
(HLA-DQA, AAC41950), and mouse (BAE42123).
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Figure 6. Bayes phylogenetic tree of MHC class II B. The sequences analyzed are: walleye (AY158837), red
sea bream (AY190711), half-smooth tongue sole (FJ372722), large yellow croaker (EF681865), miiuy croaker
(HM236158), orange-spotted grouper (FJ598318), turbot (DQ001730), Atlantic salmon (CAA49726), rainbow
trout (AF115529), zebrafish (CAD87794), guppy (AF080585), human (HLA-DRB, M11161), and mouse (P18469).

Expression analysis in various tissues

Expression levels in eight tissues (intestine, spleen, liver, kidney, brain, heart, gill,
and gonads) of stone flounder MHC class I gene 4 (Figure 7) showed that gene A4 is highly
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expressed in several immune tissues, such as spleen and gill. A moderate expression level was
detected in intestine. In kidney, brain and heart, gene 4 was less expressed, and the expression
levels in liver and gonads could hardly be detected.

stone flounder MHC class Il A

Relative Expression

intestine spleen liver kidney brain heart gill gonads

Tissue

Figure 7. Expression levels of stone flounder MHC class Il 4 in eight different tissues. Significance levels of
different groups are marked by different letters according to data analyzed by Games-Howell method. 95%
confidence intervals are marked by line segments.

The expression levels of stone flounder MHC class II B (Figure 8) displayed a similar
pattern compared to gene 4. It was highly expressed in intestine, spleen and gill, and showed
lower expression levels in kidney, brain, heart, and gonads. Its expression could hardly be
detected in liver.

stone flounder MHC class Il B

Relative Expression
st

~ n

o

=
W«

0.5 4

d
de e £

intestine spleen liver kidney brain heart gill gonads
Tissue

Figure 8. Expression levels of stone flounder MHC class Il B in eight different tissues. Significance levels of
different groups are marked by different letters according to data analyzed by Games-Howell method. 95%
confidence intervals are marked by line segments.
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DISCUSSION

The genome structure of stone flounder gene 4 was similar to that of other fishes, miiuy
croaker (Xu et al., 2011) and half-smooth tongue (Xu et al., 2009), for instance. They all consist
of four exons and three introns (Figure 9A). However, variant genome structures of gene B
have been found in different fishes. The genome structure of gene B in stone flounder and miiuy
croaker (Xu et al., 2011) both consist of six exons, while there are only five exons in most other
orthologs, such as zebrafish (Siilltmann et al., 1994) (Figure 9B). Several researchers have found
that in fishes of the superorder Acanthopterygii, there is an extra intron in the immunoglobulin-
like domain of this gene, which divides the original one exon into exons 3 and 4. However, this
extra intron is absent in non-Acanthopterygii fishes (Figueroa et al., 1995), and it may serve as
a phylogenetic marker of Acanthopterygii. In this study, the extra intron found in stone floun-
der can certify the common feature shared by Acanthopterygii fishes. However, there may be
exceptions in Japanese flounder (Paralichthys olivaceus) and turbot (Scophthalmus maximus),
which are kinds of Acanthopterygii fish without the extra intron in their gene B (Zhang and
Chen, 2006; Zhang et al., 2006). Given the complicacy and variation of MHC structures, more
surprising results will emerge through numerous further studies.

A 52
0 . 518

Stone flounder

249

Miny rsker ' 221 4

249

61
Half-smooth 233 603 ,,
tongue sole % ML

B

55 270
Stone flounder 26% 7 HM]M 385

Miiuy croaker

Zebrafish

leader peptide Mﬂ” al/B1 domain

F connecting peptide, transmembrane
g region and cytoplasmic tail

Figure 9. Genome structures of stone flounder MHC class II 4 (A) and B (B) and their orthologs. The boxes
indicate exon regions. The lines indicate introns and untranslated regions.

Besides the N-glycosylation site and other conserved sites found in stone flounder
putative o and B peptides, two Gly-rich motifs were also found in the two peptides. Motifs
GxxxGxxGxxxG and GxxGxxxGxxxxxxG were both shown to be located in the transmem-
brane region of o and P peptides, respectively. They are supposed to be related to the correct
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interaction of the two peptides. Mutations in the transmembrane regions of either peptide may
result in dysfunctional proteins (Cosson and Bonifacino, 1992).

In teleost fishes, immune structures include gills, thymus, head kidney, mucous skin,
liver, spleen, and gut-associated lymphoid tissue (Tort et al., 2003). In gilthead seabream, it
is found that gene 4 is highly expressed in gill, head kidney, spleen, thymus, and peritoneal
exudate leukocytes (Cuesta et al., 2006). In zebrafish, the gene is expressed in tissues with
a high content of lymphoid/myeloid cells, such as spleen, pronephros, hepatopancreas, and
intestine, and it is not detected in heart and ovaries (Siiltmann et al., 1993). Here in stone
flounder, the gene showed higher expression levels in spleen, gill, and intestine. This implies
that these tissues are the main functioning parts of gene 4. However, the gene did not show
a high expression level in other immune tissues, such as liver and kidney. This may be a par-
ticular phenomenon in stone flounder, compared to other teleosts. In red sea bream, gene B is
ubiquitously expressed, with high levels in head kidney, kidney, intestine, gill, stomach, heart,
and spleen, low expression in muscle and blood (Chen et al., 2006). In Atlantic salmon, the
gene shows low or negligible expression in brain and skeletal muscle, an intermediate level
of expression in the heart, liver and foregut, and a high level of expression in the head kidney,
spleen, hindgut, and gills (Koppang et al., 1998). As to the immune tissues in stone flounder,
both genes 4 and B showed high or moderate expression levels in intestine, spleen, and gill,
and low or undetectable expression levels in liver and kidney. Further studies need to be con-
ducted to interpret this phenomenon.
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