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A series of MHC alleles (including 26 class IA, 27 class IIA, and 17 class IIB) were identified from Chinese
giant salamander Andrias davidianus (Anda-MHC). These genes are similar to classical MHC molecules in
terms of characteristic domains, functional residues, deduced tertiary structures and genetic diversity.
The majority of variation between alleles is found in the putative peptide-binding region (PBR), which
is driven by positive Darwinian selection. The coexistence of two isoforms in MHC IA, IIA, and IIB alleles
are shown: one full-length transcript and one novel splice variant. Despite lake of the external domains,
these variants exhibit similar subcellular localization with the full-length transcripts. Moreover, the
expression of MHC isoforms are up-regulated upon in vivo and in vitro stimulation with Andrias
davidianus ranavirus (ADRV), suggesting their potential roles in the immune response. The results provide
insights into understanding MHC variation and function in this ancient and endangered urodele
amphibian.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction presenting self/non-self antigen peptides to T lymphocytes
The Chinese giant salamander Andrias davidianus belongs to one
of the most primitive orders of urodele amphibians, the Crypto-
branchidae (Zhang et al., 2003). It is the largest extant amphibian
species, and found only in China (Wang et al., 2013). Being crown
as a living fossil from 350 million years ago, and representing a
transitional form that links aquatic to terrestrial organisms, it is
considered to be a valuable model in studies on vertebrate evolu-
tion and biodiversity (Gao and Shubin, 2003; Robert and Cohen,
2011). The population has declined dramatically in the past five
decades, and it has now been included in the list of Appendix I of
the Convention on International Trade in Endangered Species of
Wild Fauna and Flora (CITES, 2008) and in national class II pro-
tected species in China. Although the artificial breeding have been
ongoing, the frequent outbreaks of infectious diseases pose a seri-
ous threat to the Chinese giant salamander population (Dong et al.,
2011; Geng et al., 2011). Andrias davidianus ranavirus (ADRV), an
emerging viral pathogen, is associated with mass mortality in
farmed salamander (Chen et al., 2013; Zhang and Gui, 2012). To
establish effective measures for the disease control, the develop-
ment of genetic markers related to pathogen resistance is of great
importance (Gui and Zhu, 2012).

One of the most ideal genetic markers in conservation programs
is the major histocompatibility complex (MHC) (Sommer, 2005). It
is a multigene family central to the vertebrate immune system by
(Neefjes et al., 2011). A functional hallmark of MHC genes is
extensive diversification concentrated in the peptide-binding
region (PBR). MHC diversity is tightly linked to diseases resistance,
and maintained through balancing selection mediated by host–
pathogen co-evolution (Piertney and Oliver, 2006; Spurgin and
Richardson, 2010). Hence, the well-characterized function of
MHC in immune defense, alongside their outstanding diverse
nature, makes them exceptional candidates to study patterns of
adaptive genetic variation determining pathogen resistance, spe-
cially in species of conservation concern (Sutton et al., 2011).

To date, extensive research on MHC genes within amphibians
has focused on model organisms such as the anuran Xenopus (Ohta
et al., 2006) and the urodele axolotl (Ambystoma mexicanum) (Lau-
rens et al., 2001). Compelling evidence showing high similarity in
MHC structure and complexity between amphibians and mam-
mals, and also close associations between MHC diversity and dis-
eases resistance (Savage and Zamudio, 2011; Teacher et al.,
2009). However, little information has so far been available about
the functional role of MHC in the Chinese giant salamander. In our
recent effort, a thymus cDNA library was constructed from Chinese
giant salamander infected with ADRV. Screening for expressed se-
quence tags (ESTs) revealed a number of immune-related genes
including those encoding MHC (Anda-MHC) and beta2-microg-
lobuin (Anda-b2M). In this study, we embarked on investigating
the variation and expression of these genes. The phylogenetic
analyses were performed across vertebrate species, and the
three-dimensional (3D) structures were predicted by homology
modeling. The sequence polymorphism was examined, and the
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Table 1
Random sites model estimates for MHC IA, IIA and IIB alleles of the Chinese giant salamander.

Groups Model P lnL Parameter estimates LRT 2DlnL Positively selected sites

MHC IA M0: one-ration 1 �2684.2561 j = 2.6518, x = 0.8073
M1: nearly neutral 1 �2648.4741 j = 2.4850, p0 = 0.5622, p1 = 0.4378,

x0 = 0.0000, x1 = 1.0000
M2: positive selection 3 �2626.1863 j = 2.8482, p0 = 0.5182, p1 = 0.3740,

p2 = 0.1078, x0 = 0.0000, x1 = 1.0000,
x2 = 6.3411

M2 vs M1 44.5757 90L, 122V, 124Y, 129R,
139F, 182E, 189E, 193A,
196K

M3: discrete 5 �2625.6300 j = 2.8574, p0 = 0.5823, p1 = 0.3465,
p2 = 0.0712, x0 = 0.0000, x1 = 1.5611,
x2 = 8.2568

M3 vs M0 117.2522

M7: beta 2 �2649.3795 j = 2.5164, p = 0.0051, q = 0.0051
M8: beta & omega 4 �2626.2206 j = 2.8415, p0 = 0.8871, p1 = 0.1129,

p = 0.050, q = 0.0075, x = 6.0823
M8 vs M7 46.3178 90L, 122V, 124Y, 129R,

139F, 182E, 189E, 193A,
196K

MHC IIA M0: one-ration 1 �1394.5989 j = 2.8839, x = 1.0114
M1: nearly neutral 1 �1394.3163 j = 2.8043, p0 = 0.1782, p1 = 0.8218,

x0 = 0.0000, x1 = 1.0000
M2: positive selection 3 �1392.9339 j = 2.8416, p0 = 0.9488, p1 = 0.0000,

p2 = 0.9488, x0 = 0.7422, x1 = 1.0000,
x2 = 5.8360

M2 vs M1 2.7648 9P, 18G, 32I, 87M

M3: discrete 5 �1392.9339 j = 2.8416, p0 = 0.4599, p1 = 0.4889,
p2 = 0.0512, x0 = 0.7422, x1 = 0.7422,
x2 = 5.8360

M3 vs M0 3.3300

M7: beta 2 �1394.3779 j = 2.8398, p = 0.0473, q = 0.0050
M8: beta & omega 4 �1392.9349 j = 2.8417, p0 = 0.9492, p1 = 0.0508,

p = 99.0000, q = 33.9983, x = 5.8612
M8 vs M7 2.8859 9P, 18G, 32I, 87M

MHC IIB M0: one-ration 1 �1533.1951 j = 3.0802, x = 2.9798
M1: nearly neutral 1 �1533.7786 j = 2.5054, p0 = 0.4423, p1 = 0.5578,

x0 = 0.0000, x1 = 1.0000
M2: positive selection 3 �1506.2896 j = 3.6550, p0 = 0.4120, p1 = 0.5011,

p2 = 0.0870, x0 = 1.0000, x1 = 1.0000,
x2 = 27.5920

M2 vs M1 54.9780 42A, 59L, 78F, 79V, 98I,
101D, 102A, 103R,
109Y,161S

M3: discrete 5 �1506.1608 j = 3.7159, p0 = 0.1577, p1 = 0.7646,
p2 = 0.0777, x0 = 0.0000, x1 = 1.6150,
x2 = 34.7115

M3 vs M0 54.0686

M7: beta 2 �1533.9187 j = 2.4607, p = 0.0050, q = 0.0050
M8: beta & omega 4 �1506.2896 j = 3.6550, p0 = 0.9131, p1 = 0.0870,

p = 2.8720, q = 0.0050, x = 27.5919
M8 vs M7 55.2581 42A, 59L,78F, 79V, 98I,

101D, 102A, 103R, 109Y,
161S

24lnL: Log likelihood difference between models using the c2-test, P: number of free parameters for the x ratios, j: transition/transversion rate, x: Ratio of non-synonymous
to synonymous nucleotide substitution, pn: proportion of sites that fall into the xn site class, p, q: shape parameters of the b function (for models M7 and M8), Positively
selected sites with posterior probability >0.95 are in bold.

Table 2
Primers used in this study.

Primer name Sequence (50–30) Usage

b-Actin-F CCACTGCTGCCTCCTCTT Real-time PCR
b-Actin-R GCAATGCCTGGGTACATG
MHC IA-F1 GGACTTCATCAGCCTCCACA
MHC IA-R1 AGGTTCCGTCAGGGTTCG
b2M-F1 TTTGCTCCTGCTGGTGGT
b2M-R1 AGATAAGGGTGTTCGGTTTT
MHC IIA-F1 CTGCTGTCACCGTGTTCC
MHC IIA-R1 ACTGGTTGCGTGTTCTTCA
MHC IIB-F1 CACTTCCTGAACGGCTCG
MHC IIB-R1 CGGGCGGGTAAAAGTCT

MHC IA-F2 ATGACGTCCCGGACCACTCT Complete ORF
of MHC

MHC IA-R2 GGCGGAGGCGGTGCTGGA
MHC IIA-F2 ATGGCTGCAGTCCGGTGC
MHC IIA-R2 TTTCATTCTTCTTCTGTGACTTGGG
MHC IIB-F2 ATGCGTCCCCCCCTCAATCC
MHC IIB-R2 TAGGCAACATCATTCTGAGGGA

MHC IA-F3 CCCTCGAGATGACGTCCCGGACCACT Subcellular
localization

MHC IA-R3 CGCGGATCCGGCGGAGGCGGTGCTGGA
b2M-F2 CCCTCGAGCTATGGGTACCACTGTGAGG
b2M-R2 CGGAATTCCAGCTTGGGATCCCAGGTGTG
MHC IIA-F3 CCCTCGAGATGGCTGCAGTCCGGTGC
MHC IIA-R3 CGGGATCCTTTCATTCTTCTTCTGTG
MHC IIB-F3 CCCTCGAGCTATGCGTCCCCCCCTCAATCC
MHC IIB-R3 CGGGATCCGGCAACATCATTCTGAGGGA
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selection pattern was test to explore the underlying mechanisms
shaping MHC diversity. The expression profiles of MHC genes upon
stimulation with ADRV were investigated to elucidate their im-
mune signification. Additionally, three alternative transcripts lack-
ing the extracellular domains (a1/a2, a2, and b2) were isolated
from MHC IA, IIA and IIB, respectively. The expression and subcel-
lular distribution patterns were further compared between the
full-length and truncated transcripts. Our study provide important
genetic information for conservation of the endangered Chinese
giant salamander.

2. Materials and methods

2.1. Salamanders, cells, and virus

Chinese giant salamanders weighing about 30 g were obtained
from a farm in Jiangxi, China. The salamanders were maintained
at 22 �C in an aerated freshwater tank for 2 weeks, and no clinical
signs were observed prior to experiment. Chinese giant salaman-
ders thymus (CGST) cells were cultured at 20 �C in medium 199
with 10% FBS, and Epithelioma papulosum cyprini (EPC) cells were
maintained at 25 �C in medium 199 with 10% FBS. Andrias
davidianus ranavirus (ADRV) was isolated from the Chinese giant
salamanders and propagated in EPC cells as described previously
(Chen et al., 2013).
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2.2. Gene cloning and structure modeling

ESTs of MHC IA, b2-Microglobuin (b2M), MHC IIA, and MHC IIB
were retrieved from a SMART cDNA library, which was made by
mRNA derived from ADRV-infected thymus of the Chinese giant
Fig. 1. Multiple alignments of MHC IA (A), b2M (B), MHC IIA (C) and MHC IIB (D). Charac
domain (b1, b2), connecting peptide (CP), transmembrane (TM) and cytoplasmic (CT) dom
a1, b1) contain most variable sites and positively selected sites that are highlighted with
denoted by boxes, asterisks, and plus signs, respectively. Ig-like motif in b2M, CD8
GxxxGxxGxxxG/GxxGxxxGxxxxxxG motif, identical amino acids, and gaps are represent
Frog (Xela), and human (Hosa/HLA).
salamanders. To obtain the full-length cDNA, specific primers
(Table 2) were designed based on the EST sequences, and RACE-
PCR was performed according to the previous report (Zhu et al.,
2008). The splice variants were amplified with primers designed
to amplify the entire coding sequence of MHC. All PCR products
teristic motifs for MHC genes including leader peptide (LP), a domain (a1, a2, a3), b
ains are marked above the sequences. The putative peptide-binding region (a1/a2,

shading. N-glycosylation sites, conserved cysteines, and peptide anchor residues are
binding loop in IA, and CD4 binding loop in IIB are indicated as dashed boxes.
ed by hashes, dots, and dashes, respectively. Species included are axolotl (Amme),
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were ligated into the pMD18-T vector (Takara) and identified by
sequencing.

Multiple alignments of the deduced amino acid sequences were
generated using Clustal X program. Phylogenetic tree was con-
structed using the Neighbor-Joining method with MEGA 5 (Tamura
et al., 2007). The three-dimensional structures were predicted by
homology modeling using Swiss-Model server (http://www.
expasy.org/swissmod/Swiss-Model.html) and the figures were
visualized by DeepView software (Kiefer et al., 2008). The crystal
structures of human and mouse orthologous genes were used as
template models (PDB entries: 2BCK, 3OV6, 3LQZ, and 1I3R).

2.3. Polymorphism and selection pattern study

To analyze the polymorphism of MHC genes, total RNA was ex-
tracted from the intestines of eight individuals using Trizol reagent
Fig. 1 (cont
(Invitrogene). cDNA was then synthesized with random primer and
M-MLV reverse system (Promega), and ORFs of MHC genes were
amplified with Pfu polymerase (Transgene). An average of ten po-
sitive clones per each individual were sequenced.

Selection pattern was estimated using codon-based models
implemented in the CODEML program from PAML v4 (Yang,
2007). Six models allowing for different levels of selection
among sites were tested: M0, M1a, M2a, M3, M7, and M8 mod-
el. The neutral models (M0, M1a, and M7) against its nested
models allowing for positive selection (M3, M2a, and M8) were
compared using the likelihood ratio tests (LRT). The LRT is a
comparison of twice the log-likelihood difference (2DlnL) to a
v2 distribution with degrees of freedom equal to the differences
in the number of parameters between the corresponding
models (M0 vs M3, M1a vs M2a, and M7 vs M8). In the models
M2a and M8, the positively selected sites (posterior
inued)

http://www.expasy.org/swissmod/Swiss-Model.html
http://www.expasy.org/swissmod/Swiss-Model.html


Fig. 1 (continued)

R. Zhu et al. / Developmental and Comparative Immunology 42 (2014) 311–322 315
probabilities >0.95) were identified with Bayes Empirical Bayes
(BEB) approach (Yang et al., 2005).

2.4. Expression profiles analyses

For in vivo stimulation experiment, two groups of six salaman-
ders were intraperitoneally injected with 400 ll serum-free med-
ium 199 containing ADRV (1 � 106.5 TCID50/ml) or 400 ll
sterilized saline (0.9% Sodium Chloride) as control. On 12 days
post-infection, the total RNA from five tissues including liver,
spleen, kidney, intestine, and thymus were isolated. Quantitative
real-time PCR was performed with SYBR green real-time PCR mas-
ter mix reagents kit (ToYoBo). All primers used for PCR were list in
Table 2. The amplifications were conducted on StepOne real-time
PCR system (Applied Biosystems) and the cycle condition was as
follows: 95 �C for 5 min, followed by 40 cycles of 95 �C for 15 s,
and 60 �C for 1 min. The melting curve analysis of PCR products
from 60 �C to 95 �C were performed after PCR. b-Actin was used
as an endogenous control to normalize. All samples were tested
in triplicate and the relative expression levels of MHC genes were
determined with the comparative CT method (Zhu et al., 2013).

For in vitro stimulation experiment, CGST cells cultured in
25 cm2 culture plates were incubated with ADRV at a multiplicity
of infection (MOI) of 0.05, or with 250 lg/ml LPS (Sigma). The cells
treated with FBS-free 199 were used as control in parallel. At var-
ious times (6, 12, 24, 48 and 72 h) post-infection, the cellular RNA
were extracted for real-time PCR analysis as described above.

For tissue distribution analysis of MHC isoforms, three healthy
salamanders were sampled to isolate total RNA from eight tissues
including liver, spleen, kidney, thymus, intestine, heart, muscle and
testis. PCR using primers for the complete ORF (Table 2) was per-
formed, with conditions as follows: 95 �C for 5 min, 95 �C for
30 s, 55 �C for 30 s, and 72 �C for 30 s for 30 cycles, followed by
72 �C for 10 min.

For expression analysis of different isoforms after viral infec-
tion, RT-PCR was performed on total RNA exacted from spleen, thy-
mus, and CGST cells infected with ADRV. The PCR products were
subjected to agarose gel (1.5%) electrophoresis stained with



316 R. Zhu et al. / Developmental and Comparative Immunology 42 (2014) 311–322
ethidium bromide. Densitometric analysis was performed using
GeneTools 4.01 program (Syngene). The relative expression levels
of MHC genes were calculated as relative to that of b-Actin in each
sample using the formula: intensity of the target gene band/inten-
sity of its corresponding b-Actin band (Chen et al., 2012).
2.5. Subcellular localization

To generate C-terminal fusion of MHC or the splice variants
with Enhanced Green Fluorescent Protein (EGFP) or Red Fluores-
cent Protein (DsRed), their entire ORFs were cloned into pEGFP
or pDsRed2 vector (Clontech, USA). The plasmids were confirmed
by sequencing analysis. All primers used for constructions were list
in Table 2. Transfection was performed according to the previous
reports (Zhu et al., 2013). Typically, each well of EPC cells seeded
in 6-well plates overnight was transfected with the mixture con-
taining 4 lg of indicated plasmids and 8 ll of lipofectamine 2000
(Invitrogen) in 1 ml FBS-free 199 medium. 6 h later, the transfec-
tion mixture was replaced with 2 ml 10% FBS-containing 199
Fig. 2. Homology modeling of Anda-MHC genes. Ribbon cartoon diagram of MHC IA (A), b
of vertebrate MHC genes. a-helices are shown as helical ribbons (pink), and b-strands
indicated. Amino and carboxy termini are denoted as ‘‘N-term’’ and ‘‘C-term’’. (For interp
web version of this article.)
medium. At 24 h post-transfection, the cells were washed with
PBS, fixed in 4% paraformaldehyde (PFA) for 30 min, and stained
with Hoechst33342 (Sigma, USA) for 5 min. The cells were then
visualized under a Leica DM IRB fluorescence microscope
(objective 100�).
3. Results and discussion

3.1. Characteristics of gene sequences

Two types of MHC genes, namely, class I and class II genes,
together with b2M, were identified from the Chinese giant
salamander with the typical structure features of the MHC family.

Twenty-six unique MHC IA alleles were isolated from 8 individ-
uals and designated as Anda-UAA⁄0101–Anda-UAA⁄0902 (Gen-
Bank Accession Nos.: KF611820–KF611845), including 24
full-length sequences and 2 truncated ones (Fig. 1A). The full-
length transcripts encode proteins ranging in length from 349 to
351 amino acids. They possess all characteristic domains present
2M (B), MHC IIA (C), and MHC IIB (D) displaying the typical structural conformations
are represented as thick arrows (yellow). The respective polymorphic residues are
retation of the references to color in this figure legend, the reader is referred to the



Fig. 3. Phylogenetic analysis of MHC IA (A), b2M (B), MHC IIA (C) and MHC IIB (D) in representative vertebrates. The trees are based on the peptide-binding domains and
mature protein regions for MHC and b2M genes, respectively. Anda-MHC sequences are tightly clustered with those of other amphibians. The bootstrap confidence values
shown at the nodes of the tree derived from 1000 replicates. GenBank accession numbers are indicated in parentheses after each sequence name.
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in MHC IA, including a leader peptide, two highly variable domains
(a1 and a2) involved in peptide binding, and a relatively conserved
immunoglobulin (Ig)-like domain (a3), followed by connecting
peptide/transmembrane domain/cytoplasmic domain (CP/TM/CT).
One N-glycosylation site (N104HT) is observed in the a1 domain,
and four conserved cysteine residues (C118/C181/C220/C275) are
found in the a2 and a3 domains, which are responsible for forming
intrachain disulfide bonds. Furthermore, the residues of Y26, Y77,
R102, T159, R162, W163, Y176, and Y188 corresponding to
peptide-binding sites are strictly conserved among the alleles.
Positions 242-248 in the a3 domain are also conserved in the 26
sequences, consistent with binding to CD8 (Devine et al., 2006).

Anda-b2M (GenBank Accession No: KF611890) encodes a
mature protein of 98 amino acids with a 20-residue leader peptide
(Fig. 1B). Two conserved cysteine residues (C45/C100) and a typical
Ig and MHC motif (LDCKVAYH) are found in the mature protein. As
in other b2M proteins, no putative glycosylation sites are observed
in the Anda-b2M sequence.

Twenty-seven MHC IIA alleles were identified as Anda-
DAA⁄0101–Anda-DAA⁄0503 (GenBank Accession Nos.: KF611846–
KF611872) (Fig. 1C). Of these alleles, 25 possess the full-length
sequences, which encode 249 amino acids, consisting of leader
peptide, a1, a2, and CP/TM/CT domains. Two N-glycosylation sites
(N99NT/N139VT) and two cysteine residues (C128/C184) are well
conserved in the a1 and a2 domains of all sequences, in accor-
dance with previous findings in other amphibians and mammals
(Liu et al., 2002). Of the 18 amino acids involved in peptide binding,
14 are conserved across all alleles, and 4 show substitutions. The
GxxxGxxGxxxG (x represents hydrophobic residues other than
Gly) motif for interaction with MHC IIB chain (Xu et al., 2011), is
observed in the transmembrane region.

Seventeen MHC IIB alleles were identified as Anda-DAB⁄0101–
Anda-DAB⁄0602 (GenBank Accession Nos.: KF611873–KF611889)
(Fig. 1D). Among them, 15 full-length sequences encode 270 amino
Fig. 4. Expression profiles of Anda-MHC after in vivo and in vitro stimulation. (A) Real-
infected tissues [liver (L), spleen (S), kidney (K), intestine (I), thymus (T)]. Values were e
analysis of Anda-MHC expression in CGST cells treated with ADRV or LPS for the indicated
as mean ± SD (n = 3). Statistical analysis was performed using Student’ t-test. ⁄P < 0.05;
acids, comprising leader peptide, b1, b2, and CP/TM/CT domains.
One N-glycosylation site (N50GC) is found in the b1 domain, as
are four conserved cysteines, two in the b1 domain (C46/C110)
and two in the b2 domain (C148/C204). As aligned, of 22 peptide-
binding sites, 9 are conserved in the 17 sequences, and 8 show
amino acid substitutions. Residues involved in CD4 binding (posi-
tions 136–180) (Yin et al., 2012), and those involved in MHC IIA
chain binding (GxxGxxxGxxxxxxG) (Xu et al., 2011), also reside
in the b2 domain and transmembrane region, respectively.
3.2. Molecular polymorphism and evolution mechanism

One to three alleles were identified from one single individual,
indicating the presence of at least two loci in MHC genes. This find-
ing is consistent with the tiger salamanders (Bos and DeWoody,
2005), but unlike the axolotl (Laurens et al., 2001). In general,
MHC IA shows higher diversity compared to IIA and IIB, owing to
the fact that class I genes undergo more rapid turnover than class
II genes (Piontkivska and Nei, 2003). Pairwise comparison of the al-
leles reveals that 69.47% (66 of 95) variable amino acid sites occur
in the a1 and a2 domains of MHC IA, 48.57% (17 of 35) variable
sites in the a1 domain of MHC IIA, and 65.85% (27 of 41) variable
sites in the b1 domain of MHC IIB (Fig. 1). The variability are con-
centrated in the a1/a2, a1, and b1 domains that correspond to the
putative PBR, which allows MHC molecules to present a large array
of antigen peptides to T cells. As the first terrestrial tetrapods,
amphibians are exposed to a broader range of pathogens compared
with ancestral aquatic fishes (Zhao et al., 2013). Therefore, the high
level of MHC diversity could increase the ability of individual to
combat pathogen infection.

Molecular evolution analysis using random sites models and
LRTs reveals that the alternative models (M2a, M3, and M8) fit
the data better than the nulls models (M1a, M0, and M7) (x > 1)
(Table 1), indicating the presence of positive selection pressure
time PCR analysis of Anda-MHC transcriptional level in mock-infected and ADRV-
xpressed as a ratio relative to b-Actin levels in the same samples. (B) Real-time PCR

times. Values were normalized against that of the control cells (Con), and expressed
⁄⁄P < 0.005.
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on MHC sequences. Site-specific analysis in the case of model M2a
and M8 identifies nine, four and ten condon sites that are under
positive selection (posterior probability >0.95) in MHC IA, IIA,
and IIB, respectively. Of these sites, three in MHC IA group, and
eight in MHC IIB group are significantly selected, with the posterior
probability >0.99. The majority of positively selected sites are
found in the putative PBR domains: a2 domain (89%) of MHC IA,
a1 domain (50%) of MHC IIA, and b1 domain (90%) in MHC IIB
(Fig. 1). Moreover, most of the positively selected sites are identical
with the highly variable sites. This result indicates that, as in mam-
malian MHC genes, the genetic diversity of Anda-MHC is main-
tained by positive Darwinian selection, probably as a result of
pathogens.

3.3. Homology modeling and phylogenetic analysis

The predicted 3D homology model of MHC IA (Anda-UAA⁄0101)
has classical organizations in two distinct domains. The N-terminal
domain has an open antigen-binding groove, which consists of two
adjacent a-helices on top of an antiparallel eight-stranded
Fig. 5. Expression of different Anda-MHC isoforms in tissues. RT-PCR detection of MHC t
heart (H), muscle (Mu), testis (Te)]. Two PCR products were observed: the bigger ones rep
the smaller ones represent MHC IA-sv (513 bp), MHC IIA-sv (465 bp), and MHC IIB-sv (46
a2, and b2 domains are spliced out, as shown in the diagrams. b-Actin was amplified as

Fig. 6. Expression of different Anda-MHC isoforms upon virus stimulation. (A) RT-PCR an
(S), thymus (T)]. (B) Densitometric analysis of the above (A) data. Values were expressed
expression in mock-infected (Con) and ADRV-infected CGST cells for the indicated time
triplicate experiments. M, 2000-bp DNA markers. ⁄P < 0.05; ⁄⁄P < 0.005.
b-sheets. While the C-terminal domain has a typical Ig-like b-sand-
wich structure made of two large b-sheets, each containing three
main strands and a few shorter strands (Fig. 2A). b2M is composed
of two face-to-face b sheets, one of which has four strands, and the
other has three (Fig. 2B). MHC IIA (Anda-DAA⁄0101) and IIB
(Anda-DAB⁄0101) are also folded into two different domains: the
N-terminal domains comprise one a-helix and four b-sheets, and
the C-terminal domains comprise one six-stranded b-sandwich
fold (Fig. 2C and D). This result shows that the overall structures
of Anda-MHC genes are compatible with those of their mammalian
counterparts.

Phylogenetic trees were constructed for MHC IA, b2M, MHC IIA,
and MHC IIB, respectively. As excepted, Anda-MHC IA (Anda-
UAA⁄0101) clusters first with the axolotl, both of which belong
to the urodele amphibian; and then with Xenopus, apart from fish,
reptile, bird, and mammalian counterparts (Fig. 3A). Similarly, the
b2M sequences are subdivided into two major clusters, one with
sequences from amphibians, and the other with sequences from
fish, birds, and mammals (Fig. 3B). Both Anda-MHC IIA (Anda-
DAA⁄0101) and IIB (Anda-DAB⁄0101) are tightly clustered with
ranscripts in eight tissues [liver (L), spleen (S), kidney (K), intestine (I), thymus (Th),
resent full-length MHC IA (1053 bp), MHC IIA (747 bp), and MHC IIB (810 bp), while
8 bp), respectively. The small products are amplified by transcripts, in which a1/a2,
control. M, 2000-bp DNA markers.

alysis of MHC transcripts in mock-infected (�) and ADRV-infected (+) tissues [spleen
as a ratio relative to b-Actin levels in the same samples. (C) RT-PCR analysis of MHC
s. (D) Densitometric analysis of the above (C) data. Data represent means ± SD of
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the sequences from other amphibians, as intermediate between
those of fish and birds/reptiles/mammals (Fig. 3C and D). Together
with the sequence analysis, these data further reinforce that Anda-
MHC genes are orthologues of mammalian MHC.

3.4. Expression profiles after in vivo and in vitro stimulation

Challenge of the Chinese giant salamander with ADRV resulted
in increases in the expression of MHC genes in spleen, kidney, liver,
Fig. 7. Localization of the full-length and truncated Anda-MHC isoforms. The full-length
b2M (red) (row 1). Similarly, MHC IA-sv (green) could also colocalized with b2M (red) (ro
which showed extensive colocalization with MHC IIB (red) and MHC IIB-sv (red) (row 3
referred to the web version of this article.)
and thymus on 12 days post-infection (Fig. 4A). It was notable that
the significant up-regulation was observed in spleen, the major
peripheral lymphoid organ where B and T cells accumulate. The
transcript levels of MHC IA, b2M, MHC IIA, and MHC IIB in spleen
increased 11.4-fold, 14.9-fold, 2.1-fold, and 9.3-fold, respectively
(Fig. 4A).

Infection of CGST cells with ADRV also induced up-regulations
of MHC genes (Fig. 4B). MHC IA expression increased gradually
from 6 to 72 h post-infection. b2M enhanced as early as 6 h, and
MHC IA (green) was present on the cell surface and colocalized (Merge, yellow) with
w 2). MHC IIA (green) and MHC IIA-sv (green) were found on the plasma membrane,
-6). (For interpretation of the references to color in this figure legend, the reader is
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then sustained decreased from 12 to 72 h. MHC IIA and IIB re-
mained at a low level during the first 12 h, and then increased to
the peak at 48 h, followed by a slight decrease at 72 h. Moreover,
similar inductions of MHC genes were observed in the cells treated
with LPS. The expression of MHC IA and b2M was stable from 0 to
12 h, and reached the highest levels at 48 and 24 h, respectively.
MHC IIA decreased from 6 to 24 h, but significantly enhanced at
48 h. MHC IIB increased as early as 6 h, reached a peak at 12 h,
and then returned to a level similar to control at 72 h (Fig. 4B).
These data show the potential roles of Anda-MHC genes in antiviral
defense, and further studies are required to elucidate their precise
function in the immune system.
3.5. Alternatively splice isoforms of Anda-MHC genes

Sequencing MHC alleles revealed that there were different iso-
forms: full-length transcripts and truncated splice variants, termed
as MHC IA-sv, MHC IIA-sv, and MHC IIB-sv, respectively. Despite
the fact that the extracellular domains (a1/a2, a2, and b2) were
completely spliced out, the ORFs of these splice variants were
not changed. Aside from one MHC IIB alternative splicing transcript
missing the b1 domain (Bulut et al., 2008), to our knowledge, such
transcripts have rarely been described in amphibians.

The transcriptional pattern assessment revealed that two tran-
scripts were present for MHC IA, IIA, and IIB, corresponding to the
full-length and truncated ones. The two transcripts were generally
expressed in various tissues, and the full-length isoform was pre-
dominant (Fig. 5). Moreover, they both showed increase in mRNA
expression upon stimulation with ADRV (Fig. 6), suggesting the
coexistence of different MHC isoforms with similar expression pro-
files in the Chinese giant salamander.

The subcellular localization of MHC isoforms was further char-
acterized. As shown in Fig. 7, MHC IA was present on the cell sur-
face, which generated a characteristic rim pattern. Although the a1
and a2 domains were absent, MHC IA-sv was expressed on the cell
surface and colocalized with b2M, owing to it possesses a3 and
transmembrane sequences. Similarly, MHC IIA, IIB, and their vari-
ants were found on the plasma membrane in a punctuate vesicular
pattern. A high colocalization was evident between the full-length
forms of MHC IIA and IIB, as well as between the truncated tran-
scripts. MHC IIA-sv and MHC IIB-sv, having a1/b1 and transmem-
brane domains, which could explain this phenomenon.

The a1 and a2 domains of MHC IA are responsible for the bind-
ing and presentation of foreign peptides to the TCR. The b2 domain
of MHC IIB is associated with a2 domain of MHC IIA and interacts
with CD4 molecules on T cells. It thus seems unlikely that these
splice variants directly participate in the antigen presentation.
Alternative splicing of mRNA transcripts is increasingly regarded
as an extra mechanism to increase MHC diversity (Belicha-Villanu-
eva et al., 2010). Up to 70% of MHC transcripts have been reported
to undergo alternative splicing in different species. Alternative
splicing can generate truncated non-functional proteins or those
functioning as dominant negative mutant (Bulut et al., 2008). In-
deed, a recent study has provided evidence that MHC IA splice var-
iant acts as a negative modulator for antigen presentation (Dai
et al., 2012). Therefore, further work that explores the functional
significance of MHC splice variants is needed to assess whether
they are translated into proteins in vivo, and whether they are in-
volved in the regulation of immune responses.
4. Conclusion

We report the first characterization of MHC genes in the ancient
and endangered Chinese giant salamander. Anda-MHC is poly-
genic, containing different class I and class II genes, and
polymorphic, having multiple alleles of each gene. And the pres-
ence of distinct splice variants with identical distribution further
highlights the genetic diversity of Anda-MHC. Enhanced expres-
sion of these genes in response to ranavirus suggests their roles
in immune defense against amphibian pathogens. Thus, the data
will be useful in further characterizing the adaptive genetic varia-
tion, splice variants and immunity of the MHC among amphibian
lineages.
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