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Amphibians, as the first terrestrial vertebrates, offer a window into early major histocompatibility
complex (MHC) evolution. We characterized the MHC class I of two Korean amphibians, the Asiatic toad
(Bufo gargarizans) and the Japanese tree frog (Hyla japonica). We found at least four transcribed MHC
class I (MHC I) loci, the highest number confirmed in any anuran to date. Furthermore, we identified
MHC I transcripts in terrestrial adults, and possibly in aquatic larvae, of both species. We conducted a

phylogenetic analysis based on MHC I sequence data and found that B. gargarizans and H. japonica cluster
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together in the superfamily Nobleobatrachia. We further identified three supertypes shared by the two
species. Our results reveal substantial variation in the number of MHC I loci in anurans and suggest that
certain supertypes have particular physiochemical properties that may confer pathogen resistance.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The vertebrate adaptive immune system discriminates self from
non-self based on proteins encoded by the major histocompatibility
complex (MHC) that bind peptides in specialized grooves (Klein,
1986). Together, MHC class 1 and Il genes comprise the most
highly polymorphic region of the vertebrate genome (Klein and
Figueroa, 1986). The maintenance of this diversity is often attrib-
uted to parasite-driven balancing selection (Apanius et al., 1997;
Bernatchez and Landry, 2003; Milinski, 2006; Piertney and Oliver,
2006), although sexual selection and inbreeding avoidance may
play important roles (Edwards and Hedrick, 1998; Reusch et al.,
2001).

Classical MHC class I (MHC IA) antigen binding sites are located
in the alpha 1 and alpha 2 domains of the peptide binding region
(PBR), encoded by exons 2 and 3 (Bjorkman et al., 1987; Hughes and
Yeager, 1998; Saper et al., 1991). The number of transcribed MHC IA
loci varies across vertebrate taxa. The most thoroughly studied
amphibian, the African clawed frog Xenopus laevis, expresses only
one MHC IA locus (Shum et al., 1993), but mammals can express up
to three loci (Heimeier et al., 2009; Loker and Hofkin, 2015;
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Rammensee et al., 2013) and birds up to 16 loci (Bonneaud et al.,
2006; Sepil et al., 2012).

As the first terrestrial vertebrates, amphibians may provide
important insights into the understanding of MHC evolution. Until
recently, knowledge of the amphibian MHC has been based on
model species, Xenopus (Flajnik et al., 1986, 1991; Rollins-Smith
et al,, 1997) and Ambystoma (Fellah et al.,, 2002; Sammut et al.,
1997, 1999; Tournefier et al., 1998). With the advent of new mo-
lecular methods, a broader understanding of MHC immunogenetics
is emerging (Babik et al., 2008; Hauswaldt et al., 2007) and non-
model species increasingly are being studied (Gong et al., 2013;
Kiemnec-Tyburczy et al., 2012; Kosch et al., 2017; Lau et al., 2016;
Lillie et al., 2014; Zhao et al., 2013; Zhu et al., 2014). For example,
studies of MHC class I genes reveal widespread trans-species
polymorphisms (Klein et al., 2007; Tésicky and Vinkler, 2015). Se-
lection, especially on the PBR of class I genes, has been demon-
strated in many species (Kiemnec-Tyburczy et al., 2012; Lau et al,,
2016; Zhao et al., 2013).

The complex life history of amphibians sets them apart from
other vertebrates. During metamorphosis, many anurans transition
from an aquatic to a terrestrial life form, undergoing radical reor-
ganization of many tissue and organ systems including those
involved in immune function (Robert and Ohta, 2009; Rollins-
Smith, 1998). Class I is absent, or difficult to detect, on the surface
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of tadpole cells but appears at metamorphic climax (Salter-Cid
et al.,, 1998). The lack of class I expression in tadpoles may be a
consequence of restricted numbers of lymphocytes or an adapta-
tion to prevent autoimmunity from interfering with tissue reor-
ganization (Flajnik et al., 1986; Flajnik and Du Pasquier, 1988;
Rollins-Smith et al., 1997). Yet these results, based on the Xenopus
model system, may not be widely representative of modern
amphibians.

In this study, we characterized the MHC I in two species of
Korean anurans. We estimated MHC IA loci number both in aquatic
tadpoles and terrestrial adult life stages. In addition, we charac-
terized allelic genetic diversity and tested for sites under selection.
We also constructed phylogenetic trees of amphibians based on
their MHC IA sequences and compared these to those based on
neutral markers. Finally, we examined the supertype distribution of
the alleles and their physiochemical properties that may confer
pathogen resistance.

2. Materials and methods
2.1. Animals

We collected six mating pairs of the Asiatic toad, Bufo gargar-
izans, from Geumsan (35°47.073'N, 127°08.490'E) and Jeonju
(36°08.256'N, 127°22.891'E), South Korea, and reared their tad-
poles in our laboratory. Fifteen metamorphs were used in the
experiment. We collected 13 adult Japanese tree frogs, Hyla
japonica, from four different localities: Chuncheon (37°58.673'N,
127°38.318'E), Gwanak district in Seoul (37°27.48'N, 126°56.50'E),
Jirisan National Park, Namwon (35°23.228'N, 127°27.347'E), and
Gurye, Jeollanam-do (35°20.139'N, 127°27.290’E). We also collected
a mating pair of H. japonica from Cheongbuik-Myeon, Gyeonggi-do
(37°02.383'N, 126°52.789’E) to obtain tadpoles.

Thirty tadpoles of each species were raised in 40 L tanks until
stages 27—37 (Gosner, 1960). Larvae were fed a plant-based (curled
mallow) diet supplemented with fish food protein tablets. Five
B. gargarizans and two H. japonica tadpoles in mid- and early-toe
differentiation and developmental stages (Table S7) were used to
test for the presence of MHC IA transcripts in tadpoles.

All experimental protocols were approved by Seoul National
University Institutional Animal Care and Use Committee (IACUC),
permit number SNU-150330-5.

2.2. Nucleic acid extraction

All tadpoles used in the experiment were euthanized in tricaine
methanesulfonate, MS-222 (Torreilles et al., 2009), and tissues
immediately excised for RNA extraction. Livers were dissected from
adults. For tadpoles and metamorphs, the livers were dissected
with surrounding tissues. RNA was extracted from tissues using
RNeasy Micro and Mini kits (Qiagen, Valencia, CA, USA), following
the manufacturer's instructions.

2.3. Amplification of MHC IA

Rapid amplification of cDNA ends (RACE) PCR can be used to
obtain full length cDNAs when only a short stretch of sequence
within the mRNA is known (Scotto-Lavino et al., 2006). Therefore,
to amplify the complete peptide region (PBR) that spans exons 2
and 3, the 5’ RACE protocol was followed as described by Scotto-
Lavino et al. (2006).

2.3.1. ¢cDNA and RACE primer design
Total RNA (1 pg) extracted from the livers of three H. japonica
adults was used to synthesize cDNA using the PrimeScript First

Strand cDNA Synthesis kit (Takara, Otsu, Shiga, Japan) according to
the manufacturer's instructions. To amplify classical MHC I loci in
H. japonica, published MHC IA sequences from Espadarana proso-
blepon (accession numbers: JQ679332 — JQ679341) and Smilisca
phaeota (accession numbers: JQ679380 — JQ679390) were aligned
using Geneious v7.1.4 (Kearse et al., 2012). Forward and reverse
primers were designed in conserved regions to amplify a region
spanning the final 143 base pairs (bp) of exon 3 to the first 178 bp of
exon 4. These primers, ESSM F1 and ESSM R1 (see Table S2 for all
primer sequences) amplified a 319 bp fragment using the following
cycling parameters in an Applied Biosystems (Foster City, CA, USA)
Veriti 96-Well Thermal Cycler: 95 °C for 2 min, 30 cycles of 94 °C for
20,55 °Cfor 30 s, and 72 °C for 45 s, and a final elongation step of
72 °C for 3 min.

The fragments were cloned, and ten colonies from each trans-
formation were amplified using whole colony PCR with M13
primers and the following PCR conditions: 95 °C for 2 min, 30 cycles
of 94 °C for 20 s, 55 °C for 20 s, 72 °C for 1 min, and a final elon-
gation step of 72 °C for 3 min. The amplicons were prepared for
sequencing using a standard exonuclease/phosphatase treatment
and Sanger sequenced (Macrogen, Seoul, Korea). When aligned, the
fragments were highly polymorphic and a BLAST search of each
fragment showed homology to known anuran MHC IA sequences,
indicating that the primer set successfully amplified MHC IA loci in
H. japonica. Next, using the H. japonica MHC IA alignment, three
additional 5’ RACE primers, internal to ESSM R1, were designed in
conserved regions of exon 4. These gene specific primers were
named GSP-1 (= ESSM R1), GSP-2, and GSP-3 (Table S2).

2.3.2. 5’ RACE

Reverse transcriptase (Takara) and the primer GSP-1 were used
to synthesize cDNA from three different RNA extracts of H. japonica
liver tissue. The cDNA was purified (Gel/PCR purification Kit,
Favorgen Biotech, Pintung, Taiwan), and a poly(A) tail was ligated to
the 3’ hydroxyl terminus of the cDNA fragments using the following
reaction: 20 pl of purified non-diluted cDNA dilution, 3.5 pl of
10 x terminal transferase reaction buffer, 4 ul dATP, 5 ul 2.5 mM
CoCly, and 0.5 ul terminal transferase (New England Biolabs, Ips-
wich, MA, USA), which were combined and incubated at 37 °C for
10 min, 65 °C for 5 min, and ice for 2 min. The sample then was
diluted with H,O to a final volume of 500 pl.

MHC IA fragments were amplified from this dilution of A-tailed
cDNA in two amplification rounds. To increase the likelihood of
amplifying MHC IA, two gene-specific primers were used in two
separate first rounds of amplification, with the resulting PCR
products subsequently used for corresponding separate second
rounds of amplification. In the first round of amplification, a gene-
specific primer, GSP-1 or GSP-2, a hybrid primer that contains a
unique 35- base oligonucleotide sequence and a poly-T sequence
(Table S2), Q;, and Qo were used in the following PCR: 98 °C for
5 min, 48 °C for 2 min, 72 °C for 40 min, 30 cycles of 94 °C for 10 s,
55°Cfor 10's, 72 °C for 3 min, and a final elongation step at 72 °C for
12 min, run in a Veriti 96-Well Thermal Cycler (Applied Bio-
systems). Next, a nested PCR was performed using a 1:20 dilution of
the amplicons (from both GSP-1 and GSP-2) and the internal
primers GSP-3 and Q;. PCR conditions were as follows: 95 °C for
3 min, 30 cycles of 94 °C for 10 s, 55 °C for 10°s, 72 °C for 3 min, and a
final elongation step at 72 °C for 12 min. The PCR product (1 pl) was
run on a 1.5% agarose gel to confirm the amplification. Bands were
excised from the gel, purified, and cloned using the methods
described above.

Five colonies from each transformation were prepared for
Sanger sequencing using the methods described above. BLAST re-
sults of these sequences confirmed that the 5 RACE amplified an
813 bp fragment of MHC IA spanning 96 bp of exon 1 to 177 bp of
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exon 4. From these sequences, a forward primer (X1F1) was
designed in the conserved region of exon 1 and used in conjunction
with GSP-1 to amplify a 744 bp fragment of MHC IA in H. japonica
(Table S2). This primer set also amplified a 741 bp MHC IA fragment
in ¢cDNA synthesized from RNA isolated from liver tissue of
B. gargarizans juveniles.

2.4. MHC IA genotyping

Total RNA (1 pg) and 0.5 pl Q; were brought to a final volume of
11.75 pl with H,0 and heated to 80 °C for 1 min to disrupt sec-
ondary structure and allow primer binding. This then was com-
bined with a master mix of: 4 ul 5 x reverse transcription buffer,
1 ul 10 mM dNTP, 2 ul 0.1 M DTT (dithiothreitol), 0.25 pl (10 U)
RNasin, and 1 ul (200 U) RTase. cDNA was synthesized using the
following PCR parameters: 42 °C for 60 min, 50 °C for 10 min, and
70 °C for 15 min. The RNA template was destroyed with an RNase
treatment at 37 °C for 20 min. The cDNA template was diluted 1:10
for use in PCR with X1F1 and GSP-1, and the following PCR con-
ditions were used: 95 °C for 2 min, 30 cycles of 94 °C for 20 s, 55 °C
for 30s, 72 °C for 45 s, and a final elongation step of 72 °C for 3 min.

For two individuals of each species, independent PCRs were run
to test samples in duplicate. Since the primers were designed in
highly conserved regions, only one band was visualized on gels. PCR
products were purified, ligated, and cloned using a RBC T&A cloning
vector kit (RBC Bioscience, Taipai, Taiwan) and DH5a competent
Escherichia coli cells (Real Biotech, Taipei, Taiwan). Cells were grown
on LB agar plates for 16—18 h at 37 °C, and blue-white screening
was used to select colonies with positive transformants from each
individual. An average of 21 clones per sample was Sanger
sequenced on an Applied Biosystems 3730xl DNA Analyzer (Mac-
rogen, Seoul, Korea).

2.5. Sequence alignment and variant verification

After trimming the vector and primer sequences, a 744 bp MHC
IA sequence was isolated in H. japonica and a 741 bp sequence in
B. gargarizans. Sequences were translated and any containing stop
codons or indels were removed. A cloned sequence was accepted as
avalid allele only if it was isolated in independent PCRs (from two
individuals or from two reactions from the same individual). BLAST
(NCBI; Altschul et al., 1990) was used to confirm homology of se-
quences to MHC IA in other anuran species. The sequences spanned
27 bp of exon 1, the full length of exon 2 (261 bp) and exon 3 (279
bp) (exons 2 and 3 encode the entire peptide binding region), and
174—177 bp of exon 4. The difference in MHC IA sequence lengths
between the two species is attributable to the presence of an amino
acid in exon 4 of H. japonica that was absent in B. gargarizans.

To prevent false allele classification resulting from sequencing
errors, alleles were considered likely to be the same if they varied
by 4 bp or less. However, if identical variants were identified in
multiple PCRs and cloning rounds, these variants were treated as
authentic irrespective of the number of bp substitutions. To denote
similarity, these variants were numbered as #.5 (e.g., a sequence
similar to putative allele 8 was numbered 8.5).

2.6. Data analyses

2.6.1. Genetic diversity

The validated variants were translated and aligned to Xenopus
laevis (accession number: AF185579) and human luekocyte antigen
(HLA)-A (accession number: AJ621243) to predict exon boundaries.
Sequences then were partitioned into exons and analyzed sepa-
rately using DnaSP v5.10 to compute species-specific polymorphic
sites (segregating, S), nucleotide differences (k), and nucleotide

diversity (7). MEGA v6.06 (Tamura et al., 2013) was used to calcu-
late average pairwise nucleotide distance (Kimura-2 parameter)
and Poisson-corrected amino acid distances with 500 bootstrap
replicates.

2.6.2. Selection and recombination

For both species, an alignment of validated variants was
generated and antigen binding sites (ABS) were identified using the
ABS of X. laevis (Flajnik et al., 1991, 1999), denoted as Xela ABS.
However, as these same codon positions have not been shown to be
common to all amphibians, a Wu-Kabat analysis also was con-
ducted. Briefly, variability is calculated by dividing the number of
amino acids at a position by the frequency of the most common
amino acid, thereby predicting amino acids likely subject to se-
lection (Wu and Kabat, 1970). A site was identified as likely to be
under selection if the Wu-Kabat variability metric was greater than
twice the average of Wu-Kabat values for all sites, and such sites
were denoted W-K (Wu-Kabat).

To identify amino acids under positive selection, the HyPhy
package was implemented on the molecular evolution analysis
platform Datamonkey (Delport et al., 2010; Kosakovsky Pond and
Frost, 2005). First, genetic algorithm recombination detection
(GARD) was employed to locate non-recombinant fragments and
construct phylogenetic trees for respective partitions (Kosakovsky
Pond et al., 2006). To prevent models from erroneously identi-
fying selected sites owing to the presence of recombinant se-
quences, these GARD-inferred trees were used to implement three
likelihood models: random-effects likelihood (REL), fixed-effects
likelihood (FEL), and mixed-effects model of evolution (MEME).
The REL model uses Bayes factors (BF) to infer sites under selection
(Kosakovsky Pond and Frost, 2005). Since REL uses the entire
alignment to make inferences about rates at each site, it can detect
the most sites but is also prone to identify the most false positives
(Poon et al., 2009). Thus, the likelihood methods FEL and MEME,
which can identify instances of both episodic and positive selection
(Murrell et al., 2012), also were run.

To avoid incorporating false positives, a conservative method
was adopted whereby only sites that were indicated by at least two
methods (p < 0.05, BF > 100) were retained as positively selected
sites (PSS). Alleles were partitioned (Table S3), and all subsequent
tests were conducted on species-specific alignments, except when
a combined alignment was possible (i.e., when identified sites were
identical, such as Xela ABS). A modified Nei-Gojobori (Jukes-Cantor)
model was used to conduct a codon-based Z-test for selection with
500 bootstrap replicates in MEGA v6.06 (Jukes and Cantor, 1969;
Nei and Gojobori, 1986; Tamura et al.,, 2013). Synonymous Non-
synonymous Analysis program (SNAP) v2.1.1 also was used to
calculate dy, ds, and dn/ds (www.hivlanl.gov), with dyn/ds > 1
indicative of positive selection and dy/ds = 1 of neutral evolution.

2.6.3. Phylogenetic trees

Available anuran MHC IA sequences were downloaded from
NCBI and aligned with the generated B. gargarizans and H. japonica
allelic libraries. The entire alignment of 193 amphibian sequences
from a total of 16 species (Fig. 1) was then used to construct a
neighbor-joining (NJ) tree in MEGA v6.06. Owing to variation in the
amount of sequence information in exon 2 over this wide range of
species, the alignment was trimmed to include only exon 3 and
exon 4 through the endpoint of B. gargarizans and H. japonica se-
quences. Xenopus laevis sequences were included and the sala-
mander Ambystoma mexicanum served as an outgroup. The
modified Nei-Gojobori (Jukes-Cantor correction) model was used
and only synonymous sites were considered, with pairwise dele-
tion and 500 bootstrap replicates. To verify the identity of se-
quences (e.g., classical IA vs. non-classical IB loci), we also
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Fig.1. MHC IA alpha 1 domain amino acid alignment. Buga = Bufo gargarizans, Hyja = Hyla japonica, Xela = X. laevis, accession code: AF185579 Xela antigen binding sites (ABS) are
highlighted in blue, B. gargarizans positively selected sites (PSS) in orange, and H. japonica PSS in yellow. Amino acid alignments for alpha 1 and 2 domains are shown in Figure S1.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

generated a NJ tree of known anuran MHC IA and IB sequences
using a Poisson model with pairwise deletion and 500 bootstrap
replicates.

Recombination in anurans has been found to occur around exon
boundaries (Bos and Waldman, 2006; Zhao et al., 2013), and sub-
stitution rates were found to differ in exons 2 and 3 of the peptide
binding region (PBR) and exon 4 of the non-PBR. Therefore, all
exons were analyzed separately for subsequent maximum likeli-
hood (ML) and Bayesian analyses to more accurately reconstruct
relationships. Approximately six alleles from each species (unless
fewer alleles were available) were retained from the original 193
sequences in each exon dataset: (a) exon 2, (b) exon 3, and (c) exon
4. Positions with gaps were deleted from all alignments.

Maximum likelihood (ML) trees were constructed in MEGA
v6.06. Selection of the best-fitting substitution models for each
dataset was conducted based on the model with the lowest
Bayesian information criterion (BIC) scores, calculated in MEGA
v6.06. Hasegawa-Kishino-Yano (HKY85), Tamura-Nei (TN93), and
Kimura 2-parameter (K2P) were the best-fitting models for the
exon 2, exon 3, and exon 4 datasets, respectively (Hasegawa et al.,
1985; Kimura, 1980; Tamura and Nei, 1993). Discrete gamma dis-
tribution was implemented on exons 2 and 3, and gamma distri-
bution with invariant sites used for the exon 4 dataset, as indicated
by the best-fitting model test in MEGA v6.06. Branch support was
calculated using 1000 bootstrap replicates.

Bayesian trees were constructed with the Geneious plug-in
MrBayes v3.2.2 for the same three datasets (Huelsenbeck and
Ronquist, 2001). The most complex substitution model, general
time reversible (GTR), was implemented (Tavaré, 1986). Xenopus
laevis was set as an outgroup, and gamma rate variation was
implemented with four heated chains, a burn-in of 100,000 and a
subsampling frequency of 200.

2.6.4. Supertyping

To characterize the functional diversity of MHC IA variants, we
conducted a supertyping analysis. The method groups functionally
similar alleles together according to the physiochemical properties

of individual amino acids, thereby forming clusters of alleles with
similar antigen binding motifs (Doytchinova and Flower, 2005).
Supertypes were generated by aligning all amino acids sequences
and retaining only sites that are involved in peptide binding, spe-
cifically those codons contributing to Xela ABS. Retained sites were
characterized by five physiochemical descriptor variables: z1 (hy-
drophobicity), z2 (steric bulk), z3 (polarity), and z4 and z5 (elec-
tronic effects) and placed into a matrix (Sandberg et al., 1998).

Discriminant analysis of principle components (DAPC) was used
to describe functional clusters in the adegenet 2.0—0 package in R v.
3.2.1 (Jombart, 2008; Jombart et al., 2010). In the analysis, we used
K-means clustering with Bayesian information criterion (BIC) to
identify the optimal number of clusters. The cross-validation
command (xvalDapc) was used to objectively optimize selection
of the number of principal components (PCs) to be retained. From
this, DAPC assigned alleles to clusters, corresponding to supertypes.

Alleles were sorted by supertype and amino acids that were
100% conserved among all supertypes removed from further
analysis. Finally, the frequency of each amino acid was calculated
and the z values used to calculate a composite z1 through z5 score
for each supertype.

3. Results
3.1. Allele characterization

We characterized the entire MHC IA peptide binding region
(PBR) of both H. japonica and B. gargarizans. The sequenced frag-
ments were 744 bp in H. japonica and 741 bp in B. gargarizans. Hyla
japonica had one more amino acid in exon 4 than B. gargarizans.
These fragments span exons 1 to 4 and encode nine codons of the
signal peptide, the entire alpha 1 (87 codons) and alpha 2 (93 co-
dons) domains, and 58—59 codons of the alpha 3 domain. We
recovered one to eight unique cDNA sequences per individual, all
with high similarity (>80% nucleotide identity) to other anuran
MHC IA genes. In total, we isolated 27 putative MHC IA alleles from
B. gargarizans and 23 from H. japonica (Table S4; GenBank accession
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numbers: KY302832-KY302858 for B. gargarizans and KY302809-
KY302831 for H. japonica). The putative MHC IA peptides encoded
by these alleles demonstrated the highest similarity (computed in
Geneious v7.1.4) to the bufonid Rhinella marina for B. gargarizans
and the hylid Smilisca phaeota for H. japonica.

Compared to X. laevis (AF185579), both species had one less
amino acid in exon 2, but only B. gargarizans had one less amino
acid in exon 4 (Fig. 1, S1). Also, B. gargarizans and H. japonica had
four and three less amino acids, respectively, than human leukocyte
antigen (HLA) (AJ621243). Many amino acids known to have
functional significance, such as sites involved in salt bonds, disul-
fide bonds, and glycosylation sites (Flajnik et al., 1999; Saper et al.,
1991), were evolutionarily conserved across both species.

Although most putative alleles in H. japonica appeared to be
population-specific, three alleles were expressed by individuals
from multiple localities. Hyja 8 (H. japonica allele 8) was present in
two populations (Seoul and Gurye), Hyja 18 in three populations
(Chuncheon, Seoul, and Gyeonggi-do), and Hyja 1 was found in
individuals from all five sampling locations. Also, some alleles were
more commonly found than others: Buga 8.5 and Hyja 40 were only
expressed in one individual, but Buga 2, Buga 11, Buga 16, Hyja 1,
Hyja 8, and Hyja 18 were expressed in five or more individuals
(Table S4).

3.2. Number of loci

Using the conservative variant validation criteria described
above, H. japonica individuals expressed one to seven alleles and
B. gargarizans one to eight alleles. Therefore, we estimated a min-
imum of four expressed MHC IA loci exist in each species (Table 1,
S5), the most confirmed in any anuran to date (Table 2). Sequences
BLASTed to known amphibian MHC IA genes and exhibited the high
levels of polymorphism characteristic of classical MHC class IA loci.
Notably, we recovered additional sequences in individuals that we
were not able to validate because their presence could not be
confirmed in multiple clones from separate PCRs (Table S5, S6). All
these sequences contained no stop codons and BLASTed to MHC IA,
so these possibly are authentic variants. If this is the case, up to 14
alleles were amplified in some individuals, implying a minimum of
seven MHC IA loci in each species.

3.3. MHC I transcripts in tadpoles

MHC IA transcripts were present in all tadpoles (B. gargarizans
N =5, H. japonica N = 2), spanning early to middle stages of tadpole
development. We tested a range of Gosner (1960) stages: 27—29 in
H. japonica and 34—37 in B. gargarizans (Table S7). Furthermore, in
one B. gargarizans tadpole, seven alleles were confirmed, indicating
a minimum of four transcribed loci in tadpoles, the same number
found in adults (Table S5).

Gosner stage 27, the earliest stage at which MHC IA transcription
was tested and confirmed, corresponds to an early stage of hind
limb bud development, well before entering the toe differentiation
and development stages (stages 31—39).

Table 1
Summary of allele and loci number.

Bufo gargarizans Hyla japonica

Sample size® 20 15
Number of alleles 27 23
Maximum alleles in an individual 8 7
Minimum transcribed loci 4 4

2 Sample sizes include tadpoles and adults.

3.4. Genetic diversity

As expected, exons 2 and 3, corresponding to the alpha 1 and 2
domains of the PBR, exhibited higher numbers of segregating sites
than exons 1 and 4, which are not directly involved in peptide
binding (Table 3). The alpha 1 domain had up to ten times the
number of segregating sites and three to four times more nucleo-
tide diversity than the alpha 2 domain (Table 3).

The same tests for polymorphism were run on sequences par-
titioned into positively selected sites (PSS), non-PSS, Wu-Kabat
sites (WK), non-W-K, X. laevis antigen binding sites (Xela ABS), and
Xela non-ABS. In all cases, sites likely under positive selection (PSS,
W-K, Xela ABS) exhibited levels of diversity about an order of
magnitude higher than those not under positive selection (non-
PSS, non-W-K, Xela non-ABS). In addition, H. japonica had higher
levels of diversity than B. gargarizans in five of the six partitions
(Table 3).

Using the same six partitions, both pairwise nucleotide dis-
tances and amino acid distances were again approximately an order
of magnitude higher in partitions containing sites under positive
selection (Table S8). Bufo gargarizans showed lower levels of
divergence than H. japonica in all partitions except PSS.

3.5. Detection of recombination and selection

GARD detected recombination at two potential breakpoints
(nucleotide sites 180 and 502) in B. gargarizans and three in
H. japonica (nucleotide sites 222, 387, and 504). Of the three tests
employed with the Datamonkey platform to test for positive se-
lection, REL found the most sites. Using conservative selection
criteria, 14 sites displayed positive selection in B. gargarizans and 16
in H. japonica. In B. gargarizans, eight sites were in the alpha 1
domain and five in the alpha 2 domain. For H. japonica, eight were
in the alpha 1 domain and six in the alpha 2 domain. In addition,
one and two sites were found to be under positive selection in the
alpha 3 domain of B. gargarizans and H. japonica, respectively
(Tables S9, S10).

In the B. gargarizans MHC IA sequences, the Wu-Kabat analysis
(Fig. S2, Table S11) identified nine highly variable amino acid po-
sitions in the alpha 1 domain and 13 sites in the alpha 2 domain. In
H. japonica MHC IA, 13, 7, and 2 sites were indicated in alpha 1, 2,
and 3 domains. Datamonkey positive selection tests and the Wu-
Kabat analysis showed a high degree of overlap between sites,
although more similarities were present in the alpha 1 than alpha 2
domains (Tables S12, S13).

Significant overlap was found among the three methods used to
identify sites under positive selection, PSS, W-K, and Xela ABS
(Tables S12, S13). In the alpha 2 domain, the Xela ABS was more
similar to W-K than PSS. Twenty-five sites were in the Xela ABS,
compared to 14 PSS and 21 W-K in B. gargarizans and 16 PSS and
22 W-Kin H. japonica. More PSS and W-K were found in H. japonica
than B. gargarizans, and in both species all but one or two sites were
in the alpha 1 and 2 domains.

After partitioning sequences into PSS, non-PSS, W-K, non-W-K,
Xela ABS, and Xela non-ABS, we tested for positive selection using
SNAP (Table S14). All partitions composed of sites likely under
positive selection had dn/ds > 1, whereas partitions that excluded
these sites were not found to be under positive selection. The
codon-based Z test of selection in MEGA produced similar results
(Table S15). Based on values calculated for exon partitions, exon 3
had the highest [dy - ds] value.

3.6. Phylogenetic analyses

To investigate the evolutionary relationships among anuran
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Table 2

Number of transcribed MHC IA loci described in anuran species to date.
Family Species No. transcribed MHC IA loci Source
Bufonidae Bufo gargarizans 4 this study
Bufonidae Rhinella marina 1 Lillie et al., 2014
Centrolenidae Espadarana prosoblepon 2 Kiemnec-Tyburczy et al., 2012
Hylidae Agalychnis callidryas 3 Kiemnec-Tyburczy et al., 2012
Hylidae Hyla japonica 4 this study
Hylidae Smilisca phaeota 3 Kiemnec-Tyburczy et al., 2012
Pipidae Silurana (Xenopus) tropicalis 1 Ohta et al., 2006
Pipidae Xenopus laevis 1 Flajnik et al., 1999; Goyos et al., 2011
Ranidae Pelophylax nigromaculatus 1 Gong et al., 2013
Ranidae Rana catesbeiana 3 Kiemnec-Tyburczy et al., 2012
Ranidae Rana clamitans 3 Kiemnec-Tyburczy et al., 2012
Ranidae Rana japonica 3 Lau et al., 2016
Ranidae Rana ornativentris 3 Lau et al,, 2016
Ranidae Rana tagoi tagoi 3 Lau et al,, 2016
Ranidae Rana temporaria 1 Teacher et al., 2009
Ranidae Rana yavapaiensis 2 Kiemnec-Tyburczy et al., 2012
Rhacophoridae Polypedates megacephalus 2 Zhao et al.,, 2013
Rhacophoridae Rhacophorus omeimontis 3 Zhao et al., 2013

Table 3

Polymorphism statistics for different partitions of MHC IA alleles.
Partition Bufo gargarizans Hyla japonica

sites S K T sites S K T

Exon 1 27 5 0.895 0.033 + 0.008 27 4 0.711 0.026 + 0.007
Exon 2 261 71 21.760 0.083 + 0.004 261 65 19.316 0.074 + 0.008
Exon 3 279 61 19.483 0.070 + 0.004 279 71 19.988 0.072 + 0.007
Exon 4 174 10 2.434 0.014 + 0.001 177 26 7.937 0.045 + 0.004
PSS 42 30 14.557 0.347 + 0.015 48 35 15.806 0.329 + 0.015
Non-PSS 699 117 30.015 0.043 + 0.002 696 131 32.146 0.046 + 0.005
W-K 66 47 20.720 0.314 + 0.012 66 51 22.791 0.345 + 0.017
Non-W-K 674 100 23.852 0.035 + 0.002 677 112 25.162 0.037 + 0.005
Xela ABS 75 41 16.052 0.214 + 0.014 46 46 17.960 0.239 + 0.015
Xela non-ABS 666 106 28.520 0.043 + 0.002 120 120 29.992 0.045 + 0.005

Sites, number of sites (nucleotides) in a partition; S, segregating or polymorphic sites; K, nucleotide differences; 7, nucleotide diversity (+ SE).

MHC IA, we constructed a neighbor-joining tree on 193 sequences
from 16 species, including the caudate Ambytsoma mexicanum as an
outgroup (Fig. 2). We also used three separate datasets (exons 2, 3,
and 4) from which gaps were removed to construct maximum
likelihood and Bayesian trees. The topology from the resulting trees
exhibited similar trends irrespective of partition or analytical
method; thus, only Bayesian trees are shown (Fig. 3, S3, S4).

Overall, MHC I relationships corresponded to accepted anuran
phylogenies (Roelants et al.,, 2007) (Figs. 2 and 3, S3, S4). The
Ranidae and Rhacophoridae grouped together in the superfamily
Natatanura, and the Hylidae, Centrolenidae, and Bufonidae grouped
together to form the superfamily Nobleobatrachia. Both of these
superfamilies were supported by posterior probabilities >88% in
trees generated by each of the datasets (Fig. 3, S3, S4). A NJ tree
generated from known anuran IA and IB sequences supported our
assumption that the sequences reported here are indeed from
classical MHC 1A loci. The anuran IB sequences formed a well-
supported cluster (100% bootstrap value), while the sequences in
this study formed an equally supported clade (100% bootstrap
value) with other anuran IA sequences (Fig. S6).

3.7. Supertyping

Six supertypes were found in B. gargarizans and H. japonica
(Fig. 4, Table S16). Alleles were assigned to their respective super-
types with high membership probability (Fig. S5). Of these super-
types, supertypes 1, 2, and 5 were shared among the two species
(Table S17). One of these, supertype 2, had only one H. japonica

allele, but supertypes 1 and 5 contained at least two alleles from
each species. In addition, supertype 6 was characterized from a
single B. gargarizans allele.

Five amino acids were found to be 100% conserved among all six
supertypes. After removing these, 20 amino acids remained and the
composite z values were calculated for each supertype (Table S18).
Hydrophobicity for the consensus sequences varied among super-
types (Fig. 5). Supertype 1 had the highest composite z1 and z2
values (Table 4); thus it was composed of hydrophilic (z1) amino
acids with high molecular weight and surface area (z2). Further-
more, only one allele, Buga 11, was confirmed in supertype 6.
However, this was the most common allele found in B. gargarizans,
and was found in ten individuals (Table S4). This supertype had the
lowest composite z1 value, indicative of lipophilicity.

4. Discussion

A growing body of evidence suggests that, unlike Xenopus laevis,
many anuran species express multiple MHC IA loci (Gong et al.,
2013; Kiemnec-Tyburczy et al., 2012; Kosch et al., 2017; Lau et al.,
2016; Zhao et al.,, 2013). Results obtained from the model species
X. laevis (Flajnik et al., 1999; Rollins-Smith et al., 1997), with its
single MHC IA locus, cannot be generalized across anurans.

4.1. Number of loci and ontogenetic expression

Our findings suggest that B. gargarizans and H. japonica express
more MHC IA loci than demonstrated in previously characterized
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Nobleobatrachia

Fig. 2. Evolutionary relationships of amphibian MHC IA. A neighbor-joining tree was
constructed in MEGA v6.06 and FigTree v1.4.2 used to make the radial tree. Bootstrap
values over 70 are written on the outer branches, and the scale bar represents
nucleotide substitutions per site. Families are highlighted and labeled. The Ranidae and
Rhacophoridae group together in the superfamily Natatanura (dark gray), and the
superfamily Nobleobatrachia (black) is formed by the Hylidae, Centrolenidae, and
Bufonidae. Sample names are not shown owing to the large size of the tree, but branch
color indicates species. Beginning with Ambystoma mexicanum (light gray) and
continuing counterclockwise: Xenopus laevis (brown), Agalychnis callidryas, (tur-
quoise), Bufo gargarizans (blue), Rhinella marina (light pink), Espadarana prosoblepon
(orange), Smilisca phaeota (lime green), Hyla japonica (pink), Polypedates megacephalus
(dark blue), Rhacophorus omeimontis (light blue), Rana yavapaiensis (purple), Pelophylax
nigromaculatus (gray), Rana clamitans (yellow), Rana catesbeiana (green), Rana tem-
poraria (red), and Rana pipiens (white). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

anuran species. Considering only alleles confirmed in independent
PCRs, up to seven alleles were expressed in H. japonica individuals
and eight alleles in B. gargarizans individuals. These alleles
demonstrate that both species express a minimum of four MHC IA
loci, more than the one to three loci described in other anurans
(Flajnik et al., 1999; Gong et al., 2013; Kiemnec-Tyburczy et al.,
2012; Lau et al., 2016; Lillie et al., 2014; Zhao et al., 2013) (Table 2).

Although all our sequences BLASTed to known MHC IA se-
quences and exhibited the high levels of polymorphism typical of
classical MHC, we cannot exclude the possibility that they repre-
sent polymorphic nonclassical MHC class I (MHC IB) sequences.
Class IB proteins can be oligomorphic, and numbers of MHC IB
genes vary greatly among species (Bahram, 2000; Flajnik et al.,
1993). In X. laevis, a large number of nonclassical MHC genes have
been identified (Edholm et al., 2014; Goyos et al., 2011). However,
the sequences in this study only BLASTed to classical genes.
Moreover, they show much higher sequence similarity (over 90%)
to previously described classical genes than any known nonclas-
sical genes. Additionally, our phylogenetic analysis provides strong
evidence that the sequences are from classical MHC IA loci (Fig. S6).

This minimum of four transcribed loci also was confirmed in
larvae. Studies in X. laevis have failed to find evidence of MHC IA
expression, or only subobtimal expression, until larvae approach
metamorphosis (Flajnik et al., 1986; Rollins-Smith et al., 1997).
Goyos et al. (2009) documented the expression of MHC IB in larvae.
Although we have demonstrated the expression of MHC IA tran-
scripts in early larval stages, we have not confirmed the presence of

Bufonidae

Hylidae

lcentrolenidae

Ranidae

IRhacophoridae

0.2

——|Pipidae

Fig. 3. Exon 2 Bayesian analysis of anuran evolutionary relationships. Alleles in this
MHC IA exon 2 (197 bp) tree with X. laevis as an outgroup include the following: 2
alleles from the family Pipidae (X. laevis; AF185579, AF185582), 20 alleles from the
Ranidae (5 alleles from R. yavapaiensis [JQ679373, JQ679376 - JQ679379], 6 alleles from
R. clamitans [JQ679355, JQ679361, JQ679364, JQ679366, JQ679368, JQ679369], 7 alleles
from R. catesbeiana [JQ679343 - JQ679345, JQ679347, JQ679348, JQ679351, JQ679354],
2 alleles from R. pipiens [AF185587, AF185588]), 7 alleles from the Rhacophoridae (3
alleles from R. omeimontis [KC261650, KC261651, KC261658] and 4 alleles from
P. megacephalus [KC261637, KC261639, KC261640, KC261642]); 21 alleles from the
Hylidae (6 alleles from S. phaeota [JQ679382, ]JQ679383, JQ679385, JQ679387 -
JQ679389], 10 alleles from H. japonica [Hyja 1, 11, 18, 21, 30, 34, 36, 48, 58, 62 from this
study], 5 alleles from A. callidryas [JQ679313 - JQ679316, JQ679323]); 19 alleles from
the Bufonidae (9 alleles from B. gargarizans [Buga 2, 4,11, 16, 19, 27, 34, 35, 41 from this
study], 10 alleles from R marina [KC295548, KC295551, KC295553, KC295554,
KC295558 - KC295560, KC295566 - KC295568]); 5 alleles from the Centrolenidae (5
alleles from E. prosoblepon [JQ679333, JQ679334, JQ679339, JQ679341, JQ679342]).
Owing to the large size of the tree, only posterior probabilities on branches corre-
sponding to different families are labeled: * = 0.90—1.0; p» = 0.80— 0.89. The scale
indicates nucleotide substitutions per site. Families group into superfamilies; the
Ranidae and Rhacophoridae form the superfamily Natatanura, and the Hylidae, Cen-
trolenidae, and Bufonidae form the superfamily Nobleobatrachia.

MHC IA proteins. Comparative studies of larval and adult MHC 1A
expression, using qPCR and protein expression profiles, still are
needed, especially in non-model species.

4.2. Phylogenetic analyses

Neighbor-joining, maximum likelihood, and Bayesian trees
yielded similar topological trends, forming groupings consistent
with anuran phylogenetic trees generated using mitochondrial and
nuclear genes (Frost et al., 2006; Roelants et al., 2007). In all trees,
the Ranidae and Rhacophoridae group together to form the su-
perfamily Natatanura, while the Hylidae, Centrolenidae, and
Bufonidae group together to form the superfamily Nobleobatrachia
(Figs. 2 and 3, S3, S4).

In Bayesian trees constructed using exons 2 and 3, the Hylidae
appear polyphyletic (Fig. 3, S3) but polyphyly previously has been
noted within this family (Darst and Cannatella, 2004; Faivovich
et al., 2005; Frost et al., 2006). In the trees based on exon 2 and
exon 3, A. callidryas forms a polyphyletic group while H. japonica
and S. phaeota group together. In trees based on exon 4 (non-PBR),
the Hylidae form a monophyletic group (Fig. S4), in agreement with
other studies suggesting that exon 4 of MHC IA more accurately
reflects phylogenetic relationships (Nonaka et al., 2011; Zhao et al.,
2013). Given the PBR's role in responding to pathogens, variation in
exons 2 and 3 may reflect local adaption. Furthermore, the results
suggest trans-species polymorphisms, as previously noted in
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PCA eigenvalues

DA eigenvalues

Fig. 4. Supertype scatterplot of B. gargarizans and H. japonica alleles. Alleles are represented as dots and supertypes as ellipses. Ten principal components (PCs) were retained, as
indicated by xvalDapc. The bottom left graph shows the cumulative variance (%) retained by the 10 PCs. The bottom right graph shows eigenvalues retained for the discriminant

analysis.
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Fig. 5. Hydrophobicity of supertype amino acid motifs. These consensus supertype
sequences include the five amino acids that were conserved among all six supertypes.
As supertype 6 only had one allele, a consensus was not generated.

studies of anuran MHC IA (Kiemnec-Tyburczy et al., 2012; Lau et al.,
2016; Zhao et al., 2013).

4.3. Supertypes and functional properties

The properties of the antigen binding sites determine the
binding affinity of encoded MHC molecules; thus, binding motifs
are more predictive of antigen binding properties than are indi-
vidual nucleotide or amino acid differences. Supertyping method-
ologies facilitate the identification of alleles with similar antigen
binding motifs based on their physiochemical properties
(Doytchinova and Flower, 2005; Sandberg et al., 1998). Functional
properties of the putative MHC IA alleles should reflect their

Table 4
Supertype hydrophobicity and steric bulk rankings by z1 and z2 composite values.

antigen binding and disease resistance properties (Huchard et al.,
2008; Schwensow et al., 2007; Sepil et al., 2013).

Of the six total supertypes, three were shared between the two
species (Table S17). Based on composite rankings of physiochemical
properties, supertype 1, found in both species, exhibits the highest
hydrophilicity and steric bulk. Supertype 2 was the only one to be
found in all individuals of B. gargarizans, but it was only confirmed
in H. japonica from the Seoul locality.

Supertype 5 has an alanine (A) at the tenth amino acid of the
Xela ABS, as opposed to the asparagine (N) present in all other
supertypes (Fig. 5). Compared to the highly hydrophilic asparagine,
alanine is more lipophilic and has less steric bulk (Sandberg et al.,
1998). Supertype 5 is shared and was confirmed in over half the
B. gargarizans individuals and three of the H. japonica sampling
localities.

Supertype 6 shows the highest lipophilicity and, unlike the
other supertypes, contains a tryptophan (W) instead of a glutamine
(Q) at the sixth amino acid of the Xela ABS (Fig. 5). Tryptophan is
highly lipophilic and is the largest amino acid (Sandberg et al.,
1998). As supertype 6 includes only Buga 11, the allele found in
the most B. gargarizans individuals (Table S4), this position might
be under selective pressure in this species.

Although the species shared three supertypes, some supertypes
were unique to either B. gargarizans or H. japonica. Pathogen
communities affecting B. gargarizans and H. japonica may vary
owing to the species' different life history, activity, and behavior:
B. gargarizans reproduces in lakes, ponds, and small bodies of water
in February and March, when temperatures are cold, while
H. japonica reproduces in streams, small ponds, and rice fields later
in the year when temperatures are more moderate. Unique MHC
supertypes might facilitate immune responses to particular suites
of pathogens.

4.4. Disease resistance and conservation

MHC alleles that confer resistance to pathogens may have
important implications for species conservation (Eizaguirre et al.,

Z value Physiochemical properties Supertype number (composite score)
z1 Most hydrophilic and polar to lipophilic S1(0.541) S3(0.361) S2 (0.244) 54 (0.241) S5 (0.120) S6 (—0.206)
z2 Highest molecular weight and surface area S1(-0.363) S4(-0.376) S2 (-0.391) S5 (—0.705) S6 (—0.947) S3 (-1.069)

to lowest steric bulk and polarizability




C. Didinger et al. / Developmental and Comparative Immunology 70 (2017) 69—79 77

2011; Jager et al., 2007; Westerdahl et al., 2005). Currently, the
unprecedented decline of amphibian populations worldwide is
largely attributed to the fungal pathogen Batrachochytrium den-
drobatidis (Bd). Bd is widely distributed throughout the Korean
peninsula, and although both H. japonica and B. gargarizans show
low prevalence of infection, Bd is not known to cause morbidity nor
mortality in these species (Bataille et al., 2013). Some Bd strains
appear endemic to Asia, and the shared evolutionary history be-
tween Bd and Korean anurans may have resulted in the evolution of
resistance or tolerance mechanisms within host species, so that
contemporary die-offs are not apparent (Bataille et al., 2013; James
et al,, 2015; Swei et al, 2011). Further studies into geographic
patterns of immunogenetic variation corresponding to variation in
pathogen loads or strain may clarify how hosts have evolved
resistance to Bd.

Although resistance to Bd is associated with particular MHC
class Il conformations (Bataille et al., 2015), intracellular effects of
Bd on physiology and infection dynamics (Berger et al., 2005;
Richmond et al., 2009), including interference with lymphocyte-
mediated responses to infection (Ellison et al., 2014; Fites et al.,
2013), raise the possibility of involvement of MHC class I genes.
Moreover, nontraditional pathways of pathogen presentation, such
as cross presentation, allow some antigen-presenting cells to pre-
sent peptides from exogenously derived molecules to MHC I mol-
ecules (Cresswell et al., 2005; Neefjes et al., 2011; Vyas et al., 2008).

MHC I also plays a potentially important role in conferring
resistance to ranavirus, another important amphibian pathogen
(Grayfer et al., 2015; Robert, 2010). MHC IA expression-deficient
Xenopus tadpoles suffer from higher mortality rates than adults
(Gantress et al., 2003; Teacher et al., 2009), demonstrating the
importance of class [ in conferring resistance to pathogens. Such
associations between MHC genotypes and resistance to pathogens
recently observed in amphibians highlight the need for a better
understanding of the amphibian MHC (Barribeau et al., 2008;
Bataille et al., 2015). Further research into the functional proper-
ties of immune system genes that confer resistance to pathogens
will be facilitated by adopting a supertype approach.

The Bufonidae and Hylidae diverged approximately 70 million
years ago (Roelants et al., 2011), yet similarities in their MHC class I
sequences imply either convergence or trans-species poly-
morphism. Selective pressure experienced by species that are
exposed to the same or similar pathogens may favor MHC variants
with similar binding properties, which might be inferred from their
shared MHC IA supertypes.

Data archiving

The MHC IA sequences are available from GenBank, accession
numbers: KY302832-KY302858 for Bufo gargarizans and
KY302809-KY302831 for Hyla japonica.
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