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Abstract

The hypervariable major histocompatibility complex (MHC) is a crucial component of vertebrate adaptive immunity, but large-
scale studies on MHC macroevolution in nonmodel vertebrates have long been constrained by methodological limitations.
Here, we used rapidly accumulating genomic data to reconstruct macroevolution of the MHC region in amphibians. We re-
trieved contigs containing the MHC region from genome assemblies of 32 amphibian species and examined major structural
rearrangements, duplication patterns, and gene structure across the amphibian phylogeny. Based on the few available cae-
cilian and urodele genomes, we showed that the structure of ancestral MHC region in amphibians was probably relatively
simple and compact, with a close physical linkage between MHC-I and MHC-II regions. This ancestral MHC architecture
was generally conserved in anurans, although the evolution of class | subregion proceeded toward more extensive duplication
and rapid expansion of gene copy number, providing evidence for dynamic evolutionary trajectories. Although, in anurans,
we recorded tandems of duplicated MHC-I genes outside the core subregion, our phylogenetic analyses of MHC-I sequences
provided little support for an expansion of nonclassical MHC-Ib genes across amphibian families. Finally, we found that in-
tronic regions of amphibian classical MHC genes were much longer when compared with other tetrapod lineages (birds and
mammals), which could partly be driven by the expansion of genome size. Our study reveals novel evolutionary patterns of the
MHC region in amphibians and provides a comprehensive framework for further studies on the MHC macroevolution across
vertebrates.

Key words: amphibians, copy number variation, genomic data, major histocompatibility complex, MHC architecture,
macroevolution.

Significance

The progress in our understanding of the genomic structure of the major histocompatibility complex region in nonmodel
vertebrates has long been limited by methodological constraints. Here, we have taken advantage of rapidly expanding
genomic resources to provide a large-scale and comprehensive comparison of MHC architecture across the major evo-
lutionary lineages of amphibians. Our results shed new light on the ancestral architecture, duplication patterns, and
structural rearrangements within the amphibian MHC region, laying foundations for the understanding of its
macroevolution.
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Introduction

The major histocompatibility complex (MHC) is a critical
component of the adaptive immune system, and it is con-
sidered the most polymorphic gene family within vertebrate
genomes (Geraghty et al. 2002). In brief, classical MHC
genes encode cell surface glycoproteins, which bind and
present peptides either originating from pathogens present
in the cytoplasm and nucleus (classical MHC class | genes,
MHC-la) or peptides from intracellular vesicles, which are
in contact with the extracellular space (classical MHC class
Il molecules, MHC-II) (Garrido and Algarra 2001, but see
Joffre et al. 2012 for peptide cross-presentation). The pep-
tides are presented to either cytotoxic CD8 or helper CD4 T
cells (by MHC-la and MHC-II, respectively), and upon the
recognition of nonself peptides, a cascade of immune re-
sponses is triggered (Murphy and Weaver 2016).

The evolutionary origin of the MHC gene family and the
entire genomic MHC region has been the subject of consid-
erable interest; it is, however, still poorly understood and in-
tensively debated (Kaufman 2018; Ohta et al. 2019;
Nakatanietal. 2021). Both MHC classes are found in all ma-
jor groups of jawed vertebrates, while they are probably
completely missing in jawless fish and nonvertebrate chor-
dates (Flajnik 2018; Kaufman 2018). In certain groups of
teleost fish, MHC-Il genes and the associated pathways
have been lost (Star et al. 2011; Malmstrem et al. 2016;
Swann et al. 2020).

Among tetrapods, genomic architecture of the MHC has
been best resolved in mammals (Shiina et al. 2017;
Abduriyim et al. 2019; Zhou et al. 2021). For example, in
humans, the core MHC region is spread over 4-Mb frag-
ment of chromosome 6 and contains classical MHC genes
(MHC-la and MHC-Il), MHC region antigen-processing
genes encoding proteins involved in peptide processing
and loading (PSMBs, TAPs, and TAPBP), and other MHC re-
gion genes (located in the MHC region, but not directly in-
volved in antigen processing, loading, and presentation),
which are clustered into three main subregions (MHC class
I, class lll, and class Il) (Shiina et al. 2017). This general pat-
tern of MHC organization is relatively conserved among eu-
therian mammals (de S& et al. 2019; Li, Chen, et al. 2019;
Plasil et al. 2022), although both MHC-I and MHC-II regions
have been subject to some lineage-specific reorganizations.
For example, DP (MHC-II) genes have been replaced by DI/
DY genes in ruminants (Andersson et al. 1988; Li, Chen,
et al. 2019), while DQ and DR genes have been deleted
and expanded, respectively, in felines (Yuhki et al. 2003;
Plasil et al. 2022). In contrast, a large chromosomal inver-
sion has been inferred to happen in the ancestors of
Cetruminantia, dividing MHC class Il into two subregions,
as shown in both ruminants (Li, Chen, et al. 2019) and ce-
taceans (de Sa et al. 2019). A recent analysis of monotreme
genome assemblies provided insights into the putative

ancestral MHC organization in mammals, revealing the
presence of MHC-la genes within class Il subregion and a
close physical linkage between classical MHC genes and
antigen-processing genes (Zhou et al. 2021). In the marsu-
pial lineage, however, tight linkage between MHC-la and
antigen-processing genes was not retained, due to a trans-
location believed to occur independently from a similar evo-
lutionary event in eutherian mammals (Siddle et al. 2009;
Krasnec et al. 2015). At the same time, marsupial MHC-I
genes underwent an expansion and formed two clusters se-
parated by class lll region, as shown in the tammar wallaby
Macropus eugenii (Siddle et al. 2011).

Macroevolutionary trajectories of MHC region architec-
ture and gene copy numbers in birds were strikingly differ-
ent when compared with mammals. A single-core region of
fewer than 100 kb in length (chromosome 16) was re-
ported in the chicken Gallus gallus (Kaufman et al. 1999),
and MHC-IIA was found to be located roughly 5.6 cM
away on the same chromosome (Salomonsen et al.
2003). This so-called minimal essential MHC is generally
well conserved in Galliformes, for example, in the black
grouse Tetrao tetrix (Wang et al. 2012, 2014). In general,
the ancestral avian MHC architecture is compact in size
and exhibits a tight linkage between MHC-I, MHC-IIA,
and MHC region antigen-processing genes, showing
some similarities with the ancestral MHC in marsupial
mammals (He, Liang, et al. 2022). However, data from
more derived avian groups (e.g., Passeriformes) indicate
that the evolution of the entire MHC region in birds was
highly dynamic in terms of structural organization and
size (Westerdahl et al. 2022), although until recently, this
kind of information was highly limited due to methodo-
logical constraints. Our recent study demonstrated that
long-read third-generation sequencing (TGS) genomes
can provide novel insights into the long-term macroevolu-
tionary patterns in the MHC architecture, revealing many
previously unknown gene translocation and rearrangement
events within the avian MHC (He, Liang, et al. 2022).

Research on the MHC region in nonavian reptiles has
been conducted in several species (e.g., Komodo dragon
Varanus komodoensis (Reed and Settlage 2021), tuatara
Sphenodon punctatus (Miller et al. 2015; Gemmell et al.
2020), but information on its architecture is incomplete.
Recently, genomic analyses of the MHC in two Anolis li-
zards (Anolis carolinensis and Anolis sagrei) (Card et al.
2022) and the Chinese alligator Alligator sinensis (He,
Zhu, et al. 2022) provided a detailed characterization of
reptile MHC, which contains a single-core MHC region
with linked class | and class Il subregions. An inversion of
the class Il subregion has also been reported in reptiles
(He, Zhu, et al. 2022).

Amphibians, due to their basal phylogenetic position
within tetrapods, are a key taxon for understanding the
evolution of MHC architecture in this group. In contrast
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to bony fish, whose MHC underwent massive reorganiza-
tion (e.g., broken linkage between MHC-I and MHC-II in
teleosts; Kulski et al. 2002; Kaufman 2018), amphibians
may have retained the ancestral and relatively simple or-
ganization of the MHC region (Ohta et al. 2006). An ana-
lysis of the MHC region in the Xenopus tropicalis showed
that while the overall genomic architecture is similar to
that in placental mammals, it retains such apparently ances-
tral characteristics as the tight linkage between the
MHC-la, MHC-Il, and genes that process antigens for
MHC presentation (Ohta et al. 2006). However, the infor-
mation on the genomic organization of MHC in amphibians
is extremely limited—it was described only in two closely re-
lated anurans, X. tropicalis (Ohta et al. 2006) and Xenopus
laevis (Session et al. 2016), and a salamander, the axolotl,
Ambystoma mexicanum (Schloissnig et al. 2021). Not sur-
prisingly, the MHC architecture in both Xenopus frogs is
similar despite whole-genome duplication in X. laevis
(Session et al. 2016). The MHC organization in the axolot!
also shares similarities with both Xenopus anurans and pla-
cental mammals; despite its major expansion, as the entire
axolotl MHC region encompasses approximately 100 Mb
(Schloissnig et al. 2021). It is worth noting, however, that
the location of MHC-I and MHC-II genes within the axolotl
MHC genomic region has not been examined in detail.

High genomic complexity of the MHC organization is fur-
ther exacerbated by the presence of nonclassical MHC class |
genes (Adams and Luoma 2013), henceforth, referred to as
MHC-Ib. In general, the classical MHC-la molecules present
antigens to the CD8 T cells with diverse T-cell receptors
(TCRs), whereas nonclassical MHC-Ib molecules usually
show low polymorphism and expression limited to certain
tissues. If MHC-Ib presents antigens, these are peptide or
nonpeptide molecules, recognized by specialized, unconven-
tional lymphocytes, rather than by the canonical cytotoxic T
cells with diverse TCR repertoires (Mayassi et al. 2021).
MHC-la molecules exhibit conserved amino acids in positions
binding peptide ends (Kaufman et al. 1994). As MHC-lb mo-
lecules often have amino acid substitutions in these positions,
the number of conserved amino acids in positions binding
peptide ends may be helpful in distinguishing between
MHC-la and Ib. Only limited information about amphibian
MHC-Ib is available (Sammut et al. 1999; Zhu et al. 2014;
Palomar, Dudek, Migalska, et al. 2021), with one notable ex-
ception. Xenopus has a family of more than 20 MHC-Ib
genes, which are located outside the MHC region, are highly
divergent from the single MHC-la gene, but have been well
conserved throughout the evolutionary history of the genus
(Goyos et al. 2011; Edholm et al. 2014), and are essential
for larval immunity (Edholm et al. 2013, 2018).

The progress in the understanding of the genomic organ-
ization of amphibian MHC has been hampered by the large
size and complexity of their genomes (Gregory 2022), which
makes the assembly challenging. Only recently, a

combination of TGS technologies and chromosomal-level
scaffolding was allowed to produce high-quality reference
genomes for all amphibian orders (e.g., Li, Ren, et al.
2019; Rhie et al. 2021; Schloissnig et al. 202 1), with the ma-
jority of the available assemblies from anurans. The few gen-
omic studies describing amphibian MHC architecture
complemented a broad spectrum of research that focused
on genotyping specific MHC-I and MHC-Il genes or their
fragments. For example, targeted genotyping of exons cod-
ing for peptide-binding regions of MHC molecules provided
support for variation in copy numbers of MHC-l and MHC-I
genes across different amphibian taxa (Kiemnec-Tyburczy
et al. 2012; Zhang et al. 2015). This is not surprising as the
three extant amphibian orders diverged from each other
more than 250 million years ago (Ma), while the basal diver-
gence within each order exceeds 100 Ma (Marjanovi¢ and
Laurin 2014; Hime et al. 2021). Targeted genotyping of
key exons cannot, however, provide any information on
the structure of noncoding (intronic) regions of MHC-I and
MHC-II genes, and so far, we have virtually no comparative
data on the evolution of MHC intron size in tetrapods, in-
cluding amphibians. Despite these limitations, the scant
available data suggest that the deep phylogenetic diver-
gence may promote lineage- or species-specific macroevolu-
tionary trajectories in MHC organization across amphibians,
but this hypothesis cannot be effectively tested without a
large-scale analysis of high-quality genomic data.

Here, we take advantage of available genomic data and
reconstruct the macroevolution of the MHC across the ma-
jor phylogenetic lineages of amphibians. The TGS technolo-
gies have been reported to provide a reliable picture of copy
number variants, repetitive regions, and structural variants
(Merker et al. 2018). TGS-based genomic resources have
also been successfully used to reconstruct macroevolution
of highly duplicated MHC region in other vertebrate groups
(He, Liang, et al. 2022), and thus, we expected that the
same approach should be well applicable to amphibian
data. Our specific aims included: 1) identification of key
characteristics and major evolutionary trajectories of MHC
architecture in amphibians; 2) description of lineage-
specific rearrangements within the amphibian MHC region;
3) quantification of gene duplication rates at the classical
MHC genes (MHC-la and MHC-Il genes) in amphibians; 4)
testing for the widespread presence of multigene MHC-Ib
families in amphibians; and 5) examination of intron sizes
in amphibian classical MHC genes and their comparison
across tetrapod lineages (see steps in fig. 1).

Results

Ancestral MHC Architecture in Amphibians

To infer the ancestral MHC in amphibians, we first used
genome assemblies available for the basal amphibian
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Reconstruct ancestral
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and MHC-region genes = | amphibian MHC architecture | —> the evolution of
within amphibian genomes (caecilians and urodeles) amphibian MHC (anurans)
W 3 LY «*
/? 2 * Extended class Il region - Duplications
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| i * Translocations
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* Extended class | region
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occurrence of nonclassical
MHC-Ib sequences

Examine intron size and
compare across
tetrapods

Fic. 1.—Key steps in the reconstruction of amphibian MHC evolution.

lineage (caecilians). Our analysis of caecilian genome as-
semblies indicated the presence of four well-distinguished
MHC subregions (fig. 2). The most detailed physical map
of the entire MHC region was obtained for Microcaecilia
unicolor, in which we defined the following subregions:
1) extended class Il subregion (KNSL2~RXRB, tilde indicates
the entire region between the two genes), 2) core class |l
subregion (MHC-IIA-IIB-BRD2, dash indicates tight linkage),
3) core class | subregion (MHC-I-PSMBs-TAPs), and 4) ex-
tended class | subregion (NOTCH~FLOT1) (fig. 2).
Although the core and extended subregions were found
on separate scaffolds in the other two caecilian species
(Rhinatrema bivittatum and Geotrypetes seraphini), the
analysis of their genome assemblies can be interpreted as
providing support for relatively conserved gene arrange-
ment within subregions in caecilians. For example, BRD2
was located in the core class Il subregion, while TAPs
(TAP1 and TAP2) and PSMBs (PSMB8 and PSMB9) were lo-
cated in the core class | subregion in all three caecilian spe-
cies (fig. 2).

Second, we compared the caecilian MHC architecture
with that of a more derived amphibian lineage (urodeles).
In A. mexicanum and Pleurodeles waltl, we found a similar
architecture of the entire MHC region consisting of four
well-distinguished subregions. Gene arrangement was
also consistent with caecilians, except for a fragment of ex-
tended class | subregion (C4, TCF19, and FLOT1) being dir-
ectly linked with extended class Il region in A. mexicanum

Amphibia

Aves

Mammalia

(fig. 2). Location, orientation, and linkage of MHC region
antigen-processing genes and other MHC region genes in
A. mexicanum generally agreed with patterns reported pre-
viously by Schloissnig et al. (2021), although only a fraction
of genes from the MHC region were included in our study
(over 150 genes were mapped to the MHC region by
Schloissnig et al. 2021). In contrast to Schloissnig et al.
(2021), we found little evidence for an extensive duplica-
tion of MHC-I genes (see results below) in A. mexicanum,
but this was primarily due to more stringent criteria of
gene identification in our study (we only mapped presum-
ably classical genes with complete exons 2-4;
supplementary table S1 and supplementary material S1,
Supplementary Material online). In P. waltl, we observed
duplications of PSMB8-PSMB9 and TAP2 genes, while
two zinc finger protein genes were located in the core class
| region along with MHC-I genes.

Evolution of MHC Architecture in Anurans

The next step of our analyses was to establish whether the
putative ancestral MHC architecture (as described in caeci-
lians and urodeles) was retained in anurans. In this step, we
focused on 21 anuran genome assemblies, where the link-
age between different MHC subregions could be effectively
resolved. Six anuran species (including five species with
short-read genome assemblies) had MHC subregions on
separate (unordered) scaffolds or showed incomplete
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Fic. 2—The MHC ancestral architecture in caecilian (Rhinatrema, Geotrypetes, and Microcaecilia) and urodele (Ambystoma and Pleurodeles) amphibians.
Four MHC subregions were marked in different colors. Physical distances between genes and subregions were not reflected on the map, double slashes in-
dicate separate scaffolds. Arrows indicate the direction of gene transcription.

core MHC class | or class Il subregions and, thus, were ex-
cluded from this analysis (table 1). Physical maps con-
structed for anurans indicated that the ancestral MHC
architecture was highly conserved in this lineage (fig. 3)
and most MHC region antigen-processing genes and other
MHC region genes had conserved location within subre-
gions, for example, TAPs and PSMB family in the core class
| subregion; DMA, DMB, and BRD2 in the core class Il sub-
region; DAXX, KNSL2, ZNF297, and RXRB in the extended
class Il subregion; and ABCF1, TCF19, and C4 in the ex-
tended class | subregion (fig. 4). However, we also detected
some notable differences between caecilian and anuran
MHC architecture; for example, three genes (NOTCH,
PBX2, and RNF5) were deleted from the extended class |
subregion in anurans, and consequently, C4 gene (instead
of NOTCH) marked the boundary between the extended
and core MHC class | subregion in this lineage. In most
anuran species, both core MHC subregions (class | and II)
were adjacent to each other, and their average total span
was 1.21 Mb (range: 0.86-3.29 Mb), resulting in more

compact core MHC when compared with caecilians and ur-
odeles (2.76 Mb in Microcaecilia, 6.19 Mb in Ambystoma,
and 6.75 Mb in Pleurodeles).

Despite the generally conserved architecture of the en-
tire MHC region, each subregion varied in length and in
the number of MHC genes (fig. 3 and supplementary
table S2, Supplementary Material online). In 9 of 15 anuran
species, we found putative MHC-la (but not MHC-II) genes
to be duplicated outside the core MHC region (either lo-
cated at the same scaffold outside C4~RXRB region or on
separate scaffolds). In most cases, we recorded duplicated
tandems of MHC-I genes, without the core class I antigen-
processing genes (TAPs and PSMBs) being duplicated
alongside. In five species, we detected duplicated MHC-
genes in the proximity of the core region (the same scaffold)
but located within the extended class | subregion
(Leptobrachium ailaonicum and Leptobrachium leisha-
nense), in the extended class Il subregion (L. ailaonicum),
in the core class Il subregion (Rhacophorus kio), or outside
the MHC region (L. ailaonicum, Bufo bufo, and Bufo
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Fic. 3.—Physical maps of the core MHC class | and Il subregions in anuran amphibians. M. unicolor (Gymnophiona) was used as a reference to an ancestral
amphibian MHC architecture. All the subregions were identified based on the location of the MHC, MHC antigen-processing, or MHC-region-related genes
targeted by Blast searches, as listed in the Materials and Methods section. C4 and RXRB genes (or neighboring genes in case of deletion events) marked the
boundaries of the extended class | and class Il subregions, respectively. Arrows indicate the direction of gene transcription. Note: Seven species from table 1
were excluded because of lacking information about the physical linkage between the MHC core and extended subregions (Eleutherodactylus coqui,
Engystomops pustulosus, Lithobates catesbeianus, and Oophaga pumilio), insufficient information about linkage (Glandirana rugosa), or incomplete regions
(Spea multiplicata).
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Fic. 4—Gene arrangement in the core MHC subregions of anuran amphibians. M. unicolor (Gymnophiona) was used as a reference to the ancestral
amphibian MHC architecture. Molecular distances between genes and subregions were not reflected on the map. Neobatrachia suborder was marked in
red in the phylogeny. Arrows indicate the direction of gene transcription. Note: Three species from figure 3 were excluded because of lacking information
about the physical linkage between the core class | and class Il subregions (R. marina and R. dugritei) or about the location of MHC-l genes in the core
MHC subregions (Limnodynastes dumerilii).
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gargarizans). In both Leptobrachium species, we also found
duplications of the entire core class | subregion (including
TAPs and PSMBs). In L. ailaonicum, two duplicated core
class | subregions were adjacent to each other forming a
single cluster, while in L. leishanense, the duplicated core
class | subregions were not adjacent and were located on
different scaffolds (fig. 3). The number of conserved amino
acids in positions binding peptide ends did not differ be-
tween the MHC-I genes within and outside the core region
(paired samples Wilcoxon test, P=0.44), so there is no evi-
dence for an increased proportion of MHC-Ib genes outside
the core region.

Duplications of presumable classical MHC genes within
the core subregions were examined in 11 species.
Limmodynastes dumerilli, Rhacophorus dugritei, and
Rhinella marina were excluded from this analysis because
of incomplete core MHC genes or missing information on
physical linkage between core class | and class Il subregions
(see note in fig. 4 and supplementary tables S3 and S4,
Supplementary Material online). We found a specific dupli-
cation pattern of the core MHC-I genes in six species from
five anuran  families  (Bufonidae, Dicroglossidae,
Pyxicephalidae, Ranidae, and Rhacophoridae), all belong-
ing to a monophyletic clade (suborder) of Neobatrachia
(marked purple in the phylogenetic tree in fig. 4). In five
of these species (Nanorana parkeri excluded due to poor
resolution), duplicated MHC-I genes were located in two
separate positions within the core class | subregion, includ-
ing one tandem located between PSMBs and the core class
Il subregion, and the second tandem located between TAPs
and the extended class | subregion (fig. 4). In contrast, du-
plicated MHC-I genes in the two other anuran families
(Megophryidae and Pipidae), which branched off before
Neobatrachia, formed a single cluster within the core class
| subregion (located between PSMBs and the core class |I
subregion) (fig. 4). This phylogenetic pattern suggests
that the separation of duplicated MHC-I genes into two dif-
ferent clusters likely occurred in the ancestor of modern
Neobatrachia after the split of the Megophryidae lineage.
We also recorded several duplication events of MHC-II
gene clusters within the core subregion, but they did not
exhibit any clear phylogenetic pattern and were scattered
across the phylogeny, suggesting an independent evolution
(fig. 4). At the same time, most of the studied anuran spe-
cies (n=7 out of 11) had a single MHC-IIA and MHC-IIB
gene cluster within the core region (fig. 4).

Except for the MHC-I and MHC-IIA/B genes, we detected
infrequent duplication events of other target genes, for ex-
ample, TAP2 genes were duplicated in Megophryidae (L. a/-
laonicum and L. leishanense). Occurrence of these
evolutionary events indicates that in spite of generally con-
served architecture, the MHC region of anuran amphibians
is a hotspot of subtle and lineage-specific genetic
reorganizations.

Copy Number of Putative Classical MHC Genes

To assess duplication rates, we quantified copy number of
antigen-presenting genes (MHC-I, lIA, and 1IB) within the
core MHC region (supplementary tables S2 and S4,
Supplementary Material online). In the caecilian M. uni-
color, we recorded extensive duplication of MHC-IIB genes,
retrieving ten complete core gene copies. Additional three
copies were found outside the core subregion resulting in
the total of 13 MHC-IIB copies. We only retrieved incom-
plete MHC-I (one copy) and MHC-IIA (three copies) genes
in Microcaecilia, suggesting stronger constraints on dupli-
cation. In Ambystoma, we found no solid evidence for ex-
tensive gene duplications, as we retrieved only two
complete MHC-I genes and a single gene copy of
MHC-IIA and MHC-IIB. In contrast, we found support for
extensive duplications of MHC-I genes in P. waltl (n=10
complete copies) but no evidence for the duplication of
MHC-IIA or MHC-IIB.

Anuran amphibians showed extensive duplications of
MHC-I genes, except for three families, Pipidae,
Dendrobatidae, and Scaphiopodidae (one gene copy in
the core subregion). Within other anuran families, we re-
corded at least two MHC-I gene copies in MHC core sub-
region, and the most extensive duplication of the core
MHC-I (n= 14 total gene copies including 12 complete
ones) was recorded in R. temporaria (Ranidae). In anurans,
MHC-I genes were often found outside the core MHC, and
the highest total number of the MHC-I genes (located ei-
ther within or outside the core subregion) was recorded
in L. leishanense (n = 42 gene copies including 18 complete
ones). The numbers of MHC-I gene copies predicted based
on our analyses of anuran genome assemblies were consist-
ently higher when compared with previously published es-
timates (based on the maximum number of different alleles
detected per individual) (fig. 5). The number of MHC-II cop-
ies in anurans was much lower when compared with
MHC-la (except X. laevis), ranging from one to six core
MHC-IIA and IIB gene copies (including incomplete ones),
with no additional copies outside the core subregion in
most species.

Nonclassical MHC-I (MHC-Ib)

The phylogeny of the full-length MHC-I a1-03 domains
with the overlaid information about the number of con-
served amino acids in positions binding peptide ends is
highly informative concerning the evolution of MHC-la/lb
in amphibians (fig. 6). A large, well-supported cluster of
Xenopus MHC-Ib XNC/SNC in the upper part of the tree
also contains a single Hymenochirus sequence, suggesting
that the expansion of this gene family occurred in the lin-
eage leading to Xenopus (i.e. before the divergence of X.
laevis and X. tropicalis approximately 40-100 Ma;
(Cannatella 2015; Hime et al. 2021). Several presumably
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Myobatrachidae (4)
Dendrobatidae
Hylidae (3-4)
Centrolenidae (2)
Bufonidae (1-4)
Pyxicephalidae
Dicroglossidae (2)
Rhacophoridae (1-3)
5
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Salamandridae

Pipidae
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Bufonidae (IIA 4;

|

1IB 3)

Pyxicephalidae
Dicroglossidae (1IB 2)
Rhacophoridae
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0
MHC-la copy numbers

Rhinatrema bivittatum
Microcaecilia unicolor
Ambystoma mexicanum
Pleurodeles walt!

Hymenochirus boettgeri
Xenopus laevis
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15

Rhinatrema bivittatum
(10) Microcaecilia unicolor
Ambystoma mexicanum
Pleurodeles walt/
Hymenochirus boettgeri
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Fic. 5.—Copy number of MHC-I (A) and MHC-II (B) antigen-presenting genes in caecilian and anuran amphibians. Previously published estimates of copy
numbers (based on the maximum number of alleles detected per individual) were shown for each family in parentheses (references listed in supplementary
table S6, Supplementary Material online). Estimates from this study (based on the analyses of long-read genome assembilies) were shown for each species with
horizontal bars (genes from core subregions only reported). Families with multiple species were marked in nonblack colors.

nonclassical MHC-Ib sequences from ranid frog cluster with
the XNC/SNC with weak bootstrap support. The central
part of the tree (fig. 6) contains numerous sequences
with many conserved amino acids in positions binding pep-
tide ends, which thus likely represent MHC-la. These se-
guences form three clusters, though only one of them,
grouping three closely related families Bufonidae,
Eleutherodactylidae, and Leptodactylidae, is well sup-
ported. The remaining two clusters comprise ranid frogs
and Xenopus, respectively. The putative MHC-la sequences

from caecilians form a separate well-supported clade (fig.
6). Among salamanders, the three sequences from the axo-
lotl form a single cluster, which contains both putative
MHC-la and MHC-b proteins, and all MHC-I sequences
from Pleurodeles also cluster together. The lower part of
the tree (fig. 6) contains several highly divergent sequences
with few conserved amino acids in positions binding pep-
tide ends. These divergent sequences, found in both anur-
ans and caecilians, evolve quickly as indicated by long
branches connecting them with the rest of the tree.
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Fic. 6.—The maximum likelihood RAXML tree of full length a1-a3 domains of amphibian MHC-I proteins rooted with the highly divergent X. laevis
MHC-Ib112 sequence (Ohta et al. 2019). The terminal branches were color-coded according to species. The colored dots at the end of the branches indicate
the number of conserved amino acids in positions binding peptide ends (# conserved positions). The positions were numbered according to the HLA-A2 se-
quence (inset table, see also alignment in supplementary material S3, Supplementary Material online). Black dots indicate nodes with bootstrap support above

70%. Inset shows the time-tree of the included species; Ma, million years ago.
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Overall, expansions of MHC-Ib originally described in the
Xenopus lineage were much less apparent or absent in
other amphibian lineages. It is, however, worth noting,
that MHC-Ib appears to emerge continuously from classical
MHC (Hughes and Nei 1989; Dijkstra et al. 2018). In amphi-
bians, such a process is suggested by the presence of se-
quences with only five or six conserved amino acids
nested deep within the putative classical clusters in both an-
urans and caecilians (fig. 6).

Intron Length of MHC Antigen-Presenting Genes

The last aim of our study was to examine the size of introns
2 and 3 of the classical MHC genes (putative MHC-la, lIA,
and IIB) in amphibians and compare it with data available
for other tetrapods (birds, mammals, and reptiles; basic sta-
tistics presented in supplementary table S5, Supplementary
Material online). Median size of all introns selected for this
analysis was >1 kb in amphibians. In general, MHC-I in-
trons were longest (median length: 5,643 and 5,934 bp
for introns 2 and 3, respectively), while MHC-II introns
were considerably shorter, showing less difference be-
tween median lengths at MHC-IIB (2,950 and 2,754 bp
for introns 2 and 3, respectively) than MHC-IIA (3,819
and 1,635 bp for introns 2 and 3, respectively). There was
significant variation in MHC-l intron length between anur-
an families (P < 0.001), and both introns were found to be
significantly longer in Ranidae than in most other anuran
families, including Megophryidae and four Neobatrachia
families (Bufonidae, Dicroglossidae, Myobatrachidae, and
Pyxicephalidae) (all P < 0.05).

The MHC-I intron size varied significantly between tetra-
pod lineages (P < 0.001), being significantly longer in amphi-
bians than birds and mammals (both P<0.001) (fig. 7).
There was no significant difference in MHC-I introns 2 and
3 length in amphibians (P=0.93), although avian intron 2
was significantly longer than intron 3 (P < 0.001), while in
mammals, we recorded the opposite pattern, with intron 3
being significantly longer than intron 2 (P<0.001). We
also found a positive association of MHC-I intron size and
genome size across the lineages (8=0.46+0.11; P<
0.001). There were significant differences in MHC-II intron
lengths between amphibians (longer introns) and both birds
and mammals (shorter introns) (both P<0.001) (fig. 7). In
amphibians, we recorded no significant differences in intron
length between MHC-IIA and IIB (P=0.94), although both
avian and mammalian MHC-IIA introns were significantly
shorter than MHC-IIB introns (P=0.009 and P< 0.001 for
birds and mammals, respectively). Finally, we found no sig-
nificant differences in MHC-IIA/B introns 2 and 3 length in
amphibians (P=0.08), while avian and mammalian
MHC-IIB intron 2 was significantly longer than intron 3
(both P < 0.001). Similar to amphibians, no significant differ-
ences were found between MHC-IIA introns 2 and 3 in birds

(P=1.00) and mammals (P=0.09). There was no associ-
ation between MHC-Il intron length and genome size across
all lineages (P=0.78). Data from reptiles, although not in-
cluded in formal analyses, provided support for relatively
long MHC-I and MHC-IIB intron 2, with median lengths
showing intermediate values (2,555 and 2,292 bp, respect-
ively)  between  amphibians and  birds/mammals
(supplementary table S5, Supplementary Material online).
Median lengths of all other MHC introns in reptiles were con-
siderably shorter (173-523 bp) and roughly similar to the va-
lues observed in birds and mammals (supplementary table
S5, Supplementary Material online).

Discussion

Ancestral Organization and Evolution

Our study of the genomic architecture and evolution of am-
phibian MHC primarily focused on anurans because of the
availability of numerous genome assemblies from this
group. However, the inclusion of the few available caecilian
and urodele genomes provided insight into the ancestral
architecture of amphibian MHC. Based on these scant
data, we can infer that the ancestral MHC region in amphi-
bians was probably simple, with a small number of antigen-
presenting genes of both classes and the core MHC-I and
MHC-II regions adjacent in the genome. The antigen-
processing TAP and PSMB genes were located close to
MHC-I they served, enabling coevolution between the in-
teracting partners (Kaufman 2018; Palomar, Dudek,
Migalska, et al. 2021), and MHC-IIA was tightly linked to
MHC-IIB. The core region in the putative ancestral amphib-
ian MHC region (class | and class Il combined) was probably
rather short, as its average length of approximately 1.2 Mb
estimated for anurans is less than half of the combined
length of human core MHC-I and MHC-II regions (ca.
2.7 Mb; Shiina et al. 2017), despite similar or larger size
of anuran than mammalian genomes (Gregory 2022).
Even the 6.2-Mb core MHC-I-Il region in the axolotl and
6.75 Mb in Pleurodeles appear modest, considering their
extreme genome sizes exceeding 20 Gb. This compact
core MHC contrasts with the enormous size of the entire
genomic MHC region in the axolotl, which spans approxi-
mately 100 Mb (Schloissnig et al. 2021).

A relatively simple organization of the ancestral amphib-
ian MHC was proposed previously based on the analysis of
X. tropicalis MHC region (Ohta et al. 2006), while the data
from birds (He, Liang, et al. 2022), reptiles (Miller et al.
2015; Card etal. 2022; He, Zhu, et al. 2022), and marsupial
mammals (Belov et al. 2006) suggest that the simple archi-
tecture has generally been maintained throughout the evo-
lutionary history of tetrapods. Major architectural changes,
such as the apparent large-scale inversion (Kaufman 2018)
that inserted the class Il region between class | and class |l
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and broke the linkage between MHC-la and antigen-
processing genes in eutherian mammals, or extreme expan-
sions of classical MHC genes and translocations of MHC-IIA
or TAP genes outside the core MHC, as seen in some birds
(He, Liang, et al. 2022), were probably uncommon. The
overall structure of the core MHC region and its gene con-
tent have also been well conserved through the evolution
of amphibians. The lack of PSMB9 and TAP1 in the axolot!
genome assembly is probably the assembly issue, as puta-
tive functional full-length coding sequences of both
PSMB9 and TAP1 were successfully retrieved from axolotl
transcriptome assembly in a recent study of urodele amphi-
bians (Palomar, Dudek, Wielstra, et al. 2021).

While the evolutionary dynamics of the anuran MHC
were not characterized by major architectural changes,
we found extensive evidence for lineage-specific expan-
sions of presumably classical MHC genes, most notably
MHC-I in Neobatrachia, and for the appearance of a vari-
able number of tandemly repeated copies of MHC-I genes
outside the core MHC region in several lineages. The core
class Il region has been more conserved structurally, often
retaining single MHC-IIA and MHC-IIB genes and only occa-
sionally experiencing lineage-specific duplications.

Duplications and Copy Number Evolution

Classical MHC genes are known to be hyperpolymorphic,
showing the greatest allelic diversity ever reported in verte-
brates, with hundreds or even thousands alleles described

in some species (e.g., over 16,000 allelic variants reported
across three classical MHC-I genes in humans; Robinson
etal. 2020). This extraordinary variation is maintained with-
in populations via different forms of balancing selection (re-
viewed in Radwan et al. 2020), but individual-level variation
is primarily determined by duplication processes, as the to-
tal number of duplicated genes defines the number of MHC
variants that can be expressed within an organism. Our
analysis of amphibian genome assemblies revealed an ex-
tensive, so far unrecognized variation in the MHC gene
copy number across species and major evolutionary
lineages.

Although some between-species variation in MHC-|
gene copy was apparent across caecilians and urodeles,
the evolution of anuran MHC-I clearly proceeded from
low copy number in evolutionarily old clades (e.g.,
Pipidae) toward a rapid expansion in the more derived fam-
ilies. Our analyses revealed up to 12 complete core MHC-I
gene copies in Rana temporaria (Ranidae), and even more
duplicated MHC-I copies were recorded outside the core re-
gion in several species (e.g., L. leishanense, Megophryidae),
similar to some eutherian mammals (Abduriyim et al.
2019). The evolution of MHC-II seems to have been much
more constrained, with much less variation in copy number
between species and no clear evolutionary trends. In fact,
the highest duplication rate was found in a caecilian (ten
core MHC-IIB copies), while in anurans, the number of
core MHC-IIB gene copies varied between one and six,
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with no additional copies outside the core subregion in
most species. The evolution of MHC-IIA was even more
constrained, as most of amphibian species (11 out of 16)
had only a single copy. In some species (e.g., within
Racophoridae), MHC-IIA and MHC-IIB genes were dupli-
cated in tandems, resulting in the same copy number of
both genes, but more frequently a single MHC-IIA copy
was accompanied by multiple duplicated MHC-IIB copies.
Although this kind of diversification in the MHC-II duplica-
tion patterns has already been described for birds and
mammals (Yuhki et al. 2003; He, Liang, et al. 2022), our
study of amphibian genomes shows that similar processes
may have driven the evolution of MHC-II structure in older
tetrapod lineages.

Previous estimates of MHC-I copy number variation in
anurans (based on allele counts within individuals) were
much lower (one to four gene copies per species, refer-
ences in supplementary table S6, Supplementary Material
online) when compared with the results of our genomic
analyses. This difference prevailed even while using conser-
vative protocols, that is, while discarding all incomplete
gene copies retrieved from genome assemblies.
Consequently, we may conclude that the analyses of high-
quality genome assemblies (as conducted in this study) are
likely to yield more reliable estimates of MHC gene copy
number in nonmodel taxa than traditional approaches. At
the same time, we are aware that genomic data may also
contain varying level of assembling or annotation errors, es-
pecially in structurally complex regions containing numer-
ous duplications of various ages, such as the MHC. For
example, the annotation of the axolotl genome presented
by Schlossing et al. (2021) revealed an overall synteny
with the human MHC, but suggested much more extensive
duplication of the core MHC-I genes (11 copies, supple-
mentary data in Schloissnig et al. 202 1) than those revealed
in our study (only two copies). These discrepancies were
caused by the presence of multiple incomplete copies of
core MHC-I genes in the assembly (detailed information
in supplementary table S1, Supplementary Material online),
reflecting the presence of genuine gene fragments or im-
perfect assembly. Our analysis of axolotl genome also ap-
peared to be more conservative than cDNA cloning
approach by Sammut et al. (1999), suggesting the presence
of 6-21 MHC-la gene copies in this species, likely resulting
from sequencing artefacts (recognizing numerous similar
variants represented by single clone sequences as true al-
leles). Although long-read sequencing and recent advances
in bioinformatic (genome assembly) approaches enhance
reliable resolution of the MHC region and other complex
genomic regions with structural variants (Vekemans et al.
2021), we acknowledge that available genomic resource
may contain some sequencing and assembly artefacts. For
example, two somewhat divergent allele sequences may
be possibly merged into a single haplotype containing an

apparent duplication (haplotig), when sequencing data ori-
ginating from heterozygous (outbred) individuals (Guan
et al. 2020).

Taking all our results into account, we showed that the
evolution of the MHC-Il in anuran amphibians has been
highly dynamic in terms of duplication processes. This find-
ing is in line with the results of our recent analyses of MHC-|
diversity in urodele amphibians, revealing unexpectedly
high copy number variation (2-22 gene copies) across 30
species (Minias et al. 2022). In general, extensive between-
species differences in the MHC gene copy number are
thought to arise through the birth-and-death processes,
where new gene copies are created by repeated gene dupli-
cation, some being maintained in the genome for long evo-
lutionary times, while the others being deleted or becoming
nonfunctional (Nei et al. 1997). Thus, the number of func-
tional classical MHC gene copies is the net differences be-
tween birth and death processes, likely evolving in
response to varying selection pressures, such as pathogen
richness and the rate of pathogen evolution (Bentkowski
and Radwan 2019). It remains to be tested whether the
same selective forces have driven the evolution of MHC
copy number variation in anuran amphibians.

The Evolution of Nonclassical MHC-I

The sequences of putative MHC-Ib were found in all exam-
ined species. These included both deep lineages showing
the general lack of conservation of amino acids in positions
binding peptide ends and sequences more similar to the
classical MHC. However, across most anuran lineages, we
did not find evidence for strong expansion of MHC-Ib fam-
ily comparable with that previously described in Xenopus
(Goyos etal. 2011; Edholm et al. 2014). The demonstration
of a key role of Xenopus MHC-Ib XNC4 and XNC70 genes in
larval immunity against mycobacteria and ranaviruses, con-
ferred by unconventional T cells (Edholm et al. 2013, 2018),
led to a general hypothesis linking MHC-Ib with the immun-
ity of vertebrates developing from early stages in the aquat-
ic environment. An efficient adaptive immune response
requires a large pool of diverse lymphocytes and takes
time to mount. Both these requirements may pose a serious
challenge for many fish and amphibians that hatch at a very
small size, are composed of relatively few cells, and con-
tinue their development in the pathogen-rich aquatic envir-
onment. The full-fledged adaptive immune response in
such small animals may be constrained by the low number
of available lymphocytes and the time needed to develop
the immune repertoire (Flajnik et al. 1986). It has been hy-
pothesized that the use of unconventional lymphocytes
that carry receptors of limited diversity and are restricted
by MHC-Ib would be an efficient solution in the face of
such constraints (Edholm et al. 2014; Robert and Edholm
2014). Unconventional lymphocytes would confer some
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specificity toward pathogens, providing a quick and effi-
cient defense mechanism when the number of lymphocytes
is limited. The benefits of such a system may be particularly
pronounced in amphibians that undergo metamorphosis, a
dramatic event that profoundly remodels their immune sys-
tem (Rollins-Smith 1998).

If the mechanism proposed by Edholm et al. (2014) and
Robert and Edholm (2014) was indeed widespread, we
would expect numerous MHC-lIb genes in amphibians
with the aquatic larva. We did not, however, find large ex-
pansion of MHC-Ib genes in taxa other than Xenopus,
which leads to at least two possible explanations. First, it
is possible that just a handful of MHC-Ib may be sufficient
for efficient larval immunity, and additional selection pres-
sures have driven the expansion of Xenopus MHC-Ib.
Second, the key role of MHC-Ib in larval immunity may be
restricted to Xenopus, and different mechanisms operate
in other amphibians. Regardless of whether any of this ex-
planations hold, the phylogenetic analysis of MHC-I se-
quences suggests that nonclassical genes may
continuously emerge from classical genes in amphibians
in response to as yet unknown selection pressures.

Intron Size

Intron size within the MHC has rarely been investigated in
nonmodel organisms, especially in the comparative frame-
work. Here, we demonstrated a clear expansion of MHC in-
tron size in amphibians compared with birds and mammals,
and we found that this may be partly driven by larger size of
amphibian genomes (only for MHC-I). Median intron size
was significantly smaller for the MHC-Il than MHC-l in am-
phibians, and we found no association between genome
size and MHC-ll intron size, suggesting that intronic regions
in both MHC classes may have been shaped by different
evolutionary forces. In general, a positive association be-
tween intron size and genome size is thought to be driven
by proliferation of repetitive elements (including transpos-
able elements) in noncoding DNA, and it pertains on a large
evolutionary scale across eukaryotes, although its slope
may vary considerably between evolutionary lineages
(Vinogradov 1999; Elliott and Gregory 2015). For example,
tetrapods have longer introns than expected for their gen-
ome sizes, and within amniotes, mammals have longer in-
trons than birds and nonavian reptiles, suggesting that
evolution of intron size may be adaptively driven by pow-
ered flight and metabolic rate (Zhang and Edwards 2012).
In contrast, passerine birds were found to have longer
MHC-l  introns when compared with  humans
(Arnaiz-Villena et al. 2010), indicating that evolutionary tra-
jectories of the MHC intron size may not well fitinto general
genome-wide patterns. It requires further investigation
whether exceptionally long introns, as we found in the am-
phibian MHC, are also characteristic for other immune and

nonimmune genes in this lineage. Scant empirical data pro-
vide little support for this hypothesis, as an average intron
size in frogs (across nearly 5,000 genes) was 1.6 and 1.9
times shorter than in mice and humans, respectively
(Nowoshilow et al. 2018).

Conclusions

In conclusion, we inferred a relatively simple organization
of the ancestral amphibian MHC, with tight linkage be-
tween class | and class II. This simple picture has been com-
plicated by lineage specific expansions and translocations,
more extensive within class |, resulting in a considerable di-
versity of the MHC region architectures in anurans. We did
not find evidence for an extensive expansion of nonclassical
MHC-Ib genes outside the genus Xenopus. The intronic re-
gions of amphibian presumably classical MHC genes were
much longer when compared with birds and mammals,
but these differences can only be partly attributed to the
differences in genome sizes between the taxa. These results
are based on a still limited number of the available amphib-
ian genomes, mostly focusing on anurans, while salaman-
ders and caecilians were poorly represented. As more
amphibian genomes become available in the future, com-
parative studies should augment the picture presented
here with the identification of ecological and life-history
traits driving various aspects of the genomic MHC organiza-
tion in amphibians.

Materials and Methods

Compilation of Genomic Data

Publicly available amphibian genomic data (n = 32 species)
were downloaded from the Genome Database of the
National Center for Biotechnology Information (NCBI,
Bethesda, MD, USA) and the China National GeneBank
DataBase (CNGBdb, China), as accessed on April 2, 2022
(except for P. waltl accessed in October 2022; Brown
et al. 2022). Specifically, we retrieved genome assemblies
of three caecilian (Gymnophiona), two urodele, and 27
anuran species (supplementary table S3, Supplementary
Material online). Most genome assemblies used in this
study were based on long-read sequencing (TGS) technolo-
gies, primarily PacBio sequencing, yielding good or very
good assembly statistics (mean contig N50: 5,836 +
2,562 kb). The data were complemented with several
short-read genome assemblies (supplementary table S3,
Supplementary Material online), mostly of moderate qual-
ity, but these resources were almost exclusively used to ex-
tract short sequences (e.g., for intron size analyses), rather
than to infer the architecture of the MHC region. For ex-
ample, the reconstruction of ancestral amphibian MHC
was based entirely on TGS data, while in the analyses of
physical maps and gene arrangement within the core
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MHC region, we used only three anuran short-read assem-
blies of relatively high quality (contig N50> 10 kb).
Although MHC architecture of A. mexicanum and X. tropi-
calis was previously described based on genome assemblies
(Ohta et al. 2006; Schloissnig et al. 2021), we kept these
species in our analyses for comparative purposes. If multiple
versions of genome assemblies were available per species,
we chose the latest version based on long-read TGS se-
guencing. Genomic data of the mimic poison frog
Ranitomeya imitator were excluded from the analyses, as
we found that the assembly could have been contaminated
with mammalian (rat) sequences. This resulted in the final
data set of n=31 species.

Searching for Putative Classical MHC Genes, MHC
Region Antigen-Processing Genes, and Other MHC
Region Genes

In order to retrieve the key presumably classical MHC genes
(MHC-I, MHC-IIA, and MHC-IIB), MHC region antigen-
processing genes, and other MHC region genes from gen-
ome assemblies, we used two sets of query sequences (Step
1infig. 1). First, to retrieve genes encoding the three MHC
antigen-presenting molecules (MHC-I, MHC-IIA, and
MHC-IIB), we: 1) downloaded all available amphibian se-
guences of targeted genes from the NCBI GenBank
Nucleotide Database, 2) aligned the sequences by gene
and taxonomic affiliation (order), 3) selected representative
sequences (excluded sequences with >80% pairwise simi-
larity), and 4) generated conserved consensus query se-
guences with 50% consensus threshold (ambiguities
retained only if the frequency of the most common residue
was <50%). All query sequences for classical MHC genes
are provided in  supplementary  material  S2,
Supplementary Material online. As no caecilian MHC se-
guences were available in GenBank, query sequences for
this group were generated based on data from urodele spe-
cies. Our query sequences allowed for effective searches of
targeted genes across species, and our previous research in
birds has supported the reliability of our protocols (He et al.
2020). Sequence and alignment processing was conducted
in  Geneious v.2022.1.1 software (Biomatters Ltd.,
Auckland, New Zealand).

We also used genome assemblies to retrieve a set of
MHC region antigen-processing and other MHC region
genes, which were used to identify the location of four ba-
sic MHC subregions (extended class I, core class |, core class
Il, and extended class Il), following the structure of human
MHC as described by Kulski et al. (2002) and Shiina et al.
(2017). Using the information on the architecture of the
MHC region in humans (Shiina et al. 2017), chicken
(Kaufman et al. 1999), and two amphibian species (A. mex-
icanum and X. tropicalis) (Ohta et al. 2006; Schloissnig et al.
2021), we initially selected 21 genes for Blast searches in

amphibians. One other MHC region gene (MDR1) was a
posteriori selected for Blast searches after our preliminary
examination of MHC linkage maps in caecilians, giving a to-
tal of 22 of MHC region antigen-processing and other MHC
region genes. As all these genes are much more conserved
than classical (antigen-presenting) MHC genes, we used a
single available amphibian sequence per gene for Blast
searches. The predicted location of each gene within the
MHC region and GenBank accession numbers of query se-
guences were provided in supplementary table S7,
Supplementary Material online.

All BlastN search procedures were conducted with
E-values < 1e—5. Criteria used to identify highly variable
presumably classical MHC genes included 60% similarity
with query sequences and 80% coverage of the entire
exon length. Genes containing all three major exons (2, 3,
and 4), including the ones that encode extracellular do-
mains and are involved in peptide binding, were recognized
as complete (otherwise recognized as incomplete). Other
exons were not included in our consensus query sequences
because of short length (<100 bp) and aligned poorly mak-
ing them difficult to identify across divergent species. The
BlastN search approach focusing on exons 2—4 proved reli-
able in the previous analyses of avian MHC macroevolution
(He et al. 2020; He, Liang, et al. 2022). Localization of MHC
region antigen-processing and other MHC region genes
within subregions (see the Results section for definition of
subregion borders) was identified based on the most com-
plete gene copies, and upon retrieval of multiple gene cop-
ies from assemblies, we excluded the ones with incomplete
exons from the analyses. In the tetraploid X. laevis, we ex-
clusively focused on the chromosome with a better reso-
lution of MHC structure (chr. 8L). All genes and gene
fragments retrieved from the genomes were listed in
supplementary table S3, Supplementary Material online.

Identification of Nonclassical MHC-I Genes

Nonclassical MHC-I (MHC-Ib) genes usually show low poly-
morphism and expression limited to certain tissues (Adams
and Luoma 2013), which could not be directly evaluated for
most of amphibian species investigated here based on the
genome assemblies and predicted protein sequences.
Therefore, in our assessment of the putative la/lb status,
we focused on the conservation of the nine amino acid re-
sidues in positions binding peptide ends in the MHC
peptide-binding groove (fig. 6; Kaufman et al. 1994,
Sammut et al. 1999; Almeida et al. 2021).

MHC-lb sequences can be highly divergent from
MHC-la; for example, Xenopus MHC-Ib proteins may
show only approximately 35% amino acid identity with
MHC-la (Flajnik et al. 1993; Edholm et al. 2014).
Therefore, rather than directly searching the genome as-
semblies, we searched, where available, the databases of
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full-length predicted protein sequences available at NCBI to
identify putative MHC homologues. We focused on species
with the genome assemblies characterized by scaffold N50
> 500 kb and the available predicted protein sequences,
which reduced the data set to 14 species representing six
anuran, three caecilian, and two urodele families. The pro-
tein sequence databases were searched with BlastP using
three MHC-I proteins as queries: X. laevis MHC-la (NCBI ac-
cession: AAA16064), X. laevis MHC-lb XNC1 (AAA16359),
and human HLA-A (QKG86484); the E-value threshold was
set to 1e-10, and other BlastP parameters were kept at
their default values. Redundancy in the results was re-
moved by retaining only the longest protein among those
with overlapping genomic coordinates. The sequences
were aligned with MAFFT, the proteins with incomplete
al1-a3 domains were removed, and for the remaining se-
quences (all trimmed to a1-03 domains), the number of
conserved amino acids in positions binding peptide ends
was calculated (the observed range, 1-9).

Phylogeny of the a1-a3 protein sequences was recon-
structed in raxmIGUI 2.0 (Edler et al. 2021) using RAXML
v. 8.2 (Stamatakis 2014) under the JTT+G amino-acid evo-
lution model as identified by ModelTest-NG v. 0.1 (Darriba
et al. 2020). The robustness of the obtained topology was
tested with 100 rapid bootstrap replicates.

Architecture of Core and Extended MHC Subregions

We explored amphibian MHC architecture in three major
steps. First, we described the ancestral MHC architecture
in Gymnophiona (Step 2 in fig. 1) and compared it with
the patterns observed in a more derived group of
Urodela. In general, Gymnophiona are basal to the sister
groups of Urodela and Anura, and the divergence between
these two major lineages (Gymnophiona vs. Urodela/
Anura) exceeds 300 Ma (Hime et al. 2021; Kligman et al.
2023). Consequently, any similarities in the MHC architec-
ture between Gymnophiona and other lineages (e.g.,
Urodela) are likely to constitute an ancestral state in amphi-
bians. The MHC antigen-processing and MHC-region re-
lated genes in Gymnophiona and Urodela were identified
using the online version of the program Maker (http:/
www.yandell-lab.org/software/mwas.html), taking UniProt/
Swiss-Prot as the protein reference. To visualize the struc-
ture of the core and extended MHC subregions in these
lineages, we extracted the regions 20-kb upstream and
downstream of the targeted genes. We plotted gene loca-
tion using gggenes, an extension for the ggplot2 package
(Wickham et al. 2016) in R 3.5.2 (R Foundation for
Statistical Computing, Vienna, Austria). Only genes de-
tected in at least two species or those known to be located
within the human MHC region were visualized. Second,
we reconstructed major evolutionary events, that is, trans-
locations, inversion, and deletions between and within (if

possible) major amphibian lineages (Step 3 in fig. 1). We
also explored duplication patterns of the putatively classical
MHC genes, focusing exclusively on species with complete
core MHC class | and Il subregions (n=14 species).
Phylogeny of our study species was reconstructed based
on the VertlLife webserver (http:/vertlife.org; Jetz and
Pyron 2018). We primarily focused on the variation in
MHC-I copy numbers across species and families, as dupli-
cated MHC-Il tandems had a relatively poor resolution in
most genomes.

Intron Size of MHC Antigen-Presenting Genes

We also aimed to examine the structure of classical MHC-|
and MHC-IIA/B genes retrieved from amphibian genome
assemblies. Here, we focused on the size of key introns (2
and 3) from each gene, as exon size is highly conserved
across vertebrates despite some small indels in the regions
coding for the peptide-binding groove (e.g., in birds (Minias
et al. 2018) and bats (Abduriyim et al. 2019)). We retrieved
most information for the MHC-I (n = 138 estimates per in-
tron), while data on the MHC-II intron size were much less
abundant (n < 20 estimates per intron). Thus, the MHC-l in-
tron length was selected for a comparison between seven
anuran families, including Megophryidae and the remain-
ing six families from Neobatrachia suborder. Families with
one to two measurements of intron lengths were not in-
cluded in this analysis.

Finally, we aimed to compare the MHC intron size be-
tween amphibians and amniote lineages (birds, mammals,
and reptiles) using available genomic data from NCBI
(mammals and reptiles) and previously published data sets
(birds; He et al. 2020). For this purpose, we compiled esti-
mates of MHC intron length in 38 avian and 40 mammalian
species. The data on intron size in reptiles were insufficient
for any formal comparisons (only one to six estimates
originating from one to three species for all introns except
for MHC-lintron 3; supplementary table S5, Supplementary
Material online) and thus excluded from testing. We also
excluded axolotl from these analyses due to extraordinary
genome size (28,206.9 Mb) and outlying intron length
(up to ca. 86 kb at MHC-II). Due to extensive genomic re-
sources for some mammalian species (e.g., humans), we
randomly selected five sequences per species to retrieve
data on MHC intron size in this lineage. We also used
NCBI database to compile information on genome size
for all our study species across all lineages.

Intron length was log-transformed to improve normality
and entered as a response variable in general linear mixed
models. In the comparisons of MHC-I intron length be-
tween anuran families, we entered intron identity (2 vs. 3)
and family as fixed factors. Comparisons on intron length
between tetrapod lineages were conducted separately for
MHC-I and MHC-Il genes. Intron identity and lineage
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were entered as fixed factors, while gene identity (IIA vs. IIB)
was entered as an additional fixed factor in the analysis of
MHC-Il. Log genome size was entered as a covariate to
test whether variation in intron size between lineages can
be attributed to whole genome expansion or contraction.
Species identity was included as a random factor in each
analysis to avoid pseudoreplication resulting from multiple
measurements of the same taxa. We also tested for interac-
tions between fixed factors (excluded from the models if
nonsignificant), and significance of differences between
factor levels (if more than two) was assessed using Tukey
post hoc tests. All analyses were conducted using Ime4 R
package (Bates et al. 2014).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online (http:/www.gbe.oxfordjournals.org/).
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