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Abstract

Duplicates of genes for major histocompatibility complex (MHC) molecules can be subjected to selection independently
and vary markedly in their evolutionary rates, sequence polymorphism, and functional roles. Therefore, without a thorough
understanding of their copy number variation (CNV) in the genome, the MHC-dependent fitness consequences within a
species could be misinterpreted. Studying the intra-specific CN'V of this highly polymorphic gene, however, has long been
hindered by the difficulties in assigning alleles to loci and the lack of high-quality genomic data. Here, using the high-quality
genome of the Siamese fighting fish (Betta splendens), a model for mate choice studies, and the whole-genome sequencing
(WGS) data of 17 Betta species, we achieved locus-specific amplification of their three classical MHC class II genes — DABI,
DAB2, and DAB3. By performing quantitative PCR and depth-of-coverage analysis using the WGS data, we revealed intra-
specific CNV at the DAB3 locus. We identified individuals that had two allelic copies (i.e., heterozygous or homozygous) or
one allele (i.e., hemizygous) and individuals without this gene. The CNV was due to the deletion of a 20-kb-long genomic
region harboring both the DAA3 and DAB3 genes. We further showed that the three DAB genes were under different modes
of selection, which also applies to their corresponding DAA genes that share similar pattern of polymorphism. Our study
demonstrates a combined approach to study CNV within a species, which is crucial for the understanding of multigene fam-

ily evolution and the fitness consequences of CN'V.

Keywords Copy number variation - Major histocompatibility complex - Gene duplication - Multi-gene family - Betta
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Introduction

Copy number variation (CNV) refers to the differences in
the number of repeats of a genomic segment among indi-
viduals arising from duplications and deletions (Spielmann
et al. 2018; Sudmant et al. 2015). Duplications and dele-
tions of both coding genes and non-coding regulatory ele-
ments are important sources for the evolution of genomic
variability (Zarrei et al. 2015). CNV can affect phenotypes
through mechanisms such as gene dosage, gene interrup-
tion, and gene fusion (Gamazon and Stranger 2015), which
may drive ecological adaptation (Niimura et al. 2014; Rinker
et al. 2019; Sin et al. 2021) and reproductive isolation that
may ultimately promote speciation (Malmstrgm et al. 2016;
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Volker et al. 2010). The mutation rate (i.e., the frequency
of de novo mutations in an organism over time) of CNV is
orders of magnitude higher than that of single-nucleotide
polymorphisms, but it may vary throughout the genome
depending on local genome architecture (Zhang et al. 2009).

One of the notable examples of genes exhibiting CNV
in vertebrates is the major histocompatibility complex
(MHC), a multigene family that plays important roles in
both pathogen resistance and mate choice (Hoover et al.
2018; Piertney and Oliver 2006; Sin et al. 2015; Yamaguchi
and Dijkstra 2019). MHC genes comprise the class I and 11
genes, which encode cell surface proteins that bind and can
present foreign peptides to T-cells and subsequently trig-
ger immune cascades (Roche and Furuta 2015). In addition
to their exceptionally high polymorphism, believed to be
maintained primarily by pathogen-mediated balancing selec-
tion (Radwan et al. 2020; Spurgin and Richardson 2010)
and sexual selection (Winternitz et al. 2013), MHC genes
are also known to evolve through a birth-and-death process
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by frequent duplications, inactivation, and deletions (Nei
et al. 1997). As a result, extensive variations in both MHC
genomic organization and gene copy number are commonly
observed between species (Grimholt 2016; O’Connor et al.
2019).

Inter-specific CNV has been documented in some ver-
tebrate groups. For example, MHC class IIb genes have
undergone many duplications in some avian superfamilies
(e.g., Sylvioidea, Passeroidea, and Muscicapoidea) since the
ancestral duplication of a class IIb locus preceding major
avian radiation (Burri et al. 2010). Avian species with highly
duplicated MHC genes include Hirundo rustica (barn swal-
low) that has 43 copies and Manacus vitellinus (Golden-
collared manakin) that has 193 copies (He et al. 2021).
In teleosts, MHC class II genes are completely lost in the
entire order of Gadiformes (Dijkstra and Grimholt 2018;
Malmstrgm et al. 2016), Lophius piscatorius (angler fish;
Dubin et al. 2019), and some seahorse species (Roth et al.
2020) but became highly duplicated in other species such as
Oreochromis niloticus (Nile tilapia) that has 33 copies (Sato
et al. 2012). For class I genes, copy number can exceed 100
in several gadiform species (Dijkstra and Grimholt 2018;
Malmstrgm et al. 2016). The large inter-specific CNV may
reflect the difference in optimal MHC diversity between
species, which was shaped by factors that vary within and
between populations of a species (O'Connor and Westerdahl
2021). The underlying evolutionary processes that shape the
optimal MHC diversity may thus also drive CNV within a
species.

MHC gene copy number within a species was commonly
discussed along with MHC diversity to infer immunocompe-
tence (Eizaguirre et al. 2011; Qurkhuli et al. 2019; Radwan
et al. 2014; Stervander et al. 2020). A higher number of genes
in theory represent a larger MHC repertoire, from which the
encoded proteins bind a broader range of antigens. However,
the antigen-binding breadth of MHC may also be limited by
the intrinsic costs of having a high MHC diversity and super-
fluous MHC gene expression, which could increase the risk
of autoimmunity due to the depletion of circulatory T-cell
receptor repertoire (Bentkowski and Radwan 2019; Migalska
et al. 2019). The optimal number of MHC genes may thus be
different between populations of a species, depending on the
difference in pathogen-mediated selective force (Llaurens et al.
2012). Although pathogen resistance due to MHC heterozygote
advantage, rare-allele advantage (e.g., Sin et al. 2014), or opti-
mal diversity (e.g., Sammut et al. 2002; Wegner et al. 2003)
have been widely investigated, most studies on non-model spe-
cies only determined the total number of MHC alleles. Only
a few studies have revealed different number of loci among
individuals within a species (Chain et al. 2014; Cheng et al.
2012; Malaga-Trillo et al. 1998). Without the knowledge on
the gene copy number, zygosity of each locus, and the origin
of each allele (i.e., which locus the allele belongs to), it is not
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possible to accurately interpret the effect of selection. Intra-
specific CNV and its underlying evolutionary significance thus
remain largely unexplored (Bentkowski and Radwan 2019).

One reason that intra-specific CNV is rarely reported is
the difficulty of locus-specific characterizations, because
MHC genes are highly polymorphic and duplicated in the
genome. Previous studies predominantly relied on degen-
erate primers that co-amplify alleles from multiple loci
(Babik 2010; Bernatchez and Landry 2003; Sin et al. 2012a,
2012b), but this approach usually failed to assign alleles
to their corresponding locus. Even though locus-specific
primers were used, homozygosity was usually assumed if
only one allele was amplified (e.g., Liu et al. 2017; Zhai
et al. 2017), whereas the possibility of hemizygosity was
rarely considered (Lighten et al. 2014a). In addition, pub-
licly available genomic data for non-model organisms
has remained suboptimal for MHC studies until recently.
Genomes of non-model organisms are mostly de novo
assembled from short reads, hence highly duplicated MHC
paralogs may collapse into a single location (O’Connor
et al. 2019). This introduces alignment ambiguity when
resequencing reads are mapped against a fragmented
pseudo-haploid MHC reference assembly (i.e., a consen-
sus sequence with unresolved haplotypes; Ekblom 2014;
Nielsen et al. 2011), hindering the application of mapping
results for MHC gene mining, locus-specific primer design,
genotyping, and copy number estimation.

With the advance of long-read sequencing technology,
highly contiguous genomes reaching chromosome-level
become available for non-model species, which will facili-
tate characterization of MHC genes. In this study, using a
chromosome-level genome assembly and WGS data of the
Siamese fighting fish (Betta splendens) and other Betta spe-
cies, we present an approach to assign MHC alleles to cor-
responding loci, to identify intra-specific CNV, and to deter-
mine the selection pattern in different loci. Betta splendens
are freshwater labyrinth fishes indigenous to Southeast Asia
and have a long history of selective breeding (Zhang et al.
2021). They exhibit remarkable intra-specific phenotypic and
behavioral diversity (Monvises et al. 2009; Zhang et al. 2021)
and have been widely studied for their mate choice behavior
(e.g., Clotfelter et al. 2006; Cram et al. 2019; Dzieweczynski
et al. 2014). The knowledge of their MHC variability will
facilitate subsequent MHC-related studies such as on mate
choice, pathogen resistance, and MHC gene evolution. Here,
we (1) identify and genotype multiple MHC class Ila and
IIb genes and (2) determine their intra-specific CNV in B.
splendens using both bioinformatics and laboratory-based
approaches. We then (3) investigate the sequence variability,
selection patterns, and comparative genomic and phyloge-
netic relationships of the identified DAB loci to provide a
comprehensive picture of MHC gene evolution in B. splend-
ens and its close relatives.
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Materials and methods

MHC class Il gene mining and genomic region
reconstruction

The full-length and individual exons of DAB coding sequences
(CDS) from multiple teleost species (Monopterus albus
(KC427217.1), O. niloticus (MH220769.1), and Gasterosteus
aculeatus (DQ016400.1)) were used as queries to blast against
the high-quality B. splendens genome (GCF_900634795.2),
using BLASTN and TBLASTX (Altschul et al. 1990). Genes
identified were verified by performing reciprocal BLASTN
against the GenBank database and translated amino acid
sequence alignment using MEGA X (Kumar et al. 2018). The
exon—intron organizations of full-length DAB genes were
determined following the GT/AG rule. Three DAB genes were
eventually identified and named as Besp-DABI, Besp-DAB2,
and Besp-DAB3, respectively, following the MHC nomencla-
ture rule (Klein et al. 1990).

The organization of all MHC Ila and IIb genes in the
B. splendens genome was reconstructed according to the
genome annotation. Genomic organizations of classical
DAB regions in the B. splendens, anabantoids, and other
teleost species were then compared. With reference to pre-
vious studies on teleost MHC II synteny (Dijkstra et al.
2013; Grimholt 2016), syntenic genes up- and down-stream
of DAB loci were searched against annotated genomes
of B. splendens, Anabas testudineus (climbing perch;
GCF_900324465.2), Channa argus (northern snakehead;
GCA_004786185.1), and Mastacembelus armatus (zig-
zag eel; GCF_900324485.2). The genes were further vali-
dated by performing reciprocal BLASTN and assembled to
reconstruct the putative MHC II regions. Using the most
updated genome assemblies of Danio rerio (zebrafish;
GCF_000002035.6), Gasterosteus aculeatus (three-spined
stickleback; GCA_006229165.1), and Oreochromis niloti-
cus (GCF_001858045.2), we also reconstructed their MHC
II regions of which previous assemblies had been analyzed
by Dijkstra et al. (2013).

Locus-specific DAB primer design

We analyzed the WGS data of B. splendens (n=6) to design
primers at the conserved sites specific to each of the three
DAB loci (Table S1). Individual raw reads were retrieved
from the Sequence Read Archive (SRA) database and eval-
uated with the FastQC v0.11.7 (Andrews 2010). Adapter
sequences, reads with quality score lower than 20, and
length lower than 50 were trimmed using the Trimmomatic
v0.38 (Bolger et al. 2014). Trials of read mapping to the
B. splendens genome were performed using BWA v0.7.17

(Li and Durbin 2009) and NextGenMap v0.5.5 (Sedlazeck
et al. 2013) with “sensitive” preset parameters. The perfor-
mance of the two software on mapping polymorphic MHC
genes was assessed. Mapped SAM files were converted to
BAM format and sorted using the SAMtools v0.1.09 (Li
et al. 2009). Duplicates were marked with MarkDuplicates
in Picard Tools (http://broadinstitute.github.io/picard/). Pro-
cessed BAM files were indexed and loaded into the Integra-
tive Genomics Viewer (IGV) v2.8.0 (Thorvaldsdottir et al.
2012) to visualize the mapping results.

Exon 2 consensus sequences of each DAB locus were
extracted for each individual and aligned with GenBank
sequences from synbranchids (JQ236680.1) and pleuronectids
(KJ784489), and more distantly related mugilids (AF134941),
cichlids (JN967618, AH002424), cyprinids (GU441571,
AY103492), and salmonids (FJ597523, AF296385) using
ClustalW (Thompson et al. 1994). Locus-specific primers
were designed at the exon 1, intron 1, and intron 2 regions
(Table S2) using NetPrimer (http://www.premierbiosoft.com/
netprimer/index.html).

DNA extraction, PCR, cloning, and sequencing

We extracted gDNA from the muscle tissues of B. splendens
(n=17) sourced from aquatic pet shops using the E.Z.N.A.
Tissue DNA Kit (Omega, USA), following the manufac-
turer’s protocol. We quantified the DNA concentration using
the Qubit dsDNA HS kit (ThermoFisher Scientific, USA).
PCR amplification was performed in a 20-pl reaction mix
containing 1 X GoTaq reaction buffer, 1% DMSO, 3 mM
MgCl,, 0.2 mM dNTP, 0.2 pM forward primer, 0.2 pM
reverse primer, 10-50 ng of gDNA, and 1 unit of GoTaq
polymerase (Promega). The PCR cycle began with an incu-
bation at 95 °C for 2 min, followed by 30 cycles of incuba-
tion at 95 °C for 30 s, 56-60 °C for 30 s (Table S2), and
72 °C for 1 min, and ended with a final extension at 72 °C
for 10 min. The PCR products were electrophoresed on 1.5%
agarose gel, and those with the expected band size were sent
for Sanger sequencing (BGI, Hong Kong).

Next, PCR products containing more than one sequences
were proceeded to cloning and sequencing for allele iden-
tification. The PCR for cloning was performed with the
described condition in a 30-pl reaction mix. The PCR prod-
ucts were electrophoresed on 1% agarose gel, followed by
gel purification using the PureLink Quick Gel Extraction
Kit (Invitrogen, USA). The purified PCR products were
then ligated into a T-Vector pMD19 (TaKaRa, US) using
DNA ligation kit (TaKaRa). Transformation was performed
using heat shock and DH5a competent cells with blue-white
screening. Colony PCRs were performed on white colonies
using the universal M13 primers (forwards: 5'-CACGAC
GTTGTAAAACGAC-3'; reverse: 5'-CAGGAAACAGCT
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ATGACC-3") with the same PCR condition as described
earlier. At least 8 clones per gene were sequenced for each
individual. Allele identity was confirmed by at least two
independent PCRs. DAB alleles were named with refer-
ence to the IPD-MHC Database requirement (Maccari et al.
2018).

Genotyping from whole-genome and transcriptome
sequencing data

Individual WGS data of B. splendens and other 16 Betta spe-
cies (n=72) available in the SRA database were processed
using the same method described above (Table S1). Mapping
was performed using the NextGenMap v0.5.5 only, which
performs better than BWA in aligning the highly polymor-
phic MHC regions in our analysis. Transcriptomic sequenc-
ing (RNA-seq) reads of B. splendens individuals (n=14)
were mapped against the genome supplied with the RefSeq
annotation in GTF format using the STAR v2.7.3 (Dobin
et al. 2012), and duplicates were not marked (Table S1). We
then visualized the mapping results in the IGV and extracted
the exon 2 sequences of DAA -3 and DABI-3 from all indi-
viduals under the following criteria: (1) sequencing depth-
of-coverage of the CDS is at least 10X (Song et al. 2016);
(2) sequences extracted from overlapping sequencing reads
are contiguous without gaps (Fig. S1); and (3) identified
alleles contain conserved teleost-specific key amino residues
(Dijkstra et al. 2013).

Copy number variation analysis

For some individuals, no WGS reads were mapped to the
DAB3 locus, or no DAB3 alleles could be isolated from clon-
ing and sequencing, which indicated possible CNV at this
locus. We therefore performed quantitative PCR (qPCR) and
depth-of-coverage (DoC) analysis of WGS data to determine
the copy number of DAB3 gene in each individual.

Quantitative PCR

We designed a pair of primers that specifically amplify both
the exon 3 regions of DAB2 and DAB3 genes (Table S2).
Both f-actin (ACTB) and ribosomal protein 17 (RPLI17)
genes were used as the reference genes, which should have
two allelic copies in each individual. The primers for the
reference genes were designed on exon 4 (Table S2). The
amplification efficiencies of these three primer pairs were
95-105%. qPCR was performed in triplicates per sample
(n=17) in a 15-pl reaction mix containing 2 X iTaq Univer-
sal SYBR Green Supermix (Bio-Rad, US), 0.4 uM forward
primer, 0.4 uM reverse primer, and 20 ng gDNA using the
CFX96 Torch Real-Time PCR Detection System (Bio-Rad,
US). qPCR began with an incubation of 95 °C for 2 min,
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followed by 40 cycles of incubation at 95 °C for 10 s and
60 °C for 30 s. To confirm the specificity of the reactions,
melt curve analysis was performed from 60 to 95 °C with
0.5 °C increments per step. The AACq method was used to
calculate the relative copy number (RCN) with the equation
RCN = 2 x 2724%_ where the calibrator has two copies per
diploid genome (Weaver et al. 2010).

DoC analysis

From B. splendens WGS data (n=29), number of reads
uniquely mapped onto the exonic regions of the DABI,
DAB3, ACTB, and RPLI7 genes were calculated using SAM-
tools v0.1.09 (Li et al. 2009) and normalized by their cor-
responding sequence lengths. Both ACTB and RPLI7 were
used as the reference genes. We calculated the numbers of
DABI, DAB3, and ACTB allelic copies relative to RPLI7.
The RCN determined by qPCR and DoC were plotted using
R v4.0.2 (R Core Team 2020).

To identify the breakpoint corresponding to the loss of
the genomic region containing DAB3, we analyzed the DoC
of the region spanning the DAB2 and DAB3 genes. Normal-
ized DoC in DAB3-containing and DAB3-missing individu-
als was compared to determine the position and size of the
genomic deletion.

Selection analysis

Translated amino acid of identified alleles was aligned using
ClustalW (Thompson et al. 1994). Putative binding sites
(PBSs) were assigned according to previous characterization
studies (Brown et al. 1993; Li et al. 2014). Nucleotide diver-
sity (), rates of synonymous (dg), and non-synonymous (dy)
substitutions for PBS and non-PBS were calculated using
DnaSP v6.12.03 (Rozas et al. 2017) according to the modi-
fied Nei-Gojobori method (1986) with Jukes-Cantor cor-
rection. Standard errors were obtained with 1000 bootstrap
replicates. The dy/dg ratio (@) and Z-test were computed to
infer signs of selection on PBS and non-PBS at statistical
significance level of P <0.05, with @ > 1 indicating positive
selection while @ < 1 indicating purifying selection.

We further tested for positive selection at specific codons
separately in the fl1-domain for the three DAB loci using
the HyPhy package (Pond et al. 2004) implemented in the
Datamonkey web server (www.datamonkey.org; Delport
et al. 2010). Because recombination may cause false posi-
tive results in selection tests employing likelihood ratio
tests (LRT; Anisimova et al. 2003), we used Genetic Algo-
rithm Recombination Detection (GARD; Kosakovsky Pond
et al. 2006) in the HyPhy package to identify significant
recombination breakpoints and split sequences into parti-
tions accordingly for subsequent selection analyses. We
then used mixed effects model of evolution (MEME), fixed
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effects likelihood (FEL), and fast unconstrained Bayesian
AppRoximation (FUBAR) methods implemented in HyPhy
to infer signals of positive selection. All methods were used
with default settings.

Phylogenetic analysis

Phylogenetic relationships among DAB alleles of B. splen-
dens and 16 Betta species were reconstructed using the
Bayesian inference approach. DAB sequences from Ana-
bas testudineus (XM_026369498.2, XM_026352900.2,
XM_033326567.1), Channa argus (EXN66_Car014117,
EXN66_Car014106, ENX66_Car014124), Monopterus
albus (KC427217.1, KC247222.1), Paralichthys oli-
vaceus (HQ635018.1, HQ635058.1), Trachinotus ova-
tus (KX181520.1, KX181525.1), Oreochromis niloticus
(MH220769.1, MH220773.1, AB677259.1), Poecilia
reticulata (retrieved from Llaurens et al. (2012)), Gaster-
osteus aculeatus (DQ016400.1, DQ016409.1), and Salmo
salar (FJ597530.1, FI597533.1) were also included in the
analysis. The human HLA-DRB1 (KU947990.1) was used
as an outgroup. We ran jModeltest v2.1.10 (Darriba et al.
2012) to identify the best-fit nucleotide substitution model,
which was the Juke-Cantor model with a gamma distribu-
tion, based on the corrected Akaike information criterion
(AIC,). Two independent runs of four Markov chain Monte
Carlo (MCMC) chains were then run in MrBayes v3.2.7a
(Ronquist et al. 2012) for 6 million generations with a sam-
pling frequency of every 100 generations and the first 25% of
the tree samples being discarded as “burn-in”. The consen-
sus tree was plotted using FigTree v1.4.4 (Rambaut 2018).
In addition, to visualize recombination events causing the
evolutionary relationships among B. splendens DAB alleles
deviated from a bifurcating tree, the phylogenetic network
was reconstructed using the Neighbor-Net analysis imple-
mented in SplitsTree4 (Huson and Bryant 2005).

Results
Sequence variation of the MHC Il genes

BLAST search against the B. splendens genome alto-
gether identified three classical DAB (all in chromosome
2: Fig. 1) and four non-classical DBB loci (all in chro-
mosome 16: Fig. S2). Our study focuses on the classical
DAB genes, which are highly polymorphic and contain key
residues for peptide ligand binding (Dijkstra et al. 2013;
Wu et al. 2021). The full-length CDS of DABI, DAB2,
and DAB3 genes were found to encode for 244, 248, and
247 amino acids, respectively, consistent with the three
predicting DAB sequences from the genome annotation
(GCF_900634795.2: Fig. 1). Along with the homologous

sequences of other teleost species, the majority of variable
sites in B. splendens DAB genes resided in the f1 domain,
while the leader peptide, latter part of the f2 domain, and
the transmembrane region showed a high amino acid iden-
tity (Fig. 1). Among the proteins encoded by the three
DAB genes, DAB2 and DAB3 displayed a considerably
higher similarity with each other than with DABI1 in
the leader peptide and p2 domain, and DAB1 also had a
shorter cytoplasmic tail than DAB2 and DAB3 (Fig. 1).

Sequence comparisons of DAB amino acid sequences
among Betta and other teleost species revealed an overall
conservation of several key amino acid residues known to
be important for MHC II functions (Fig. 1, Fig. S3; Brown
et al. 1993; Dijkstra et al. 2013). These included the four
cysteine residues predicted to form disulfide bridges, and
the N14, S15, and T16 in DAB1-2 (or N38, S39, T or S40
in DAB3) for N-linked glycosylation. The S141 and E159 in
the B2 domain, known to bind CD4 molecules in mammals
(Dijkstra et al. 2013), were almost conserved in Betta DAB
sequences, except that the serine residue was replaced with
threonine in DAB3. On the other hand, the H78 and N79 in
the p1 domain that are known to form hydrogen bonds with
the backbones of peptide ligands in mammalian species
(Fremont et al. 1998) were not entirely conserved among
Betta species (Fig. S3). The H78 was entirely and partially
replaced with asparagine at DAB1 and DAB2-3 respec-
tively, whereas the N79 in seven of the DAB2 sequences
was replaced with histidine. The variation of histidine and
asparagine at this position was previously found in classical
MHC IIb genes of teleosts (e.g., Danio rerio; Dijkstra et al.
2013) and cartilaginous fishes (Wu et al. 2021).

Locus-specific genotyping of B. splendens individuals
from cloning and sequencing (n=18) and high-throughput
sequencing data (n=27 for WGS, n=12 for RNA-seq, and
n=2 for both) altogether identified 4, 14, and 12 exon 2
alleles for DABI, DAB2, and DAB3, respectively, with some
alleles shared among different individuals (Figs. 2 and 3).
Both genotyping methods yielded either one or two alleles
per locus in B. splendens. Allelic sequences could not be
extracted for DAB2 in 15 WGS individuals (Fig. 3) due to
the presence of mapping gaps. This is attributed to poor
mapping at DAB2, which had a high sequence diversity, so
that reads belonging to DAB2 exon 2 might not map to the
reference (Table S4).

Furthermore, cross-species mapping of WGS data (n=43)
from other 16 Betta species identified a total of 20, 34, and
18 alleles for DABI, 2, and 3, respectively. Most of the geno-
typed WGS individuals contained either one or two alleles
per locus, except B. brownorum, B. burdigala, and B. pul-
chra, which had three allelic sequences identified as DAB2
(Table S3).

It is worth noting that our genotyping method may not
apply to cases in which the sequence variants within a locus
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Fig.1 Amino acid sequence alignment of the classical DAB genes
for Betta splendens (highlighted in bold), anabantoids and other
teleosts. GenBank accession numbers are XP_028994021 (Besp-
DABI), XP_028998859 (Besp-DAB2), XP_028986550 (Besp-DAB3),
XP_033182458.1 (Anabas testudineus), EXN66_Car014117 (Channa
argus), AGZ05746 (Monopterus albus), APD68833 (Trachinotus
ovatus), AYN72181 (Oreochromis niloticus), and CAA27925 (Salmo
salar). The sequence for Gasterosteus aculeatus was retrieved from
Llaurens et al. (2012). The complete amino acid sequence of Besp-
DABlis shown. Numbers above the sequence represent the codon

are more divergent than between loci, such as the MHC class
I genes in some fish species (e.g., Shiina et al. 2005, Miller
et al. 2006) or when there was recombination between loci
(Dijkstra et al. 2006; Nonaka and Nonaka 2010).

Differences in sequence diversity among the three
Besp-DAB genes

All DAB genes are putatively functional given the absence
of frameshifts and in-frame stop codons (Fig. 1), and no
pseudogenes were observed. They were all identified in the
RNA-seq data (Table S4), but the expression level of DABI
was much lower than that of DAB2 and DAB3. While most
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position starting from the f1 domain. Letters and dots represent resi-
dues that are distinct from or identical to Besp-DABIlrespectively,
whereas hyphens represent gaps. Inverted triangles denote known or
putative peptide-binding sites (PBS) predicted from previous MHC
studies (Dijkstra et al. 2013; Li et al. 2014). The CD4-binding resi-
dues are highlighted in green. The conserved cysteine residues known
to form a disulfide bridge and N-glycosylation motifs are highlighted
in yellow and orange respectively. The jawed-vertebrate-specific
asparagine residues are highlighted in grey. The teleost-specific gly-
cine and tyrosine residues are highlighted in purple

alleles from DAB2 and DAB3 differed by more than three
amino acids, the four identified alleles at DABI either only
differed by 1-2 non-synonymous substitutions or a single
synonymous substitution (i.e., Besp-DABI*010,101 and
Besp-DABI%#010,102) that gave rise to identical amino acid
sequences (Fig. 2). Besides, the PBS encoded by DAB2 and
DAB3 had a high nucleotide diversity (z=0.391 and 0.297),
while that of DABI was as low as 0.009 (Table 1). We fur-
ther genotyped WGS individuals for the three DAA genes
that encode al domains and found that they shared similar
patterns of sequence diversity with their corresponding DAB
genes (Fig. S4; Table S5). DAAI has a considerably lower
sequence diversity, whereas DAA2 and DAA3 sequences are
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Fig.2 Amino acid sequence alignment, recombination breakpoints,
and selection analysis results of the exon 2 alleles identified from
cloning-sequencing (highlighted in bold) and whole genome or tran-
scriptome data for the three DAB genes of Betta splendens. The com-
plete amino acid sequences of Besp-DAB1*0101, Besp-DAB2*¥0101,
and Besp-DAB3*0101 are shown. Numbers above the alignment rep-
resent the codon position starting from the p1 domain. Letters and
dots in the sequences represent residues that are distinct from or iden-
tical to the first sequence of each locus,respectively, whereas hyphens
represent gaps. Inverted triangles denote putative peptide-binding
sites (PBSs) predicted from previous MHC studies. The conserved

polymorphic across the al domains. Furthermore, DABI
sequences appeared to be highly conserved throughout the
Betta genus (Fig. S3). B. mahachaiensis, B. siamorienta-
lis, B. smaragdina, and B. imbella, which are most closely
related to B. splendens (Panijpan et al. 2014; Riiber et al.
2004), shared at least one identical DAB1 sequence at the
amino acid level with B. splendens. DABI in other Betta
species were different from Besp-DAB1 in only 2—4 PBSs

\Ad
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cysteine residues known to form a disulfide bridge and N-glycosyla-
tion motifs are highlighted in yellow and orange respectively. The
highly conserved residues among jawed vertebrates and ray-finned
fishes are highlighted in grey and purple respectively. Grey bars and
numerated arrows above DAB2 and DAB3 sequences refer to their
corresponding partitions and recombination breakpoints identified
from GARD tests. Codon sites under positive or purifying selection
are highlighted in red and indicated as “+” or in blue and indicated
as “—”, respectively. Green, brown and purple colors representing
results from FUBAR, MEME and FEL, respectively

(Fig. S3). In contrast, the p1 domains of DAB2 and DAB3
were variable among Betta species.

Comparative genomic organization of MHC II
regions

All DAA and DAB genes were located on chromosome 2,
and all DBA and DBB genes were located on chromosome
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«Fig.3 Summary of DABexon 2 alleles found in Betta splendens
individuals. For the column “Individual”, the first letter denotes the
data source for obtaining the alleles: “C” represents cloning and
sequencing data; “G” represents whole-genome sequencing data (see
Table S1); “T” represents transcriptome sequencing data (Table S1).
The second and third letters (if any) denote the individual ID. Boxes
corresponding to the locus-specific alleles present in the individu-
als are denoted by “X” and highlighted in red (DABI), blue (DAB2),
and green (DAB3), respectively. Black boxes indicate the absence of
DAB?3 in those individuals based on the cloning-sequencing and DoC
results. Samples that did not meet genotyping criteria (see Materi-
als and methods for details), and hence, no alleles were retrieved are
indicated by grey boxes, but this does not implicate the absence of
locus in those individuals

16 and 8 (Fig. S5, Table S6). Two DAB-containing regions
were identified at chromosome 2, separated by around 8 Mb
in the B. splendens genome (Fig. 4; Fig. S5). The first region
(Fig. 4a) spanning 1.337 Mb contained the DABI gene,
whereas the second region (Fig. 4b) spanning 1.625 Mb
contained the DAB2 and DAB3 genes. All DAB genes were
in tight linkage with their corresponding a-chain-encoding
DAA genes. A further 12 and 16 common syntenic genes
were annotated in the first and second regions, respectively.
Along with the known teleost MHC 11 regions (Yamaguchi
and Dijkstra 2019), the two B. splendens genomic regions
were neither linked to their class I-related genes nor did
they share syntenic genes residing in the human MHC II
region (Horton et al. 2004). Comparison of the two regions
with their conspecifics confirmed the lack of defined MHC
synteny among species in the order Anabantiformes. This
is particularly obvious in region 2 (Fig. 4b), in which the
genes were more contracted in the B. splendens genome
(1625 kb), but the genes were scattered throughout dif-
ferent chromosomes with altered transcriptional orienta-
tion in other species, such as A. testudineus (8,058 Kb)
and O. niloticus (30,345 Kb). Additionally, MHC II gene
copy number varied across species within the homologous
regions. Among the first region, MHC II genes were not
found in M. armatus and C. argus, whereas for the B. splen-
dens, D. rerio, G. aculeatus, and O. niloticus, the copy num-
bers ranged from two to five (Fig. 4a). Similarly, among the
second homologous region, the MHC II gene copy number
was zero in D. rerio and varied from two in A. testudineus
to up to eight in O. niloticus (Fig. 4b).

Intra-specific copy number variation

Cloning and sequencing analysis identified DABI and DAB2
alleles in all 18 samples, but only 6 of them had their DAB3
alleles amplified even with multiple pairs of primers (Fig. 3;
Table S2). We thus compared the RCN of the DAB3 gene in
individuals with WGS data (n=29) or cloning and sequenc-
ing data (n=17). The qPCR result indicated all individuals

contained 2 allelic copies of the ACTB gene (Fig. 5a). The
total number of alleles from both of the DAB2 and DAB3
genes was 2 in DAB3-missing individuals (n=12) but ranged
from 2.5 to 3.8 in DAB3-containing individuals (n=35:
Fig. 5a). Among the five individuals that had the DAB3 gene,
the one with RCN of 3.8 (i.e., individual CK: Fig. 3) was
known to be both DAB2- and DAB3-heterozygous. DAB3-
containing individuals that had a total number of alleles of
3 were likely to be DAB3 hemizygous, containing only one
copy of the DAB3 gene in their diploid genome.

The DoC analysis revealed a consistent CNV pattern
with the qPCR results. Individuals consistently contained 2
alleles of DABI and ACTB (Fig. 5b), signifying that they are
single-copied genes. On the other hand, the number of DAB3
allelic copies ranged from O to 2 (Fig. 5b). Heterozygous
individuals (H,, n=6) contained 2 DAB3 allelic copies; non-
heterozygous individuals (non-H,, n=17) contain either 1
copy (i.e., hemizygous) or 2 copies (i.e., homozygous); and
DAB3-missing individuals had zero copy (n=5: Fig. 5b).

Loss of the genomic region containing the DAA3
and DAB3 genes

The DoC analysis indicated the deletion of a genomic region
of ~20 kb in length, containing both the DAA3 and DAB3
genes (Fig. 6). DAB3-containing individuals had a high
DoC in that region, which is comparable to the genome-
wide level. However, DAB3-missing individuals had the
DoC close to zero in the same region, except for the highly
repetitive intergenic region (~ 8 kb) between DAA3 and
DAB3. BLAST search using this intergenic region as query
showed that there were many highly similar sequences in
other regions of the B. splendens genome; therefore, the high
DoC of this intergenic region in DAB3-missing individuals
was likely due to mapping of reads originated from other
regions.

Recombination and selection patterns

GARD analysis indicated the presence of two recombination
breakpoints in the 1 domain encoded by DAB2 and DAB3
(Fig. 2). The breakpoints are close to the end of exon 2, at
positions 196 and 234 in DAB2 and at positions 172 and 227
in DAB3. Recombination events were also inferred from the
Neighbor-Net analysis, which shows the reticulated networks
in DAB2 and DAB3 alleles (Fig. 7).

Signature of positive selection was detected at both DAB2
and DAB3 but not at DABI (Table 1). The ratio of non-
synonymous to synonymous substitutions (o) was signifi-
cantly higher at the PBS of DAB2 (p <0.05, Z=1.77) and
DAB3 (p<0.05, Z=1.74), whereas their non-PBS did not
show significant positive selection (Table 1). No selection
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Table 1 Nucleotide diversity

Region Number of 7 dy dy @
(m), rates of non-synonymous codons
(dy) and synonymous (dg) _
substitutions (+ standard error), DABI 1
and ratio of dy to ds (w) for PBS 24 000940010  0012+0012 0 0
peptide-binding sites (PBS),
non-PBS, and combined Non-PBS 66 0.008 +0.005 0.003 +0.003 0.025+0.018 0.120
(PBS +non-PBS) at the three Combined 90 0.009+0.004 0.006+0.004 0.019+0.014 0.316
DAB loci in Siamese fighting DAB2 81
fish Betta splendens. Regions PBS 24 039140055  0453+0084  0.176+0.093  2.574%
with signs of positive selection
(o> 1) were highlighted in bold Non-PBS 67 0.106+0.017 0.079+0.018 0.205+0.057 0.385
Combined 91 0.170+0.019 0.162+0.025 0.198 +£0.048 0.818
DAB3 f1
Putative PBS 24 0.297+0.048 0.330+£0.082 0.199+0.091 1.658*
Non-PBS 66 0.065+0.012 0.067+£0.017 0.059+0.025 1.136
Combined 90 0.119+0.015 0.127+0.023 0.092+0.026 1.380

*Statistical significance at P <0.05 from Z-test

was observed in the entire f1 domain of DABI. Further
tests by FEL, MEME, and FUBAR identified site-specific
positive selection on 7 codons of DAB2 and 9 codons of
DAB3 (Fig. 2), the majority of which is known or predicted
to encode PBS from previous MHC studies (Dijkstra et al.
2013). On the other hand, results from MEME and FUBAR
highlighted several non-PBS codons undergoing purifying
selection at DAB2 (positions 13, 17-18, 74, and 77) and
DABS3 (position 70). Similarly, signatures of positive selec-
tion were also found in DAA2 and DAA3 but not in DAAI
(Fig. S4).

Phylogenetic analyses

The phylogenetic tree shows the distinct and highly sup-
ported monophyletic clades for each of the three DAB loci
(Fig. 8). B. splendens alleles within each clade did not form a
monophyletic group but were instead interspersed with those
of closely related species such as B. siamorientalis and B.
smaragdina (Fig. 8). The groupings of B. splendens alleles
for each clade were consistent with those from Neighbor-
Net results (Fig. 7). Specifically, three sub-groups of the
DAB?2 clade and the major sub-group of the DAB3 clade
(containing Besp-DAB3*0301-0701) in the phylogenetic
tree were grouped similarly in the phylogenetic network.
The observed reticulated phylogenetic network among Besp-
DAB3*0101-0202 and Besp-DAB3*0801-1001 (Fig. 7) was
also consistent with the multifurcating pattern in the DAB3
clade of the phylogenetic tree (Fig. 8).

Discussion
MHC is known to exhibit between- and within-species CNV,

but the latter was rarely examined in detail. As the first MHC
study on labyrinth fishes, we characterized this multigene
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family from a locus-specific approach and revealed intra-
specific CNV of MHC class II genes in B. splendens, due
to the deletion of a~20-kb-long genomic region in some
haplotypes. In addition, we found that each MHC locus was
under different modes of selection. This information would
have been masked by the conventional approach that co-
amplifies alleles from multiple genes.

Intra-specific CNV of MHC in B. splendens

Due to the lack of locus-specific information in numerous
non-model organisms, a common approach of estimating the
number of MHC loci was using degenerate primers for PCR
and dividing the number of unique alleles per individual by
two (Minias et al. 2019, 2021; Wegner et al. 2003). How-
ever, this method may underestimate the true copy number
and overlook CNV, because it lacks zygosity information on
each locus and ignores the possible existence of hemizygo-
sity, in which the MHC gene is located at only one of the
homologous chromosomes (Dijkstra et al. 2006; Dirscherl
and Yoder 2015; Lighten et al. 2014a). Many variant callers
have been developed to estimate genome-wide CNV from
high-throughput sequencing data (Zhao et al. 2013), but their
performance on analyzing MHC genes is hampered by the
poor mapping of highly polymorphic sequences. As a result,
the fitness consequences of CNV and hemizygosity were sel-
dom investigated. We demonstrate here that by combining
both bioinformatic analysis and wet lab experiment, there is
intra-specific CNV of DAB3 among B. splendens individuals.
This gene was tightly linked to DAB2 (separated by ~30 kb),
which was found in all studied individuals. Specifically, the
CNYV was due to a segmental deletion of the genomic region
containing both the DAA3 and DAB3 genes (Fig. 6) in some
haplotypes. Furthermore, genotyping results suggest possible
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Fig.4 Schematic diagram showing the MHC Ilgenomicregions con-
taining (a) DABI and (b) DAB2-3 in Betta splendens (highlighted
in red) and the corresponding regions in anabantoids — Anabas tes-
tudineus, Channa argus, and Mastacembelus armatus (highlighted
in blue) and other species (Oreochromis niloticus, Gasterosteus
aculeatus, and Danio rerio). The range of each region is indicated
in kilobase (kb). Syntenic genes in close physical linkage predicted
to be translocated as a unit are grouped inside colored blocks. Black
blocks refer to the classical MHC II genes. Other colored blocks in
each region refer to the teleost-specific syntenic genes flanking DAB
loci, with the gene aliases depicted above the blocks. The symbol
y” denotes pseudogenes. Different members of the same gene fam-
ily are assigned to the same color. The black blocks corresponding
to the three DAB loci of B. splendens characterized in this study are
enclosed by red grids with their names highlighted in yellow. Pointed

linkage of DAB2 and DAB3 (Fig. 3). Besp-DAB2*0101,
0201, 0301, 0401 and 0901 may be associated with a haplo-
type lacking DAB3. The DAB2*0101-0401 and 0901 alleles
were clustered together as clade 2b in the phylogeny (Figs. 7
and 8). This indicates a single-deletion event of the DAB3
region in the ancestral haplotype of these alleles (Fig. 8).
Along with other recently duplicated genes, MHC has
been known to contribute to a significant portion of CNV
in populations (Chain et al. 2014). When a gene is newly
duplicated in a genome, it may persist in an evolutionary
stage of CNV polymorphism in populations for a few mil-
lion years until being fixed or lost (Chain et al. 2014; Lynch
and Conery 2000). Because new paralogs are assumed to be
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gene blocks indicate the transcriptional orientation. Only syntenic
genes shared among species are included in this figure and several
species-specific genes were detailed in the supplementary informa-
tion of Dijkstra et al (2013). Dotted light grey blocks refer to the
zinc finger protein family (ZNF) genes, which are extensively distrib-
uted across the genome and hence may not be an ideal indication of
region synteny (Dijkstra et al. 2013). Predicted genes of low sequence
identity or denoted as “low-quality proteins” in the annotation are
appended “_L” (-like) at the end of the aliases. Some syntenies drawn
in reverse order are indicated by the grey arrows for better illustra-
tion. All regions are not drawn to scale, with double slash and quad-
ruple slash inserted for regions where two syntenic genes are > 500
kb but < 1,000 kb, and > 1,000 kb apart from each other respectively.
(c) A phylogram displaying the phylogenetic relationship among the
selected species

functionally redundant at the time of origin, they must have
acquired novel functions or retained all or parts of the ances-
tral gene function, or otherwise be pseudogenized by degen-
erative mutations (Lynch and Conery 2000; Zhang 2003).
In this context, DAB3 may have been playing a role comple-
ment to or distinct from the other two DAB genes in patho-
gen resistance (Eizaguirre et al. 2009). Phylogenetic analyses
show that DAB3 alleles form a distinct monophyletic clade,
indicating a possible functional divergence from DAB2
alleles. This locus-specific information obtained is crucial
to MHC-based hypothesis testing. For example, Dearborn
et al. (2016) used a locus-specific approach to study the
MHC IIb genes in the Leach’s storm petrel (Oceanodroma
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«Fig.5 (a) Combined boxplot anddotplot of the total allelic copy
numbers of DAB2 and DAB3 exon 3, and the ACTB gene based on
the qPCR results, normalized by RPLI7. Three schematic dia-
grams denote the DAB2 and DAB3 loci of chromosome 2 in respect
to DAB3-heterozygous or -homozygous, DAB3-hemizygous, and
DAB3-missing individuals. (b) Combined violin plot and dotplot of
the DABI, DAB3, and ACTB allelic copy numbers estimated using
whole genome sequencing data for DAB3-heterozygous, DAB3-non-
heterozygous (homozygous or hemizygous), and DAB3-missing indi-
viduals

leucorhoa) and showed that if genes became functionally
divergent after gene duplication, the offspring will always
inherit diverse multilocus genotypes, and MHC diversity
will be maintained even under random mating. However, if
alleles of duplicated genes did not diverge from each other,
MHC-disassortative mating is required to increase the MHC
diversity in offspring.

Notably, some fishes contain only a single DAB3 copy in
their diploid genomes. Hemizygosity was rarely reported
from previous MHC research. Lighten et al. (2014b) esti-
mated a range of 1-5 class IIb loci from seven populations
of guppies (Poecilia reticulata) and indirectly predicted

the presence of hemizygous loci from allelic copy number
estimation. These hemizygous guppies were presumably
hybrids originated from mating between parents from two
locally adapted populations and may possess MHC hap-
lotypes with different number of loci from two diverging
gene pools (Eizaguirre et al. 2009). In theory, individuals
with super-optimal MHC diversity confer enhanced anti-
gen-binding breadth, but also come with a detrimental
reduction of T cell repertoire and hence a lower fitness
(Nowak et al. 1992; Woelfing et al. 2009). Alternatively,
hemizygous individuals could benefit from recognizing
the target antigen(s) while avoiding superfluous expres-
sion of identical MHC alleles (i.e., in homozygous indi-
viduals), given that doubling the number of alleles could
lead to more than twofold elevation in the expression level
(Loehlin and Carroll 2016). The optimal number of MHC
genes in an individual likely depends on the selective pres-
sure from pathogens. An approach to test the fitness conse-
quence of CNV is to compare the pathogen load between
individuals with different MHC copy numbers, i.e., DAB3-
heterozygous, DAB3-homozygous, DAB3-hemizygous, and
DAB3-missing individuals in our B. splendens case. On the
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Fig.6 Sequencing depth-of-coverage (DoC) across the genomic
region spanning from DAB2 to DAB3. DoC of DAB3-containing
individuals (GA and GV) and DAB3-missing individuals (GF, GJ,
GN and GT) are shown in purple and grey, respectively. Green and
yellow bars denote annotation of genes and exons, respectively, with
arrows indicating transcriptional orientation. The red bar highlights

the potential genomic region (~ 20 kb) that was lost in haplotypes
without the DAB3 gene.Thelight red bar (~ 8 kb) denotes the highly
repetitive intergenic region between the DAA3 and DAB3 genes,
which likely led to wrong mapping. Black bars denote repeat-masked
regions in the genome
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Fig.7 A neighbor-net phylogenetic network of DAB exon 2alleles
from Betta splendens. Labels of B. splendens allelesbelonging to
DABI, DAB2, and DAB3 are colored in red, blueand green respec-

other hand, the number of genomic copies could be dispro-
portional to that of expressed copies (O'Connor and West-
erdahl 2021); therefore, comparing the expression level of
DAB3 genes between individuals of different genotypes
upon pathogen exposure will disentangle the relationship
between genomic and expressed MHC diversity. Both find-
ings will shed light on the evolution of MHC CNV within
and between species.

CNV among anabantoids

Our comparative genomic analysis of anabantoids revealed
frequent translocation and inversion of the MHC II genes in
different chromosomes throughout the anabantoid diversifica-
tion. This coincides with the long-standing idea that teleost
MHC is diverse but not complex (Shand and Dixon 2001). In
bony fishes, the most notable differences of their MHC genes
from mammalian ones are their non-linkage of MHC class
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tively. Within each clade, well-defined clusters shown in thephyloge-
netic tree (Fig. 8) are enclosed and shaded. The scale bar at the cent-
ershows the branch length in substitutions per site

I and II regions (Sato et al. 2000) and the wide dispersion
of genes associated with MHC-associated pathways (Reusch
et al. 2004). It had therefore been suggested to designate the
regions in teleost fishes as major histocompatibility (MH)
instead of MHC (Stet et al. 2003). Since the divergence of
ancestral teleost from Lepisosteus oculatus (spotted gar) and
cartilaginous fishes, which, along with tetrapods, have their
class I and II loci closely clustered in a single chromosome
(Braasch et al. 2016), the primordial MHC class II has been
translocated out of a typical MHC region into different link-
age groups in the early stages of ray-finned fish evolution
(Yamaguchi and Dijkstra 2019). The absence of linkage thus
provides rooms for frequent inter- and intra-locus recombi-
nation (Stet et al. 2003), giving rise to a variety of syntenic
organization during teleost diversification.

Furthermore, CNV plausibly exists among Betta species.
Other Betta species show varied number of unique alleles
and uneven sequencing coverage at the three B. splendens
DAB loci based on the mapping results. For example, B.
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Fig.8 A Bayesian phylogenetic tree DAB exon 2 alleles from Betta
species, anabantoids, and other teleost species. A human HLA-DRB
allele is used as the outgroup. Alleles of each Betta species are indi-
cated by same colored labels, whereas labels of other species are
black. Pink dots represent allele sequences of B. splendens.Branches
belonging to the DABI, DAB2, and DAB3 clusters are highlighted in
red, blue, and green, respectively. Within each cluster, the darkened

burdigala had a 7- to 14-fold higher coverage at DAB2 com-
pared with DABI and DAB3, whereas reads of MHC from B.
rubra were predominantly mapped to DABI. The observed
uneven coverage is likely due to the presence of additional
MHC gene copies. It is worth noting that our findings may
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color represents major lineages containing alleles of B. splendens.
The scale bar at the center shows the branch length in substitutions
per site.The branch color intensities correspond to the posterior prob-
ability, which are predominantly higher than 0.90 in most of the
branches. The orange arrow indicates a potential single-deletion event
of the DAB3 region in the ancestral haplotype of Besp-DAB2*0101,
0201, 0301, 0401 ,and 0901

only reflect CNV among B. splendens individuals that have
been subjected to long history of domestication (Zhang et al.
2021). Further studies on wild-type individuals and other
Betta species are needed to unravel the inter-specific CNV
pattern in this genus.
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Positive selection at DAB2 and DAB3
but not DAB1

Signature of positive selection at the PBS of DAB2 and
DAB3 and the trans-species polymorphism shown by the
phylogenetic analysis suggests that balancing selection
maintains the polymorphism of these two genes over long
periods of time across speciation events (Klein et al. 1998).
In contrast, DAB] is almost monomorphic, which is uncom-
mon for classical MHC genes (Yamaguchi and Dijkstra
2019). DABI in B. splendens contains key structural resi-
dues and shares high sequence similarity with DAB2 and
DABS3 that are both under the same DA lineage in teleosts
(Dijkstra et al. 2013). However, the identified exon 2
sequences of DABI are almost identical, and there was no
signature of positive selection. This pattern was observed in
closely related B. smaragdina, B. mahachiensis, B. siamo-
rientalis, and B. imbellis, which had their DABI sequences
identical to the Besp-DABI1*0102 allele (Fig. S3). In the
phylogenetic tree, the DABI clade had a much shorter branch
length than DAB2 and DAB3 clades (Fig. 8), indicating a low
substitution rate and small sequence difference. A potential
homolog of Besp-DABI was found in G. aculeatus (stickle-
back) and A. testudineus (climbing perch) but not in other
two anabantoids (Fig. 4a). In teleostei, while some spe-
cies have a higher sequence diversity in either the DAB or
DAA genes (Gomez et al. 2010), other species have simi-
lar diversity at both genes (Reusch et al. 2004). The corre-
sponding DAA and DAB genes in B. splendens share similar
patterns of polymorphism, e.g., both DAAI and DABI are
almost monomorphic without signs of positive selection, and
both DAA2 and DAB?2 are the most polymorphic one among
DAA and DAB genes, respectively (Fig. S4).

MHC genes without extensive polymorphism or signs of
positive selection were occasionally reported in other stud-
ies (e.g., Aguilar et al. 2006, Bollmer et al. 2010, Jeon et al.
2019, Llaurens et al. 2012 and Zagalska-Neubauer et al.
2010). This is likely to be masked in many studies that co-
amplified multi-locus alleles and performed strict clustering
and elimination of so called “redundant” alleles (e.g., Gerdol
et al. 2019). Since individuals with reduced MHC diversity
could be more vulnerable to pathogen infection (Radwan
et al. 2010), the low polymorphism of DAB/ found in multi-
ple species is pointing to a functional difference of DABI to
DAB?2 and DAB3. DABI appeared to have a lower expression
level compared to the more polymorphic DAB2 and DAB3
(Table S4), which indicates a differentiated functional role of
this gene from the others. One possibility is that DABI may
act as a promiscuous binder that recognizes a broad range
of antigens from common pathogens, opposite to fastidious
binders that are specialized for one or a few peptide motifs
(Kaufman 2018). Alternatively, DABI could be maintained
through genetic hitchhiking given their tight linkage with the
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a-chain coding DAA gene (Radwan et al. 2020). Llaurens
et al. (2012), who found similar monomorphic pattern in a
cluster of DAB sequences from P. reticulata, proposed that
positive selection may act on the PBR of DAA while the
neighboring DAB “hitchhikes” and increases in frequency
along with the selective sweep. But this mechanism might
not apply to B. splendens as we found no evidence of posi-
tive selection in DAA1 (Fig. S4).

Conclusion

We investigated three classical MHC IIb genes in B. splen-
dens using a locus-specific approach and uncovered copy
number variation of MHC genes in this species. Specifically,
different individuals may carry different copy numbers of the
DAB3 gene — some individuals with two copies (heterozy-
gous or homozygous), some have one (hemizygous), and
some do not possess this gene. We demonstrated that there
was a potentially single deletion event of the ~20-kb-long
genomic region that had led to the lack of DAA3 and DAB3
in descendant haplotypes. We also investigated the evolu-
tionary history of the three DAB genes in anabantoids and
16 Betta species, revealing considerable differences in the
mode of selection and sequence polymorphism specific to
each locus. Their corresponding DAA genes in B. splendens
share similar pattern of polymorphism and selection. These
results highlight the importance of investigating locus-
specific characteristics and intra-specific CN'V, which can
shape pathogen resistance and subsequently lead to an effect
on the fitness consequences of individuals and population,
ultimately affecting the evolutionary trajectory of this multi-
gene family.
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