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GENETICS
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The Betta fish displays a remarkable variety of phenotypes selected during domestication. However, the genetic
basis underlying these traits remains largely unexplored. Here, we report a high-quality genome assembly and
resequencing of 727 individuals representing diverse morphotypes of the Betta fish. We show that current breeds
have a complex domestication history with extensive introgression with wild species. Using a genome-wide associa-
tion study, we identify the genetic basis of multiple traits, including coloration patterns, the “Dumbo” phenotype
with pectoral fin outgrowth, extraordinary enlargement of body size that we map to a major locus on chromo-
some 8, the sex determination locus that we map to dmrt1, and the long-fin phenotype that maps to the locus
containing kcnj15. We also identify a polygenic signal related to aggression, involving multiple neural system-
related genes such as esyt2, apbb2, and pank2. Our study provides a resource for developing the Betta fish as a
genetic model for morphological and behavioral research in vertebrates.

INTRODUCTION

The Betta fish (Betta splendens) is indigenous to central Thailand
and the lower Mekong (1) and is mostly known for its domesticated
forms appreciated as an ornamental fish but was originally bred for
its use in gambling matches similar to cock fights (2). Through cap-
tive breeding, a remarkable variety of behaviors and morphologies
have emerged, including variation in aggressiveness, pigmentation,
body size, and fin shape. B. splendens is easy to breed and maintain
and provides a useful resource for exploration of the genetic basis of
behavior and morphology in vertebrates, due to the high degree of
intraspecific variability and the vast number of characterized phe-
notypes. It also provides a fascinating example of how direct and
indirect selection imposed by humans has shaped a domesticated
species. Although researchers have examined the inheritance of
body color, fin length, and sex determination (SD) in classic crosses
in the 1930s to 1940s (3-9), relatively little was known about the
genetic basis of phenotypic variability in Betta fish until recent studies
investigated the double tail, elephant ear, albino, fin spot, and SD
phenotypes (10-12). Here, we report a high-quality chromosomal-
level genome assembly of a female B. splendens, resequencing data
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of 727 domesticated individuals and 59 wild individuals from six
other species in the B. splendens complex. We examine the evolu-
tionary relationship and origins among breeds and use association
mapping to identify the genetic basis of a number of different traits
including SD, fin morphology, coloration, body size, and aggressive-
ness and other behaviors. More background on Betta fish and the
samples used here can be found in text S2.

RESULTS

Genome assembly, annotation, and comparative analyses

of the Betta fish

We generated a high-quality chromosomal-level assembly of the
Betta fish using a multifaceted sequencing and assembling work-
flow, including PacBio reads, Illumina reads, Hi-C reads, 10x
Genomics reads, and BioNano optical mapping (text S1 and table S1).
The final assembled genome was 451.29 million base pairs (Mb)
with contig and scaffold N50s reaching 4.07 and 19.63 Mb, respec-
tively. A total of 93.6% of the scaffolds were placed onto 21 chromo-
somes, which is accordant with the chromosome karyotype reported
previously (13). The assembly contains 119 Mb of repetitive
sequences (tables S2 and S3 and fig. S1) and 25,104 annotated struc-
tural genes, 22,788 (90.77%) of which were functionally annotated
(text S1, tables S4 to S6, and fig. S2). CEGMA (Core Eukaryotic
Genes Mapping Approach) (14) analyses confirmed the presence
of 239 of 248 (96.4%) complete core eukaryotic genes, and BUSCO
(Benchmarking Universal Single-Copy Orthologs) (15) evaluation
showed that 2522 of 2586 (97.5%) single-copy orthologous genes
were annotated (table $7), indicating high completeness of the
genome and gene annotation. We constructed a phylogeny using
465 single-copy orthologs shared by B. splendens and other 13 teleosts
and showed that B. splendens diverged ~109.6 million years (Ma)
ago from other Perciformes (Fig. 1A and fig. S3). The high-quality
genome assembly coupled with comprehensive genome annotation
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Fig. 1. Phylogeny and population structure of the Betta fish (B. splendens). (A) The phylogeny of teleost including the Betta fish constructed with single-copy genes
across the genome. (B) Maximum likelihood tree of concatenated genome-wide single-nucleotide polymorphisms (SNPs) for domesticated and wild forms of B. splendens.
The tree is truncated at the branch connecting to individuals of other Betta species, and the untruncated tree can be found in fig. S5. The dashed-line circle indicates the
wild Betta fish. The letters by the fish photos correspond to the letters in (D). (C) PCA of the Betta species complex. The inset is the PCA for all B. splendens individuals.
(D) Admixture analysis of the B. splendens breeds and their closely related wild species. K= 12 is presented here, and the results with K varying from 2 to 15 are in fig. S7.
Acronyms for wild species are as follows: BSP, B. splendens; BIM, B. imbellis; BS|, B. siamorientalis; BMA, B. mahachaiensis; BSM, B. smaragdina; BSG, B. smaragdina guitar;

BST, B. stiktos.

represents an important addition and improvement to the existing
reference genome resources for Betta fish research (table S7).

Diversification of the Betta fish during domestication

We collected 14 breeds of Betta fish differing in tail type, coloration,
sex, and body size (text S2, fig. S4, and table S8) and performed
whole-genome resequencing of 727 individuals, resulting in ~2.7-Tb
clean sequencing data with depths ranging from 3x to 34x
(average 6.7x). To elucidate the population history of the B. splendens
complex and the origins of the domesticated Betta fish, we further
sequenced 59 individuals from six wild species of the B. splendens
complex with an average depth of 24x (19x to 31x), to coanalyze with
20 randomly picked individuals from each breed. A maximum likeli-
hood phylogeny (Fig. 1B) from concatenated sequences, representing
the average genomic coalescent tree, showed that the domesticated
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breeds form a monophyletic group relative to other wild species (Fig. 1B
and fig. S5). In addition, consistently, in principal components
analysis (PCA), they form a close cluster, distinct from other wild
individuals (Fig. 1C and figs. S7 and S8). These observations are
compatible with the hypothesis that all current breeds of the Betta
fishes were domesticated from the same group of wild B. splendens.
The Betta siamorientalis individuals form a monophyletic clade
within the cluster of Betta imbellis individuals in the tree (fig. S5). The
lineages of Betta smaragdina guitar are interspersed with B. smaragdina,
and Betta stiktos form a monophyletic clade within this cluster in
the average genomic tree (fig. S5). These three species are also largely
overlapped in PCA (Fig. 1C and fig. S7), suggesting that they all
should be considered different varieties of the B. smaragdina species.

Several clades of the Fighter breed fall as outgroups to the rest of
the domesticated breeds in the phylogenetic tree (Fig. 1B), which is
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compatible with the breeding record that the Fighter breed represents
an early domesticated form and that the earliest domesticated Betta
fish in fact were breeds selected for fighting (2). Other breeds falling
toward the root of the tree include Veiltail and Crowntail. However,
these observations can also be attributable to introgressions from
the wild species into Fighter, Veiltail, and Crowntail breeds, as
extensive gene flow signals are observed among different fish groups
(text S3). Population structure, as revealed by the phylogeny (Fig. 1B),
PCA (Fig. 1C and fig. $8), and admixture analyses (Fig. 1D and fig.
S6), suggests that breeds defined by coloration and morphology are
generally clustered together, although we note that this conclusion
might be affected by the sampling strategy used here (text S2). The
HMPK (Halfmoon Plakat) breeds, which are short-fin types dis-
tinct from the Fighter and wild B. splendens by a rounded tail shape
and body shape, also cluster on the basis of appearance, mostly relat-
ed to colors (Fig. 1B). The Red, Yellow, Orange, Turquoise-green,
Royal-blue, Steel-blue groups of breeds carry substantial group-
specific genetic drift that is notable in the PCA, structure analyses,
and the genome-wide phylogeny (Fig. 1, B to D, and fig. S6), suggest-
ing that these groups experienced strong bottleneck effects in their
domestication history.

TreeMix analyses (figs. S9 and S10) suggest substantial gene flow
between wild and domesticated species in Betta fish. An exhaustive
D statistics analysis testing D (P1, domesticated; P2, domesticated;
P3, wild; P4, Smaragdina) confirms these results and shows ubiqui-
tous heterogeneity in the amount of gene flow between the domes-
ticated and wild species, even noticeable among individuals from
the same breed (text S3 and figs. S11 and S12). The high hetero-
geneity in admixture among individuals suggests not only that gene
flow is common among wild and domesticated breeds but also that
it is recent, likely because of anthropogenic influences. At least two
wild species, Betta mahachaiensis and B. imbellis, have contributed
to the genomic makeup of domesticated Siamese fighting fish (text
S3 and figs. S9 and S12) and may, therefore, also have contributed
to phenotypic variation in these breeds. A more detailed discussion
of the phylogeny of the Betta species and the population structure of
B. splendens can be found in text S3, as well as a detailed discussion
of the pattern of admixture and gene flow.

Regulatory variants in dmrt1 mediate the male
heterogamety of B. splendens
To map the SD locus, we performed association mapping on all 727
individuals consisting of 590 males and 137 females using a mixed
linear model implemented in GEMMA (16). The kinship matrix
and the first three principal components from PCA were used as
covariates to minimize the effects of population stratification. We
find a highly significant map location at position 27.75 to 27.81 Mb
on chromosome 9 (P =1.51 x 107%%; Fig. 2, A and B) and no evidence
of statistical inflation (fig. S13). Mapping with different breeds con-
sistently replicate the signal, supporting a common genetic basis of
SD in all these breeds (fig. S14), which is also consistent with previ-
ous studies (11, 12). Five hundred thirty of the 537 individuals with
heterozygous genotypes of the lead variant (chr9:27,800,976, G/A)
are phenotypically males, and 130 of the 137 individuals homozy-
gous for AA being female, which strongly supports the hypothesis
of male heterogametic (XY/XX) in Betta fish (table S9).

The most strongly associated variants cluster in introns of dmrt1
and kank1 (Fig. 2B). kank1 has a role in cytoskeleton formation by
regulating actin polymerization (17), which makes it a less likely
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candidate for SD. dmrt1, in contrast, is a well-known gene contribut-
ing to the SD in fish (18), bird (19), and reptiles (20). In addition,
mRNA sequencing shows that dmrtl is highly expressed in testis
but barely detectable in ovary (Fig. 2C). dmrtl in the Betta fish is
evolutionarily close to the medaka fish dmy gene (fig. S15), which
was the first sex-determining gene identified in teleosts (21). The
presence of males with homogametic female genotype (52 of 590;
table S9) may suggest that environmental factors, such as tem-
perature, could also play a role in SD similarly to many other
fish (22). Other wild species, including B. imbellis, B. siamorientalis,
B. mahachaiensis, B. smaragdina, B. smaragdina guitar, and B. stiktos,
probably have a different SD mechanism, as both female and male
individuals are homozygous for G allele at the lead single-nucleotide
polymorphism (SNP) (table S9), and genome-wide association study
(GWAS) with these individuals did not recover the signal at the
dmrtl locus (fig. S16).

Colors and color patterning in the Betta fish

Crossing Royal-blue (fig. S4E) male and female individuals produces
Turquoise-green (fig. S4D), Royal-blue (fig. S4E), and Steel-blue
(fig. S4F) offspring, at a Mendelian ratio of 1:2:1 (5). A previous
study comparing the composition of pigment cells in scales among
these breeds showed that the Steel-blue differed from the others
by lacking erythrophores on the lower layer of scales (23). A GWA
analysis coding Steel-blue (n = 35), Royal-blue (n = 28), and
Turquoise-green (n = 26) as 1, 2, and 3, identified a single locus
(Fig. 2D) at 8.96 to 9.19 Mb on chromosome 24, and GWAS with
other coding schemes consistently mapped to the same location
(fig. S17). Genotype analysis at the peak SNP (chr24:9,191,247)
show that the Turquoise-green and Steel-blue are homozygous for
different alleles, and 27 of the 28 the Royal-blue individuals are
heterozygous (table S10), which is highly consistent with the co-
dominant inheritance pattern. This locus contains 13 protein-coding
genes (fig. S18) including mthfd1l (methylenetetrahydrofolate
dehydrogenase 1 like). mthfd1l is involved in the synthesis of tetra-
hydrofolate (24), which is engaged in the de novo assembly of purines,
a key component of iridophores that generate iridescent colors
including blue and green colors (25). Therefore, mthfd1l is a prom-
ising candidate that warrants in-depth functional investigation.

The Copper breed (fig. S4I) of Betta fish has a characteristic
metallic appearance on scales, and breeding records indicate that it
is derived by introducing the “metallic gene” into the genetic back-
ground of Steel-blue breed (fig. S19) (26). We performed a GWAS
using Copper as cases (n = 43) and Steel-blue as control (n = 35) and
identified two most significant peaks (fig. S20). The strongest one
overlaps with the locus underlying the Royal-blue, Steel-blue, and
Turquoise-green color variation, and the other is located at 10.37 Mb
of chromosome 5 (fig. S21) with all peak variants residing in the sr-
gap3 gene (fig. S21), a cytoskeleton regulator (27). Genotype analysis
at the lead SNP of this locus (table S11) shows that Steel-blue is
homozygous for the T allele, while Copper individuals carry one or
two copies of the alternative allele (C), consistent with the known
inheritance pattern (fig. S19). Therefore, we consider the associated
region a strong candidate for the hypothesized Mendelian metal-
lic gene.

In teleosts, erythrophores and xanthophores produce red and
yellow pigments, respectively, and orange color can be conferred
by either pteridine component or a mixture of red and yellow pig-
ments (28). The case-control GWAS contrasting the Orange breed
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(n = 28; fig. S4C) with the Red (n = 26; fig. S4A) and Yellow (n = 29;
fig. S4B) breeds identified a major locus at position 5.83 Mb of
chromosome 8, harboring 93 variants, all residing in the rnf213 gene
(Fig. 2E and figs. S22 and S23), which is involved in angiogenesis
and the noncanonical Wnt signaling pathway in vascular develop-
ment (29). The lead variant is a 1-bp (A) insertion/deletion varia-
tion in intron of rnf213. The Red and Yellow breeds are homozygous
for the T (deletion) allele, while the Orange breed has a high fre-
quency of the TA (A insertion) allele (table S12).

The mosaic color pattern (fig. S4L) is a spectacular phenotype in
the Siamese fighting fish with multiple commercial names, including
koi, candy, galaxy, lemon, and marble. Although the mosaic color
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pattern has also been observed in koi carp (30) and medaka (31), the
underlying molecular basis has not been investigated. Here, we per-
formed GWAS with a case-control design between solid (n = 209)
and mosaic colors (n = 55; fig. S4L) and identified nine associated
loci on eight chromosomes, suggesting a polygenic basis underlying
this phenotype (Fig. 2F). The two strongest signals are found in two
adjacent peaks on chromosome 11. On the most significant locus
(16.20 to 16.67 Mb; fig. S24A), we highlight sic39a7, chs3, chs8, and
collla2, which are related to pigmentation, and tubb, which is
involved in intracellular pigment mobilization (32). In addition,
the adjacent locus (13.71 to 14.93 Mb; fig. S24B) also contains
pigmentation-related genes including plec, eppk1, slc17a5, and slc52a2.

40f13



SCIENCE ADVANCES | RESEARCH ARTICLE

Notably, there are eight copies of plec, a hub gene in a gene co-
expression network analysis for “Pink-dark green” color alteration
in cavefish (33), in the association peak.

The Siamese fighting fish also show great diversity in their eye
colors, and at least six color categories, including black, white, yellowish
brown, yellow, light blue, and brown, can be visually identified.
However, GWA mapping on each group did not reveal strongly as-
sociated loci (fig. S25), perhaps suggesting a complex genetic archi-
tecture or environmental cues underlying eye color variation.

Gain of function of kcnj15 contributes
to the overgrowth of fins
The most notable morphological difference among the Betta fish
is in the fins, especially the caudal fin. Veiltail (n = 61; fig. S4Q),
Crowntail (n = 55; fig. S4P), and Halfmoon (n = 85; fig. S40) show
a remarkable outgrowth in dorsal, anal, and caudal fins compared
to the Fighter (n = 101; fig. S4R) and HMPK (n = 424; fig. S4) breeds
(fig. S26). Interbreed crosses suggested a shared genetic basis for all
long-fin varieties, and the long-fin phenotype was dominant over
short-fin phenotype (34). To map the underlying genetic variation,
we performed GWAS contrasting long-fin (case, n = 201) with
short-fin individuals (controls, n = 525) (Fig. 3A and fig. S27). An
extremely significant locus (P = 4.15 x 107"*%) centered at position
9.60 Mb on chromosome 14 (Fig. 3A) was identified. There are
three lead variants in complete linkage (Fig. 3B): one synonymous
(9,590,677 bp, exon 3, C1551T), one intronic (9,590,546 bp, intron 2,
G/A) located in smg8, and one in the 3’ untranslated region (3'UTR)
of kenj15 (9,596,738 bp, G/A). All three variants perfectly distinguish
between long-fin and short-fin in domesticated individuals (Fig. 3D).
The smg8 protein acts as a regulator of kinase activity involved in
nonsense-mediated decay of mRNAs (35) and is an unlikely candi-
date of the long-fin phenotype. In contrast, kcnj15 encodes a potassium
channel, which is a much better candidate, as several genes encoding
potassium channels, including kcnk5b (36), kenh2a (37), kenjl3
(38), and kccda (39), have been identified to cause various long-fin
phenotypes in zebrafish. Moreover, when comparing the expression
profiles of the two candidate genes in caudal fin between long-fin and
short-fin individuals by RNA sequencing (RNA-seq), we found that the
expression levels of smg8 were similar between different fish groups,
while kcnj15 showed a significant difference as it is highly expressed
in long-fin breeds (Fig. 3C and fig. S28A), and its transcripts were
almost undetectable in short-fin breeds (Fig. 3C and fig. S28A).
Most of the wild species, including B. splendens, B. imbellis,
B. mahachaiensis, and B. stiktos, are considered short fin, and con-
sistently, all these individuals are fixed for the G allele at the lead
SNP in kcnjl5, and few transcripts can be detected (table S13 and
fig. S28B). In the B. smaragdina and B. smaragdina guitar popula-
tions, the variant is still segregating. In a heterozygous B. smaragdina
individual, the predicted transcripts can be detected but with low
expression levels (fig. S28B), which is probably caused by recent
introgression from long-tail breeds during the in-captivity breeding
effort in B. smaragdina. Given that the lead variant is located on a
3'UTR and the strong association between variant alleles and ex-
pression levels of kcnjl5, we speculate that the variant might have
affected the stability of the mRNA of kcnjl5.

Veiltail, Crowntail, and Halfmoon phenotypes
Within the long-fin breeds, there is much additional phenotypic
variation, with Veiltail, Crowntail, and Halfmoon breeds as some of
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the most distinctive breeds. Veiltail is the first long-fin breed re-
corded (8), while later selection for full 180° spread in caudal fin ray
gave rise to the Halfmoon breed. The Crowntail breed differs from
the Halfmoon breed by having reduced webbing tissue between the
fin rays. GWAS contrasting Veiltail and Halfmoon identified a 300-kb
region at 13.48 to 13.79 Mb on chromosome 16, possibly associated
with the fin spread phenotype (Fig. 3E and fig. $29). In this locus,
there are four genes (znf407, zadh2, tshz1, and znf516) that encode
zinc finger proteins widely involved in transcriptional regulation
and cellular functions (fig. S29) (40). GWAS comparing Halfmoon
and Crowntail revealed a significant signal at 12.21 to 12.27 Mb on
chromosome 2 (Fig. 3F and fig. S30), possibly associated with the
webbing phenotype. Within the locus, a cluster of significantly
associated variants is located in the intergenic region between a0zsk3
(neoverrucotoxin subunit o) and cep70 (centrosomal protein 70)
(fig. S31), which do not have any function immediately connected
to the phenotype, possibly suggesting a regulatory role of the under-
lying causal variant. Comparing the Crowntail and Veiltail breeds
revealed a locus (8.25 to 8.40 Mb) on chromosome 22 (Fig. 3G and
fig. S31) spanning eight genes including frmdé6 (fig. S32), which is
involved in actomyosin structure organization, and with loss of
expression associated with epithelial-to-mesenchymal transition
features (41), making this a strong candidate gene for explaining the
phenotypic differences in fin morphology between the Crowntail
and Veiltail breeds.

The “Dumbo” phenotype

The pectoral fin in teleosts is homologous to the anterior appendages
in amphibians, reptiles, and mammals (42). One breed, the Dumbo,
is characterized by the overgrowth of its paired pectoral fins, with
more and elongated fin rays (Fig. 1B and fig. S4, M and N). GWAS
using the Dumbo as cases (n = 64) and non-Dumbo as controls
(n = 663) identified two strong signals (Fig. 3H), which are located
on chromosomes 11 (8.87 to 9.72 Mb, P = 3.99 x 10™°>; fig. $32)
and 19 (4.25 to 4.47 Mb, P = 1.13 x 107°% fig. $33), respectively.
Wang et al. (10) investigated the same phenotype using an Fgr
(genetic fixation index) scan with a smaller sample size (n = 47) and
located a 1.3-Mb region on chromosome 11 (chromosome 9 in their
assembly) that contains one of our GWAS peaks. They suggested,
on the basis of gene expression analyses, that the causal gene could
be kcnh8 (10). However, this gene resides outside of the associated
locus on chromosome 11 identified in our study (fig. S32A). More-
over, no differential expression was detected in the pectoral fin tissue
for kenh8 when comparing Dumbo and non-Dumbo breeds (fig. S34).
The lead SNP in our study is in a region containing a cluster of eight
genes from the hoxa gene family that is essential for forming fin
skeleton and digits in teleosts (43). For the signal on chromosome
19 (fig. S33B), one of the lead SNPs is located on the 3'UTR of fbxI15
(F-box and leucine-rich repeat protein 15), a gene involved in dorsal/
ventral pattern formation and bone bass maintenance (44), rendering
it a strong candidate gene.

The Giant phenotype

Body size exhibits a polygenic inheritance in many organisms,
including humans (45). In Betta fish, a Giant mutant shows signifi-
cant body enlargement as indicated by the increase in total length,
standard length (body length excluding tail), height, and weight
compared to other breeds (Fig. 4, A to D). A case-control GWAS
comparing Giant size with normal size breeds and GWAS using
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measurements of body length identified a shared significant locus at
position 2.03 to 2.26 Mb of chromosome 8 (lead SNP chr8:2,130,270,
P =49 x 10" and 3.8 x 107'*), which explained 8.1 to 9.0% of
phenotypic variance (Fig. 4, E and F). Scrutinizing the genes in the
locus, we did not find a gene that encodes a global regulator of
body development (figs. S35 and S43 and table S14), which is ex-
pected given the observation that the Giant mutation causes en-
largement of many organs. Nevertheless, we highlight mrps34 and
spsb3, which are associated with human height in the GWAS catalog
(www.ebi.ac.uk/gwas/home).

Aggression

Aggressive behavior is a complex phenotype involving genetics,
endocrinology, neurophysiology, and metabolism (46). Male winners
of the Siamese fighting fish in one-versus-one fights have been
selected by breeders for improved combating performance (47),
thus producing the Fighter breed with stronger aggressiveness, longer
fighting duration, and more active in motion. We performed a
GWAS using the Fighters (n = 101) as cases and other breeds (n = 626)
as controls and identified 36 association peaks distributed across
21 chromosomes (Fig. 5A, figs. S36 to S39, table S15), suggesting a
polygenic basis for the behavioral differences between the Fighter
and other breeds. The strongest association signal is found on
chromosome 4, and the lead SNP (chr4:19,187,735, P=1.83 x 10™*)
is located in the vicinity of two copies of esyt2 (fig. S36), a promising
candidate for the aggression phenotype as it is shown to promote
neurotransmission and synaptic growth in Drosophila (48). We also
highlight six other neural system-related genes that were tagged by the
association peaks, including apbb2 (chr1:11,041,854, P = 4.08 x 10~')
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that encodes B amyloid A4 precursor protein-binding family B
member 2 protein and is associated with neurodegeneration and
Alzheimer’s disease (49); pank2 (chr22:10,026,514, P =9.69 x 10™)
that encodes pantothenate kinase and is associated with neuro-
degeneration and Parkinsonism (50); crhr2 (chr17:11,651,678,
P = 4.79 x 10"'?) that encodes corticotropin releasing hormone
receptor 2 that mediates anxiety in mice (51); ece2 (chr17:8,494,762,
P = 1.20 x 107°) that encodes endothelin-converting enzyme-2
that regulates neurogenesis and neuronal migration in humans
(52); gpr139 (chr8:4,905,640, P = 1.86 x 10™'*) that encodes an
orphan G protein—-coupled receptor and is a central player in
opioid modulation of brain circuits (53); and grm3 (chr5:10,257,908,
P =3.12 x 10”®) that is associated with bipolar disorder and schizo-
phrenia (54, 55). Further investigation into these associations might
provide mechanistic insights into the neural basis underlying aggres-
sive behaviors.

To study the behaviors associated with fighting, we phenotyped
10 different behaviors displayed during simulative fighting (Fig. 5B),
including approach, charging, air breathing, gill flare, fin flare, jerk,
mouth open, pacing, retreat, and shimmer (Fig. 5, C to J, and fig.
$40), and performed association mapping to identify the genetic
architecture for each behavior (Fig. 5, K and L, fig. S41, and table S16).
A GWAS for the charging behavior during fighting (Fig. 5K) iden-
tified a strongly associated SNP (chr9:18,392,726, P = 5.36 x 107'5;
fig. S42A) located close to two copies of gfra2, which plays a key role
in the control of neuron survival and differentiation (53). Notably,
the association signal is reproduced in GWAS for the mouth opening
behavior (fig. S42B), suggesting a common genetic basis for these two
correlated behaviors during fighting. We quantified the aggressiveness
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by synthesizing all the 10 behaviors in an aggression index (Fig. 5])
according to which the Fighters show 143% stronger aggression
than the non-Fighters (P = 1.78 x 107"}, ¢ test). GWAS on the ag-
gression index identified a cluster of associated variants on chromo-
some 8, located on, or near, the atp5¢2 gene, which is a subunit
of mitochondrial adenosine triphosphate synthase (table S16) (56).
Another signal on chromosome 9 tagged unc-13 homolog B gene
(unc13b), which is associated with the risk of schizophrenia and
partial epilepsy in humans (table S16) (57, 58).
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DISCUSSION

The Betta fish has a complex domestication history involving intro-
gression from other wild species and intensive selection on a variety
of phenotypes. We here provide an extensive analysis of the history
of domestication and the genetic basis of many phenotypes selected
during domestication. A number of traits appear to have major
effect loci, including the fin elongation, which we map to a locus con-
taining kcnjl5, and several coloration traits. The fact that this long-fin
mutation is shared among Veiltail, Halfmoon, and Crowntail suggests
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perhaps that this mutation arose in their common ancestor before
the mutations differentiating breeds arose. Presumably, these are
traits that have been selected by breeders on the basis of individual
de novo mutations that occurred in aquaculture and then were shared
directly or indirectly among breeders. However, the behavioral
traits associated with aggression show a more polygenic nature. We
speculate that the heritability of these traits generally is more
polygenic and selection affecting these traits may depend more on
standing variations than de novo mutations of large effect, possibly
due to constraints in the genetic architecture of these traits. We also
found a major effect locus for SD, which we map to dmrt1. However,
closely related wild species do not have the same sex-determining
locus, suggesting that genetic SD has evolved de novo in B. splendens,
making this species a great model system for understanding the
evolution of genetic SD in vertebrates.

Many of our association mappings are based on a case-control
design comparing different breeds, which shares some similarities
with classical Fsr scans for identifying selection. The limitation of
the design is that it confounds the interpretation of the association
signal, as the associated loci identified are probably related to the
focal phenotype that differentiates the case and control groups, but
it can also be attributable to other cryptic phenotypes that are se-
lected in the focal breed during domestication. Further studies are
needed to establish more specific genotype-phenotype connections
for these association signals.

Overall, our results demonstrate that the Betta fish is a great model
for understanding the genetic basis of a host of different traits in ver-
tebrates, including coloration and patterning, skeletal development of
fin/limbs, and behavioral traits such as aggression. As an easy breeder
in captivity, the Betta fish has substantial potential as a model system
to augment existing vertebrate models such as zebrafish and mice.

MATERIALS AND METHODS

Sampling and phenotyping

All the 727 domesticated individuals in the study were bought from
the Yuexiu pet market in Guangzhou, China. The 59 “wild” individuals
from the B. splendens complex were brought from fish farms in
Bangkok, Thailand, through commercial exporters, and these
phenotypically wild individuals had been kept and bred in fish farms.
Two female HMPK Siamese fighting fishes used for de novo genome
assembly and annotation came from the same brood of an F, cross-
bred between two inbred solid red individuals. All the management
of fishes are under the approval of the Animals Care and Use
Committee of Nanchang University, China. More details on the
provenance of the samples can be found in text S2.

Body weight was measured with a digital scale, and body height,
standard length, and total length of each fish were measured with
digital calipers. Body color, eye color, and fin shape were visually
phenotyped. Sex was determined by manual gonadal dissection. Fin
shape was phenotyped on the basis of photographs (deposited in
https://doi.org/10.6084/m9.figshare.14398565.v1) and categorized
as long fin if their morphotypes were Veiltail, Halfmoon, or Crowntail
or short fin if their morphotypes were HMPK or Fighter.

To quantify aggressiveness, we set up a simulative fighting ex-
periment and recorded the behaviors of the test fish with a sport
camera for 1 min. The experiment is performed in a fish tank equally
divided into halves using a transparent glass plate (Fig. 5B). An
opponent fish is put on one side of the tank, and the test fish is put
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on the other side of the tank. Before simulative fighting, an opaque
plate was inserted between the two fishes, and all fishes were accli-
mated to the tank for at least 10 and up to 20 min. We excluded
those individuals that did not seem to be acclimated to the tank,
on the basis of observation of their behaviors, i.e., if the fishes were
standing still or behaved nervously. Then, the opaque plate was
removed, and the behaviors of the test fish were recorded for
1 min. In total, 467 individuals were recorded by video. On the basis
of these videos, the aggressiveness of each fish is scored on a range
of 0 to 5 on nine indices: charge, mouth open, gill flare, fin flare,
shimmer, jerk, approach, pacing, and retreat, which are explained
in detail below. The number of times of air breathing within 1 min
was also counted for each fish. On the basis of the nine behaviors
recorded, we assign an overall aggressiveness rating, i.e., aggression
index, with the equation: charge (x5) + mouth open (x5) + gill
flare (x4) + fin flare (x3) + shimmer (x2) + jerk (x2) + approach
(x2) + pacing (x1) — retreat (x1). The nine indices composing the
aggression index are defined as follows: charge: swims toward the
transparent barrier rapidly and repeatedly; mouth open: opens
mouth and locks jaw not for eating purposes; gill flare: operculum
flare under extension; fin flare: raises the dorsal fin; shimmer: dis-
plays one side of the body with shimmering color within ~3 cm of
the opponent; jerk: rapid twitching movement resulting in direction
change; approach: swims in the direction of the opponent; pacing:
circular swimming around the edge of the tank; and retreat: swims
in the direction opposite to the opponent.

DNA extraction, library construction, and sequencing
Genomic DNA was extracted from fish fin clips that were harvested
from anaesthetized fish and preserved in ethanol in a —80°C freezer,
except for genome assembly, where muscle tissue was used to ex-
tract high-molecular weight DNA using a MagAttract HMW DNA
kit (QIAGEN, Germany) from the two samples mentioned above,
obtaining DNA fragments with an average length of ~100 kb. Spe-
cifically, for the two fish individuals, one fish sample was used for
generating PacBio, Illumina, and 10x Genomics data and the other
fish for Hi-C and BioNano data. For PacBio Sequel sequencing, two
20-kb-insert-size SMRTbell libraries were prepared and sequenced
on the PacBio Sequel platform. For 10x Genomics sequencing, a GEM
(gel bead-in emulsion) reaction and library preparation were con-
ducted using size-selected DNA with a length of approximately 50 kb.
For Illumina long-range paired-end sequencing, libraries were bar-
coded and paired-end sequenced with the Rapid method on an lllumina
HiSeq X Ten platform. For BioNano optimal map construction, the
library was constructed using the BspQl enzyme (New England
Biolabs) with an appropriate label density (14.5 labels per 100 kb) to
digest long-range DNA fragments. For Hi-C, the library was con-
structed following standard protocols (59), and the Hi-C sequencing
libraries were amplified by polymerase chain reaction for 12 to
14 cycles before being sequenced on the Illumina HiSeq X Ten plat-
form (paired-end, 150 bp). The detailed information regarding in-
sert sizes, data output, and genome coverage is listed in table S1.
For population genomic resequencing, genomic DNA was extracted
from fin tissue using the proteinase-K/phenol-chloroform method.
Sequencing libraries with insert size 350 bp were constructed and
then sequenced on an Illumina HiSeq X Ten platform to generate
~5x coverage data for each fish with 150-bp paired-end reads. All
the library preparation and sequencing procedures described here
were conducted by Novogene Bioinformatics Institute (China).
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Genome assembling and annotation

To generate a high-quality genome assembly of the Betta fish
(B. splendens), we applied the PacBio long reads and Illumina short
reads, assisted with long-range scaffolding techniques including
Hi-C, 10x Genomics sequencing, and BioNano optical mapping.
We used a customized pipeline to assemble and annotate the final
reference genome of the Siamese fighting fish. Detailed information
about the methods of genome assembling and annotation is pre-
sented in text S1.

Identification of orthologs in teleost

Gene families were identified by OrthoMCL (v1.4) (60). First,
nucleotide and protein data of 13 species representative of different
teleost families (Cyprinus carpio, Danio rerio, Sinocyclocheilus
rhinocerous, Cynoglossus semilaevis, Oryzias latipes, Salmo salar,
Gasterosteus aculeatus, Oreochromis niloticus, Takifugu rubripes,
Paramormyrops kingsleyae, Ictalurus punctatus, Xiphophorus
maculatus, and Lepisosteus oculatus) were downloaded from Ensembl
(Release 70) and National Center for Biotechnology Information to
coanalyze with the B. splendens genome assembly. The longest tran-
script of a gene was retained among the different alternative splicing
transcripts, genes with <30 amino acids were discarded, and then
an “all against all” BLASTP comparison was performed followed
by filtering using “E-value < 1E-07” cutoff. The blastp alignments
were clustered using OrthoMCL (v1.4) (60) with a 1.5 inflation
index. After clustering, 24,159 gene clusters and 465 single-copy
orthologs were detected across the 14 teleost species including
B. splendens.

Phylogenetic tree construction and divergence

time estimation

The aforementioned 465 shared single-copy orthologs were used to
estimate a teleost phylogeny. Coding sequences (CDSs) of these
orthologs were aligned by MUSCLE (v3.7, “-maxiters 2”) (61). With
these CDS alignments, a maximum likelihood phylogenetic tree was
constructed using RAXML (v7.2.3, “-m GTRGAMMA -p 12345
-x 12345 -fad”) (62). Then, the program MCMCTree of PAML (v4.5)
(63) (http://abacus.gene.ucl.ac.uk/software/paml.html) was applied
to estimate divergence times among 14 species with parameters
“burn-in=100,000, sample-number=100,000, and sample-frequency=2."
Seven calibration points were selected from the TimeTree website
(www.timetree.org) as normal priors to restrain the age of the nodes,
including 76 to 111 Ma between X. maculatus and O. latipes, 87 to
151 Ma between O. niloticus and O. latipes, 101 to 136 Ma between
T. rubripes and G. aculeatus, 88 to 114 Ma between C. semilaevis
and G. aculeatus, 186 to 227 Ma between B. splendens and S. salar,
17 to 51 Ma between C. carpio and S. rhinocerous, and 87.4 to
124.7 Ma between D. rerio and S. rhinocerous.

Variant calling

Clean reads were mapped onto the newly generated fighting fish
genome assembly with the Burrows-Wheeler Aligner (v0.7.8) (64).
Duplicated reads were marked using the MarkDuplicates tool from
the Picard software package (65) with default options. Local re-
alignment around indels was performed using the IndelRealigner tool
from the GATK software package (v3.3.0) (66). To prepare a genotype
dataset for the GWAS, we called genotypes from the BAM files of the
727 domesticated individuals with ANGSD (version 0.929) (67). We
included parameters “-uniqueOnly 1 -remove_bads 1 -minMapQ
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30 -minQ 20 -only_proper_pairs 1” to only consider reads with
high mapping quality and high-quality bases, “-minMaf 0.02” to
include SNPs with minor allele frequency greater than 0.02, “-post-
Cutoff 0.95 -geno_minDepth 1” to call genotypes for individual
with at least one read and has posterior genotype probability greater
than 0.95, and “-minInd 400” to include SNPs with at least 400
individuals who have nonmissing genotypes. The indels were called
using SAMtools (68) “mpileup.” After genotype calling, we imputed
the missing data with Beagle (version 4.1) (69). Population genetic
analyses were performed on 410 individuals including 59 pheno-
typically wild individuals from the B. splendens complex and ~20
randomly selected individuals from each breed of the domesticated
B. splendens. Admixture and PCA were based on genotype likeli-
hoods that were generated using “-doGlf2” command from ANGSD
(version 0.929) (67). Only SNPs with minor allele frequency greater
than 0.02 and missing data lower than 40% were included. TreeMix
and maximum likelihood tree analyses were based on pseudo-haploid
calls that were generated with “-doHaploCall 1” command from
ANGSD by randomly sampling a read at each site.

Admixture and PCA

The admixture and PCA analyses were performed with the geno-
type likelihood dataset described above. The admixture analysis was
conducted with PCAngsd (v.1.02) (70) with parameters “-minMaf
0.05 -admix -admix_alpha 50,” and for each K, we ran 10 random
seeds and took the one with the highest likelihood. PCA was per-
formed with the “eigen” function in R (version 3.6.3) (71) on the
covariance matrix generated by PCAngsd (v1.02) (70).

Maximum likelihood phylogenetic tree

To construct the maximum likelihood tree, we concatenated the
haploid calls at the SNP sites and constructed the tree with IQTREE
(version 1.6.12) (72) with the parameter “-alrt 1000 -m GTR+ASC.”

TreeMix

Each species or breed was grouped as a population. The three outlier
individuals in the admixture analysis, one each from Yellow,
Royal-blue, and Black breeds, were removed from TreeMix analysis
(73). The allele frequency of each group at each SNP site was esti-
mated with haploid calls for each individual. TreeMix was run with
“-k 500” to account for linkage disequilibrium, and B. smaragdina,
B. smaragdina guitar, and B. stiktos were set as outgroups.

D statistics

The D statistics (ABBA-BABA) analysis was conducted using ANGSD
(v0.929) (67) with the “-doAbbababa” argument on bam files with a
block size of 500 Kb. This procedure is based on sampling single
reads and is not subject to genotype calling errors. We randomly
sample three individuals from each breed or species for the analysis.

Genome-wide association study

Genome-wide association mapping was conducted using GEMMA
(v.0.96) (16) with a mixed linear model. The Wald test is used to
determine the association strength (P values). The genome-wide
significance level is set as 5 x 10°, and the suggestive significance
level is set as 1 x 107°. The effect of population stratification was
corrected with a kinship matrix and the first three principal compo-
nents from the PCA. The sex information was also included as a
covariate for all association mapping except the SD GWAS. The
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proportion of phenotypic variance explained for associations was
calculated using the equation provided in the GEMMA manual and
corrected for winner’s curse using the false discovery rate inverse
quantile transformation method implemented in the R package
“winnerscurse” (https://amandaforde.github.io/winnerscurse/) (74).

RNA sequencing

For the RNA-seq analysis, 2-month-old fish individuals were used.
Four independent RNA libraries were prepared and sequenced: (i)
Library of pooled RNA samples of 11 tissues (brain, liver, muscle,
eye, skin, scale, fin, intestine, testis, ovary, and embryo) of one HMPK
individual was constructed and subjected to both full-length tran-
scriptome sequencing using the PacBio Sequel platform and short-
reads sequencing with the Illumina HiSeq 2500 platform. (ii) Libraries
of RNA samples of the caudal fin tissues from HMPK (n = 5),
Halfmoon (n = 5), Crowntail (n = 1), Veiltail (n = 1), wild
B. splendens (n = 1), B. imbellis (n = 1), B. mahachaiensis (n = 1),
and B. smaragdina (n = 1) individuals were prepared and sequenced
with the Illumina HiSeq 2500 platform. (iii) Libraries of RNA sam-
ples of the pectoral fin from Dumbo (n = 5) and non-Dumbo (1 =5)
individuals were prepared and sequenced with the Illumina HiSeq
2500 platform. (iv) Libraries of ovary RNA samples from female
(n = 5) and testis samples from male (n = 5) individuals were pre-
pared and sequenced with the Illumina HiSeq 2500 platform.

The raw sequencing data were first processed by removing
adapters and low-quality reads. The resulting clean paired-end reads
were mapped to our assembly using Hisat2 (v.2.0.5) (75). Then, the
read number mapped to each gene was counted using featureCounts
(v1.5.0-p3) (76) before the FPKM (expected number of fragments
per kilobase of transcript sequence per millions of base pairs) was
calculated. Transcriptomic reads used for genome annotation were
performed with the edgeR package (3.18.1) (77). Differential gene
expression analysis was conducted with DESeq2 (1.26.0) (78). The
P values were adjusted for multiple testing using the Benjamini-
Hochberg method. Genes with adjusted P value < 0.05 and fold change
greater than 2 were considered as significantly differentially expressed.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm4955
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