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Summary 

The Betta fish displays a remarkable variety of phenotypes selected during 

domestication. However, the genetic basis underlying these traits remain largely 

unexplored. Here, we report a high-quality genome assembly and re-sequencing of 727 

individuals representing diverse morphologies of the betta fish. We show that current 

breeds have a complex domestication history with extensive introgression with wild 

species. Using GWAS, we identify the genetic basis of multiple traits, including several 

coloration phenotypes, sex-determination which we map to DMRT1, and the long-fin 

phenotype which maps to KCNJ15. We identify a polygenic signal related to aggression 

with many similarities to human psychiatric traits, involving genes such as CACNB2 and 

DISC1. Our study provides a resource for developing the Betta fish as a genetic model 

for morphology and behavior in vertebrates. 

  

Introduction 

The Betta fish (Betta splendens), is indigenous to central Thailand and the lower 

Mekong [1], but is mostly known for its domesticated forms appreciated as an 

ornamental fish originally bred for its use in gambling matches similar to cock fights [2]. 

Through captive breeding, a wide 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 phenotypes. Although 

researchers have examined the inheritance of body color, fin length and sex in classic 

crosses in the 1930s to 1940s [3-9], relatively little was known until a recent study 

investigated the double tail, elephant ear, albino and fin spot phenotypes [10]. Here we 

report a high-quality chromosomal-level genome assembly of a female B. splendens, 

resequencing data of 727 domesticated individuals, and resequencing data of 59 

individuals from six other species in the B. splendens complex. We examine the 

evolutionary relationship and origins among breeds and use association mapping to 

identify the genetic basis of a number of different traits including sex determination, fin 

morphology, coloration, body size, and aggressiveness and other behaviors. 
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Results 

Genome assembly, annotation and quality assessment of the betta fish 

We generated a high-quality chromosomal-level assembly of the betta fish using a 

multifaceted sequencing and assembling workflow, including PacBio reads, Illumina 

reads, Hi-C reads, 10X Genomics reads and BioNano optical mapping (see Materials 

and methods, Supplementary Text 2, Figs. S1, S2 and Tables S1-S7 for details). The 

final assembled genome totaled 451.29 Mb on 21 chromosomes with contig and 

scaffold N50 reaching 4.07 Mb and 19.63 Mb, respectively. CEGMA [11] (Core 

Eukaryotic Genes Mapping Approach) confirmed 239 of 248 (96.4%) complete core 

eukaryotic genes, while BUSCO [12] (Benchmarking Universal Single-Copy Orthologs) 

covered 2,521 of 2,586 (97.5%) single-copy orthologous genes (Table S1), indicating 

high completeness of the genome and gene annotation. These statistics suggest our 

assembly is a more complete genome than obtained in previous assemblies of B. 

splendens deposited in GenBank (Accession: GCF_900634795.2 and 

GCA_003650155.3) (Table S1). We compared the B. splendens genome to 13 other 

teleost genomes (Fig. 1A), and found a large expansion of the SLC4A gene family 

which is associated with bicarbonate transporters that regulate intracellular pH levels 

[13]. B. splendens is known for its adaptation to hypoxic and black (acidic) water 

conditions. These comparative genomic results are discussed in detail in 

Supplementary Text 3, Figs. S3-S4, Supplementary Data 3.  

 

Phenotypic diversity, genome-resequencing, and variant calling 

We collected 14 breeds of Betta fish differing in tail type (Fig. 1B and S5; Table S8; 

Supplementary Text 1) and performed whole genome resequencing of the 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 analyzed six wild species and 14 

domesticated breeds using 59 individuals from the wild species and 20 random 

individuals from each breed. Principal component analysis (PCA) and a Neighbor-

joining tree from concatenated sequences, representing the average genomic 
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coalescent tree, based on 11.37 million variants (Materials and methods) confirmed that 

the domesticated breeds cluster together (Fig 1B and 1C). These results are compatible 

with the hypothesis that all current breeds of the Betta fishes were domesticated from 

the same group of wild B. splendens.  B. imbellis and B. siamorientalis also cluster 

together in the tree (Fig. S8), while the lineages of B. stiktos and B. smaragdina guitar 

are interspersed and not monophyletic with respect to each other in the average 

genomic tree, suggesting that they all should be considered different varieties of the B. 

smaragdina species (Fig 1C and S6). 

Treemix analyses (Fig. S7-S15) suggest extensive introgression between wild 

species in the B. splendens complex, in particular gene flow from B. mahachaiensis into 

the lineages of Royal-blue, Steel-blue and Turquoise-green breeds (Fig. S16). ABBA-

BABA tests support this conclusion (Table S9), e.g., with a D(H1: Crowntail, H2: Royal; 

H3: Mahachaiensis, H4: Smaragdina)  = 0.31 (Z score=21.51). These results show that 

other species in the B. splendens complex have contributed to the genomic make-up of 

some breeds of Betta splendens, suggesting that they may also have contributed to 

phenotypic variation in these breeds. 

  

Diversification of the Betta fish during domestication 

Several clades of the Fighter breed fall as outgroups to the rest of the domesticated 

breeds in the average genomic tree suggesting 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 towards the root of the tree include 

Veiltail and Crowntail. Population structure, as revealed by both ADMIXTURE analyses 

(Figs. 1D, S17) and average genomic trees (Fig. 1D), suggests that breeds defined by 

coloration and morphology generally clustered together, although we note that this 

conclusion might be affected by the sampling strategy employed here. The HMPK 

breeds, which are short-fin types distinct from the Fighter and wild B. splendens by a 

rounded tail shape and body shape, also cluster based on appearance, mostly related 

to colors (Fig. 1B). The Red, Yellow, Orange, Turquoise-green, Royal-blue and Steel-

blue breeds show reduced nucleotide diversity (Figs. S18), suggesting that these strains 

experienced strong bottleneck effects in their domestication history. 
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Regulatory variants in DMRT1 mediate the male-heterogamety of B. splendens 

Using GEMMA (Materials and methods) [14], we performed association mapping using 

all 727 individuals consisting of 590 males and 137 females to map the sex 

determination (SD) locus (Fig. 2A). A kinship matrix inferred by GEMMA and the first 

three PCs were used as covariates to minimize the effects of population stratification 

(Materials and methods). We find a highly significant map location at position 2.83-2.89 

Mb on chromosome 2 (P = 4.80E-63) and no evidence of statistical inflation (Fig. S19). 

530 out of 537 individuals with heterozygous genotypes of the lead variant 

(chr2:2,839,325) are phenotypically males, which strongly supports the hypothesis of 

male heterogamety (XY/XX) (Table S10). 

The most strongly associated variants cluster in introns of DMRT1 and KANK1 

(Fig. 2B). KANK1 function is in cytoskeleton formation by regulating actin polymerization 

[15], making it a less like candidate for SD. DMRT1, in contrast, is a well-known gene 

contributing to the sex determination in fish [16], bird [17] and reptiles [18]. Also, mRNA-

sequencing shows that DMRT1 is predominantly expressed in testis (Fig. 2A). DMRT1 

in the Betta fish is evolutionarily close to the medaka fish DMY gene (Fig. S24), which 

was the first sex-determining gene identified in teleost [19]. The presence of males with 

homogametic female genotype (52/590) may suggest that environmental factors, such 

as temperature, also could play a role in sex determination similarly to many other fish 

[20].  

  

Gain of function of KCNJ15 contributes to the overgrowth of all fins 

The most striking morphological difference among the Betta fish are in the fins, 

especially the caudal fin. Veiltail, Crowntail, and Halfmoon show a remarkable 

outgrowth in dorsal, anal and caudal fins compared to the Fighter and HMPK breed 

(Fig. S23). A pattern of dominant inheritance in inter-breed crosses [21], suggests a 

shared genetic basis for long-fin growth. To map the underlying genetic variation, we 

used the same procedure as for SD, dividing specimens into long-fin individuals 

(N=201) and short-fin individuals (N=525) (detailed descriptions of all phenotypic 

measurements are in Supplementary Text 4). We notice that in all GWAS presented in 
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this paper, we were comparing genetically differentiated breeds or morphotypes 

resulting in a substantial challenge in controlling for population structure. However, 

using standard methods for correction (Materials and methods), we obtained 

reasonable QQ-plots and small inflation factors (Fig. S24). Nonetheless, our design may 

not be able to distinguish between traits that have been selected in the exact same 

morphotypes/breeds during domestication, and in this sense resembles a classical FST 

scan for identifying adaptive genetic differences. 

The GWAS for long-fin versus short-fin identified an extremely significant locus (P = 

9.28E-159) centered at position 9.60 Mb on chromosome 17 (Fig. 3A). There are three 

lead variants in perfect LD: one synonymous (9,590,677 bp, exon 3, C1551T), one 

intronic (9,590,546 bp, intron 2, G>A) in SMG8, and one in the 3’UTR of KCNJ15 

(9,596,738 bp, G>A). All three variants perfectly distinguish between long-fin and short-

fin, and are, therefore, considered candidate causal mutations. SMG8 acts as a 

regulator of kinase activity involved in non-sense-mediated decay of mRNAs [22], and is 

an unlikely candidate. In contrast, KCNJ15 encodes a potassium channel, which is a 

much better candidate, as genes encoding potassium channels have already been 

identified to cause various long-fin phenotypes in zebrafish, including KCNK5B [23], 

KCNH2A [24] and KCNJ13 [25]. We explored the expression profiles between long 

caudal fin and short caudal fin by RNA-Seq, and there are no significant expression 

differences in SMG8 (Fig. 3C). However, KCNJ15 is highly expressed in long-fin breeds 

but has no intact transcripts detected in the short-fin breeds (corresponding to the wild 

B. splendens phenotype) (Fig. S25). RT-PCR (Fig. 3D and 3E) shows that this long-fin 

specific transcript was also present in paired fins (pectoral and pelvic fins), suggesting a 

developmental alteration in all appendages. More discussion of KCNJ15, including 

expression patterns, is provided in Supplementary Text 8.  

 

Veiltail, Crowntail and Halfmoon phenotypes 

Within the breeds with long-fins, i.e., the Veiltail, Crowntail and Halfmoon, we 

identified three independent loci including 12.21 – 12.27 Mb on chromosome 3, 13.48 – 

13.79 Mb on chromosome 8, and 8.25 – 8.40 Mb on chromosome 14, using one breed 

as case and another as control (Figs. 3G, 3H, 3I, S26-S28). Veiltail was the first long-fin 
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breed recorded [9] and selected for full extension in caudal fin ray spreading as 

Halfmoon. The 300-kb long locus on chromosome 8, harboring 29 associated SNPs and 

four protein-coding genes, (Fig. S26) is associated with the phenotypic difference 

between Veiltail and Halfmoon. The locus at 12.21 – 12.27 Mb on chromosome 3 is 

associated with a reduction of webbing tissue in all fins comparing Halfmoon and 

Crowntail (Fig. S27) and includes FRMD6 involved in actomyosin structure organization 

and with loss of expression displaying epithelial-to-mesenchymal transition features 

[26]. In Supplementary text 8, we discussed the candidate genes in these peak regions 

and also association mappings for other in-depth phenotyping of fin morphology, 

including fin ray number and fin ray branching patterns. 

 

The ‘Dumbo’ phenotype 

The pectoral fin in teleosts is homologous to the anterior appendages in amphibian, 

reptile and mammal [27]. One breed, the ‘Dumbo’, is characterized by the overgrowth of 

its paired pectoral fins, with more and elongated fin rays (Fig. 1B, S5). GWAS using the 

Dumbo as cases and other non-Dumbo as controls identified two strong signals (Fig. 

3J), are located on chromosome 16 (8.87 – 9.72 Mb, P = 2.99E-28, Fig. S29) and 18 

(4.25 – 4.47 Mb, P = 1.08E-44, Fig. S30) respectively. Wang et al. [10] investigated the 

same phenotype using FST scan and located a 1.3Mb region on chromosome 16 

(chromosome 9 in their assembly) that contains our GWAS peak. They suggested, 

based on gene expression analyses, that the causal gene could be kcnh8 [10]. 

However, this gene resides outside of the associated locus on chromosome 16 

identified in this study (Fig. S29). Moreover, no differential expression was detected in 

the pectoral fin tissue for kcnh8 when comparing Dumbo and non-Dumbo breeds (Fig. 

S31). The lead SNP in our study is in a region containing a cluster of eight genes from 

the HOXA gene family which is essential for forming fin skeleton and digits in teleost 

[28]. For the signal on chromosome 18, the lead SNP is located on the 3’UTR of 

FBXL15 (F-box and leucine-rich repeat protein 15), a gene involved in dorsal/ventral 

pattern formation and bone bass maintenance [29], rendering this a strong candidate 

gene. More discussion can be found in Supplementary Text 8. 
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The Giant phenotype 

Body size exhibits polygenic inheritance in most organisms [30]. However, a Giant 

mutant in the Betta fish shows significant enlargement in total length, standard length, 

height and weight compared to other breeds (Fig. S34). A GWAS comparing Giant size 

vs. normal size and GWAS using quantitative traits (including total length, standard 

length, height and weight), identified a shared significant locus at position 2.03 – 2.26 

Mb on chromosome 19, which explained 7.83-16.34% of phenotypic variance (Fig. 2C, 

S35). Conditional on the top SNP (chr19:2,130,270), all other associated variants in this 

locus lose their significance in all body size GWAS, suggesting a common genetic basis 

underlying the body enlargement (Fig. S36).   

  

Colors and color patterning in the Betta fish 

In teleost, erythrophores and xanthophores produce red and yellow pigments, 

respectively, and orange color is generated with a mixture of red and yellow pigments 

[31]. In the Betta fish, solid red is inherited dominantly over solid yellow [32]. Association 

mapping of the three colors identifies a locus harboring 93 variants, all residing in the 

RNF213, at position 5.83 Mb of chromosome 19 (Fig. 2B, S44). RNF213 encodes a 

large cytoplasmic protein that is involved in angiogenesis and the non-canonical Wnt 

signaling pathway in vascular development [33].   

Mosaic color pattern is found elusively in several domesticated fishes, like Koi carp 

[34], medaka [35], and the Betta fish (Fig. 2B), however, the underlying molecular basis 

has never previously been investigated. Using a GWAS with a case-control design 

between solid (N=209) and mosaic colors (N=55), we identified two highly significant 

loci on chromosome 16 (0.07-0.43 Mb and 2.57-2.79 Mb; Fig. 2B) discussed in more 

detail in Supplementary Text 10, together with other GWAS results for coloration. 

Crossing Royal-blue males with Royal-blue females produces Turquoise-green, 

Royal-blue and Steel-blue offspring, at a Mendelian ratio of 1:2:1 [5]. Previous studies 

show that these three phenotypes are based on structural coloring and that all breeds 

have erythrophores, xanthophores, melanophores and iridophores in the scales, except 

Steel-blue which lacks erythrophores on the upper layer of the scales [36]. A GWAS 

with the three colors identified a single locus (Fig 2B, S47) at 5.03 – 5.26 Mb on 
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chromosome 20 and the same locus together with another locus on chromosome 7 

were also found when using Copper and Steel-blue as cases and controls (Fig. S50). 

This locus on chromosome 20 contains 13 protein coding genes (Fig. 2B, Fig. S48) 

including MTHFD1L (methylenetetrahydrofolate dehydrogenase 1 like) involved in the 

synthesis of tetrahydrofolate [37], which is engaged in the de novo assemble of purines, 

a key component of iridophores. Other candidate loci are discussed in Supplementary 

Text 10.  

 

Aggression 

Aggressive behavior is a complex phenotype involving genetics, endocrinology, 

neurophysiology and metabolism [38]. Male winners of one-vs-one fights have been 

selected by breeders for improved combat performance [39]. We performed a GWAS 

using Fighters (N=101) as cases and other breeds (N=626) as controls. A total of 346 

polymorphisms including 26 exonic (8 nonsynonymous and 18 synonymous), 176 

intronic and 144 intergenic within/near 82 protein-coding genes were identified 

(Supplementary Data 1). This result suggests a polygenic basis for the behavioral 

differences. The top signals show significant enrichment for genes involved in morphine 

addiction, circadian entrainment, oxytocin signaling, GABAergic synapse, estrogen 

signaling, vasopressin-regulated water reabsorption and axon guidance (Supplementary 

Data 5), which are also enriched in human and mouse aggression studies [40]. 

Furthermore, the top candidate genes include CACNB2, associated with several 

psychiatric disorders in humans [41], DISC1 associated with schizophrenia, bipolar 

disorder, and recurrent major depression [42], and AVPR2 with homologs that in 

knockout mice display reduced anxiety, impaired reciprocal social interaction and 

decreased social recognition [43, 44].  Supplementary Text 11 discusses possible 

candidate genes in more detail. 

To further investigate behaviors associated with fighting, we measured 11 

different behaviors displayed during simulated fighting (Figs. 4B-J, S52, Supplementary 

Text 11). Fish from the Betta genus, including the Betta fish, are mostly facultative air 

breathers [45]. We recorded the times of air breathing of each Betta fish (N=467) during 

fighting within one minute in our study and performed an association mapping on it 
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(Figs. 4J, 4L, S53). Nine polymorphisms upstream of SLC16A1 at around 4.79 Mb and 

three intronic variants of CDH4 centered at 15.24 Mb on chromosome 7 were 

significantly associated with the frequency of air-breathing (Figs. 4L, S54). SLC16A1 is 

a rapid monocarboxylate transporter which moves many monocarboxylates such as 

lactate and pyruvate across the plasma membrane [46], and mutations in this gene are 

associated with erythrocyte lactate transporter defect [47]. We hypothesize that the 

SLC16A1 alleles are associated with higher frequency of air-breathing and may 

contribute to more efficient metabolism of the lactate-related substrates produced by 

muscle contraction during fighting. 

A GWAS for the charging behavior during fighting (Figs. 4H, 4K) identifies 

multiple significant lead SNPs in/near GFRA2, a gene encoding a protein that plays a 

key role in the control of neuron survival and differentiation [48]. Additional association 

mapping results are described in Supplementary Text 11 for other behaviors. 

  

Discussion 

The Betta fish has a complex domestication history involving introgression from other 

wild species and intensive selection on a variety of phenotypes. A number of traits seem 

to be likely monogenic, including sex-determination which we map to DRMT1 and 

caudal fin size which we map to KCNJ15. Other traits show a more polygenic 

inheritance pattern, particularly the important aggression trait. Our results form a basis 

for introducing the betta fish as a potential model organism for understanding the 

genetic basis of a host of different traits in vertebrates, 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 new model 

system to augment existing vertebrate models such as zebrafish and mice.  
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Figures 

 

 
Fig. 1. Phylogeny and population structure of the betta fish (Betta splendens). (A) The 

phylogeny of teleost including the betta fish constructed with single-copy genes across the 

genome. (B) Neighbor-joining tree of concatenated sequences, representing an average 

genomic tree, for domesticated and wild forms of Betta splendens. The tree is truncated at the 

branch connecting to individuals of other Betta species, and the untruncated tree can be found 

in Fig. S6. The letters by the fish photos correspond to the numbers in (D). (C) Principal 

components analysis (PCA) of the Betta species complex. The inset is the PCA for all Betta 

splendens individuals. (D) ADMIXTURE analysis of the Betta 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. S17. Acronyms for wild species are: BSP, Betta splendens; BIM, Betta imbellis; BSI, 

Betta siamorientalis; BMA, Betta mahachaiensis; BSM, Betta smaragdina; BSG, Betta 

smaragdina guitar; BST, Betta stiktos. 
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Fig. 2. Genome-wide association studies and locus analysis of sex determination, skin color and 

pattern, and body size in Betta splendens. (A) GWAS of sex determination and expression 

profiles in testis and ovary for genes in the associated locus. A single genome-wide significant 

signal is identified, with a lead SNP located on the intron 4th of the DMRT1 gene. (B) Manhattan 

plots for GWAS of the red, orange and yellow color phenotypes (upper), the royal blue, 

turquoise green, and steel blue color phenotypes (middle), the solid color and mosaic pattern 

phenotypes (lower). (C) Manhattan plot for GWAS of body size. The GWAS in the upper plot is 

conducted with case (giant) and control (non-giant), and the lower is conducted with the 

standard body length. The shared genome-wide significant signals are highlighted with the red 

box. The GWAS results of other body size indices are in Fig. S35 and S38. The horizontal lines 

on Manhattan plots represent genome-wide (solid line) and suggestive genome-wide (dash line) 

significance level, respectively. 
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Fig. 3. GWAS of fin morphology in Betta splendens. (A) Manhattan plot for the long-fin vs. short-

fin morphology. (B) LocusZoom plot for the most significant genome-wide association signal. (C) 

The expression profiles in caudal fin for genes in the associated locus. (D) RT-PCR analysis of 

the KCNJ15 gene in different fins of the fish (right), number 1-5 on the gel picture are fin codes 

shown on the left, and the 6th lane is the blank control. (E) The location of the peak SNP and 

gain of a new transcript in long-fin fishes. (F) Genotype frequencies at the peak SNP in five 

different Betta splendens breeds. (G-I) Manhattan plots of GWAS for different fin morphs among 

long-fin breeds. (J) Manhattan plots of GWAS for the Dumbo, i.e., outgrown pectoral fin 

phenotype. 
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Fig. 4. GWAS of aggression behaviors in Betta splendens. (A) Manhattan plot of GWAS of 

fighter versus non-fighter fishes. Two representative morphs of fighter fishes are shown as 

inset. (B) Experimental setup to quantify the aggressiveness of Betta splendens individuals. 

Aggressiveness indices of test fishes are recorded in the presence of an opponent fish. (C-J) 

Boxplot of eight aggressiveness phenotypes in fighter versus non-fighter fishes. (K-L) 

Manhattan plots of GWAS using the charge score and the times of air breathing, respectively. 

 

 

 

 

 

 

 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.10.443352doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443352
http://creativecommons.org/licenses/by-nc-nd/4.0/


Reference 

 

1. W. J. Rainboth, FISHES OF THE CAMBODIAN MEKONG (Food And Agriculture 

Organization Of The United Nations Press, Rome, 1996). 

2. H. M. Smith, The Fresh-water fishes of Siam (Bulletin of the United States National 

MuseumPress, Washington, 1945). 

3. H.W.Lissmann, Die Umwelt des Kampffisches (Betta Splendens Regan), Zeitschrift für 

vergleichende Physiologie. 18, 65-111 (1932). 

4. H.B.Goodrich, R.N.Mercer, Genetics and Colors of the Siamese Fighting Fish, Betta 

splendens, Science.79, 318-319 (1934). 

5. K. Umrath, Über die Vererbung der Farben und des Geschlechts beim Schleierkampffish 

Betta Splendens, Zeitschrift für Induktive Abstammungs & Vererbungslehre. 77, 450-454 

(1939). 

6. K. Eberhardt, Die Vererbung der Farben bei Betta Splendens Regan, Zeitschrift für Induktive 

Abstammungs & Vererbungslehre. 79, 548-560 (1941). 

7. K. Eberhardt, Geschlechtsbestimmung und -Differenzierung bei Betta Splendens Regan I, 

Zeitschrift für Induktive Abstammungs & Vererbungslehre. 81, 363-373 (1943). 

8. G. Svärdson, T. Wickbom, The chromosomes of two species of Anabantidae (Teleostei), 

with a new case of sex reversal. Hereditas. 28, 212-216 (1942). 

9. K. Eberhardt, Ein Fall von Geschlechtscontrollierter Vererbung bei Betta Splendens Regan 

I, Zeitschrift für Induktive Abstammungs & Vererbungslehre. 81, 72-83 (1943). 

10. L. Wang, F. Sun, Z. Y. Wan, B. Ye, Y. Wen, H. Liu, Z. Yang, H. Pang, Z. Meng ,B. Fan, Y. 

Alfiko, Y. Shen, B. Bai, M. S. Q. Lee, F. Piferrer, M. Schartl, A. Meyer, G. H. Yue, Genomic 

basis of striking fin shapes and colours in the fighting fish. Mol. Biol. Evol. 

doi:10.1093/molbev/msab110. 

11. G. Parra, K. Bradnam, Ian Korf, CEGMA: a pipeline to accurately annotate core genes in 

eukaryotic genomes. Bioinformatics. 23, 1061-1067 (2007). 

12. F. A. Simao, R. M. Waterhouse, P. Ioannidis, E. V. Kriventseva, E. M. Zdobnov, BUSCO: 

assessing genome assembly and annotation completeness with single-copy orthologs. 

Bioinformatics. 31, 3210-3212 (2015). 

13. I. Choi, SLC4A transporters. Curr. Top. Membr. 70, 77-103 (2012). 

14. X. Zhou, M. Stephens, Genome-wide efficient mixed model analysis for association studies. 

Nat. Genet. 44, 821-824 (2012). 

15. R. J. Vanzo, H. Twede, K. S. Ho, A. Prasad, M. M. Martin, S. T. South, E. R. Wassman, 

Clinical significance of copy number variants involving KANK1 in patients with 

neurodevelopmental disorders. Eur. J. Med. Genet. 62, 15-20 (2019). 

16. P. Martínez, A. M. Viñas, L. Sánchez, N. Díaz, L. Ribas, F. Piferrer, Genetic architecture of 

sex determination in fish: applications to sex ratio control in aquaculture. Front. Genet. 5:340. 

doi: 10.3389/fgene.2014.00340 (2014). 

17. C. A. Smith, K. N. Roeszler, T. Ohnesorg, D. M. Cummins, P. G. Farlie, T. J. Doran, A. H. 

Sinclair, The avian Z-linked gene DMRT1 is required for male sex determination in the 

chicken. Nature, 461, 267-271 (2009). 

18. C. Ge, J. Ye, E. Weber, W. Sun, H. Zhang, Y. Zhou, C. Cai, G. Qian, B. Capel, The histone 

demethylase KDM6B regulates temperature-dependent sex determination in a turtle species. 

Science, 360, 645-648 (2018). 

19. I. Nanda, M. Kondo, U. Hornung, S. Asakawa, C. Winkler, A. Shimizu, Z. Shan, T. Haaf, N. 

Shimizu, A. Shima, M. Schmid, M. Schartl, A duplicated copy of DMRT1 in the sex-

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.10.443352doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443352
http://creativecommons.org/licenses/by-nc-nd/4.0/


determining region of the Y chromosome of the medaka, Oryzias latipes. PNAS, 99, 11778-

11783 (2002).  

20. N. O. Alvarez, F. Piferrer, Temperature-dependent sex determination in fish revisited: 

prevalence, a single sex ratio response pattern, and possible effects of climate change. PLoS 

One, 3, e2837. doi:1371/journal.pone.0002837 (2008). 

21. G. A. Lucas, “A study of variation in the Siamese fighting fish, Betta splendens, with emphasis 

on color mutants and the problem of sex determination”. Thesis, Iowa State University, (1968). 

22. L. Zhu, L. Li, Y. Qi, Z. Yu, Y. Xu, Cryo-EM structure of SMG1-SMG8-SMG9 complex. Cell 

research, 29, 1027-1034 (2019). 

23. S. Perathoner, J. M. Daane, U. Henrion, G. Seebohm, C. W. Higdon, S. L. Johnson, C. N. 

Volhard, M. P. Harris. Bioelectric singnaling regulates size in zebrafish fins. PLoS Genetics, 

10, e1004080. doi:10.1371/journal.pgen.1004080 (2014). 

24. S. Stewart, H. K. L. Bleu, G. A. Yette, A. L. Henner, J. A. Braunstein, K. Stankunas. Longfin 

causes cis-ectopic expression of the kcnh2a ether-a-go-go K+ channel to autonomously 

prolong fin outgrowth. BioRxiv doi:https//doi.org/10.1101/790329 (2019). 

25. M. R. Silic, Q. Wu, B. H. Kim, G. Golling, K. H. Chen, R. Freitas, A. A. Chubykin, S. K. Mittal, 

G. Zhang, Potassium channel-associated bioelectricity of the dermomyotome determines fin 

patterning in zebrafish. Genetics, 215, 1067-1084 (2020). 

26. L. Angus, S. Moleirinho, L. Herron, A. Sinha, X. Zhang, M. Niestrata, K. Dholakia, M. B. 

Prystowsky, K. F. Harvey, P. A. Reynolds, F. J. Gunn-Moore, Willin/FRMD6 expression 

activates the Hippo signaling pathway kinases in mammals and antagonizes oncogenic YAP. 

Oncogene, 31, 238-250 (2012). 

27. O. Larouche, M. L. Zelditch, R. Cloutier, Fin modules: an evolutionary perspective on 

appendage disparity in basal vertebrates. BMC Biol. 15, 1-26 (2017). 

28. T. Nakamura, A. R. Gehrke, J. Lemberg, J. Szymaszek, N. H. Shubin, Digits and fin rays 

share common developmental histories. Nature 537, 225-228 (2016). 

29. Y. Cui et al., SCFFBXL15 regulates BMP signalling by directing the degradation of HECT‐

type ubiquitin ligase Smurf1. EMBO J 30, 2675-2689 (2011). 
30. K. E. Kemper, P. M. Visscher, M. E. Goddard, Genetic architecture of body size in mammals. 

Genome Biology, 13, 244 (2012). 

31. Chromatophores and iridocytes. MEDAKA (KILLIFISH) Biology and Strains, ed Yamamoto 

T (Keigaku, Tokyo). pp 138-153. 

32. X. Zhang, N. Yang, F. Jiang, H. Huang, Interitance of body colors of Siamese fighting fishes 

of differnt strains. Chinese Journal of Tropical Agriculture. 34, 109-113 (2014). 

33. W. Liu, D. Morito, S. Takashima, Y. Mineharu, H. Kobayashi, T. Hitomi, H. Hashikata, N. 

Matsuura, S. Yamazaki, A. Toyoda, K. Kituta, Y. Takagi, K. H. Harada, A. Fujiyama, R. 

Herzig, B. Krischek, L. Zou, J. E. Kim, M. Kitakaze, S. Miyamoto, K. Nagata, N. Hashimoto, 

A. Koizumi, Identification of RNF213 as a susceptibility gene for moyamoya disease and its 

possible role in vascular development. PLoS One, 6, e22542, 

doi:10.1371/journal.pone.0022542 (2011). 

34. C. Pietsch, P. Hirsch, Biology and ecology of carp.  (CRC Press, Taylor & Francis Group, 

Boca Raton, 2015). 

35. M. Tsutsumi, S. Imai, Y. K. Hamaguchi, S. Hamaguchi, A. Koga, H. Hori, Color reversion of 

the albino medaka fish associated with spontaneous somatic excision of the Tol-1 

transposable element from the tyrosinase gene. Pigment Cell Res, 19, 243-247 (2006). 

36. X. Zhang, N. Yang, J. Sun, H. Huang, Observation of pigment cells in different strains of 

Betta splendens, Aquaculture Technology Reports 41, doi:10.3969/j.issn.1001-1994 (2014).  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.10.443352doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443352
http://creativecommons.org/licenses/by-nc-nd/4.0/


37. D. Lee, l. M. J. Xu, D. K. C. Chiu, R. K. H. Lai, A. P. W. Tse, L. L. L. C. T. Law, F. H. C. 

Tsang, L. L. Wei, C. Y. K. Chan, C. M. Wong, l. O. L. Ng, C. C. L. Wong, Folate cycle 

enzyme MTHFD1L confers metabolic advantages in hepatocellular carcinoma. J. Clin. 

Invest. 127, 1856-1872 (2017). 

38. N. Niepoth, A. Bendesky, How natural genetic variation shapes behavior. Annu. Rev. 

Genom. Hum. Genet. 21, 10.1-10.27 (2020). 

39. A. Ramos, D. Goncalves, Artificial selection for male winners in the Siamese fighting fish 

Betta splendens correlates with high female aggression. Front. Zool. 16, 34 (2019). 

40. N. F. Castillo, B. Cormand, Aggressive behavior in humans: Genes and pathways identifed 

through association studies. Am. J. Med Genet. B. Neuropsychiatr Genet. Part B, 171, 676-

696 (2016). 

41. A. F. S. Breitenkamp, J. Matthes, R. D. Nass, J. Sinzig, G. Lehmkuhl, P. Nürnberg, S. 

Herzig, Rare mutations of CACNB2 found in autism spectrum disease-affected families alter 

calcium channel function. PLoS One, 9, e95579. doi:10.1371/journal.pone.0095579 (2014). 

42. T. Dahoun, S. V. Trossbach, N. J. Brandon, C. Korth, O. D. Howes, The impact of 

Disrupted-in-Schizophrenia 1 (DISC1) on the dopaminergic system: a systematic review. 

Transl. Psychiatry. 7, e1015, doi:10.1038/tp.2016.282 (2017). 

43. I. F. Bielsky, S. B. Hu, K. L. Szegda, H. Westphal, L. J. Yong, Profound impairment in social 

recognition and reduction in anxiety-like behavior in vasopression V1a receptor knockout 

mice. Neuropsychopharmacology, 29, 483-493 (2004). 

44. N. Egashira, A. Tanoue, T. Matsuda, E. Koushi, S. Harada, Y. Takano , G. Tsujimoto, K. 

Mishima , K. Wasaki, M. Fujiwara, Impaired social interaction and reduced anxiety-related 

behavior in vasopressin V1a receptor knockout mice. Behavioural Brain Research, 178, 

123-127 (2007). 

45. J. F. M. Sanchez, W. W. Burggren, Hypoxia-induced developmental plasticity of larval 

growth, gill and labyrinth organ morphometrics in two anabantoid fish: The facultative air-

breather Siamese fighting fish (Betta splendens) and the obligate air-breather the blue 

gourami (Trichopodus trichopterus). J. Morphol. 280, 193-204, doi:10.1002/jmor.20931 

(2019). 

46. T. Otonkoski, H. Jiao, N. K. Ahola, l. T. Paez, M. S. Ullah, L. E. Parton, F. Schuit, R. 

Quintens, l. Sipila, E. Mayatepek, T. Meissner, A. P. Halestrap, G. A. Rutter, J. Kere, 

Physical exercise-induced hypoglycemia caused by failed silencing of monocarboxylate 

transporter 1 in pancreatic beta cells. Am. J. Hum. Genet. 81, 467-474 (2007). 

47. N. Merezhinskaya, W. N. Fishbein, J. I. Davis, J. W. Foellmer, Mutations in MCT1 cDNA in 

patients with symptomatic deficiency in lactate transport. Muscle Nerve. 23, 90-97 (2000). 

48. W. Meng, H. A. Deshmukh, N. R. van Zuydam, Y. Liu, L. A. Donnelly, K. Zhou, Wellcome 

Trust Case Control Consortium2 (WTCCC2), Surrogate Markers for Micro-and Macro-

Vascular Hard Endpoints for Innovative Diabetes Tools (SUMMIT) Study Group, A. D. 

Morris, H. M. Colhoun, C. N. A. Palmer, B. H. Smith, A genome-wide association study 

suggests an association of Chr8p21.3 (GFRA2) with diabetic neuropathic pain. European 

Journal of Pain, 19, 392-399 (2015). 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 17, 2021. ; https://doi.org/10.1101/2021.05.10.443352doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.10.443352
http://creativecommons.org/licenses/by-nc-nd/4.0/

