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Abstract 48 

Teleost fishes exhibit complex unique sexual characteristics, such as fin enlargement and 49 

courtship display, in response to androgens. However, the molecular mechanisms 50 

underlying their evolutionary acquisition remain largely unknown. To address this 51 

question, we analysed medaka (Oryzias latipes) mutants deficient in androgen receptor 52 

ohnologs (ara and arb) generated by the teleost-specific whole-genome duplication event 53 

(TSGD). We discovered that both ar ohnologs are not required for spermatogenesis and 54 

appear to be functionally redundant for courtship display in males, while both copies were 55 

necessary for their reproductive success; ara was required for tooth enlargement and 56 

behavioural attractiveness, while arb for male-specific fin morphogenesis and sexual 57 

motivation. We further showed that the differences in both the transcription of the two 58 

ars, cellular localisation of their encoded proteins and their downstream genetic programs 59 

could be responsible for the phenotypic diversity between the ara and arb mutants. These 60 

findings suggest that the ar ohnologs have diverged in the teleost lineage in two different 61 

ways: First through the loss of their roles in spermatogenesis and second through the gene 62 

duplication followed by functional differentiation that has likely resolved the pleiotropic 63 

roles derived from their ancestral gene. Thus, our results provide insights into how 64 

genome duplication impacts the massive diversification of sexual characteristics in the 65 

teleost lineage.  66 
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Introduction 67 

Vertebrates exhibit a great variety of sexually dimorphic morphological and behavioural 68 

traits that are thought to have evolved through sexual selection. Sexual dimorphism in 69 

vertebrates has been extensively studied in rodents, especially in the context of male-70 

biased sexual characteristics, such as external genitalia, sex accessory organ development, 71 

and reproductive behaviours1, 2. However, few empirical studies have investigated the 72 

molecular mechanisms underlying the evolutionary acquisition of diverse sexually 73 

dimorphic traits in vertebrates. Teleosts show unique sets of extreme sexual dimorphism3, 74 

such as an elongated median fin4, copulatory organs5, 6, and nuptial coloration7, and 75 

behavioural traits including nest building8, courtship9, and aggressive acts10. Such male 76 

traits increase male reproductive success but often harm females because of the sex-77 

specific fitness optima of these traits. Therefore, the genetic correlation between the two 78 

sexes constrains the evolution of sexual dimorphism, which generates intra-locus sexual 79 

conflict11, 12. Although male-biased gene expression by androgens is a possible 80 

mechanism to resolve such sexual conflict by allowing the expression of morphological 81 

and behavioural traits specifically in mature male vertebrates13-16, little is known about 82 

the relationship between the genetic program regulated by androgens and the evolutionary 83 

diversification of sexually dimorphic traits. 84 

Phenotypic and physiological responses to androgens are mediated by the androgen 85 

receptor (Ar), which belongs to the nuclear receptor family, a diverse group of 86 

transcription factors that originated in multicellular animals17-20. In mammals, 87 

testosterone (T) and 5a-dihydrotestosterone (DHT) are effective ligands for AR21. 88 

11ketotestosterone (11KT) is a potent androgen in teleosts22. Traditional studies using 89 

mouse models have shown that AR knockout (AR KO) results in the demasculinisation of 90 

external genitalia, agenesis of accessory sex organs, and arrest of spermatogenesis1. Such 91 

pleiotropic functions23 might have constrained the molecular evolution of the AR gene, 92 

although androgen-mediated gene expression can solve sexual conflict. 93 

Most teleosts have two distinct ar ohnologs—ara and arb—generated by teleost-94 

specific whole-genome duplication (TSGD)24, 25. TSGD is an evolutionarily recent 95 

whole-genome duplication that occurred approximately 350 Ma after the split of non-96 

teleost actinopterygian lineages (namely, bichir, sturgeon, gar, and bowfin) from the 97 

teleost lineage, but before the divergence of Elopomorpha (i.e. Japanese eel) and 98 

Osteoglossomorpha (i.e. silver arowana)26, 27. Because gene duplication results in a 99 

decrease in the negative selection pressure and can drive the establishment of lineage-100 

specific traits with novel biological functions28, the ar ohnologs could have contributed 101 
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to the diversification of masculine sexual characteristics found in teleosts, owing to the 102 

reduction of the pleiotropic constraint on them.  103 

Molecular evolutionary analysis of the teleost lineage has revealed the asymmetric 104 

evolution of ar ohnologs, including the accumulation of more novel substitutions in ara 105 

than in arb, and that the lineage-specific loss of ara occurred independently in Otocephala 106 

such as zebrafish and Salmoniformes such as rainbow trout24, 25, 29 - 31. Our in vitro analysis 107 

of the protein function of medaka Ars indicates that Arb has properties similar to those 108 

of other vertebrate Ars, but Ara acquired a new function as a hyperactive form of Ar, 109 

showing higher ligand-dependent transactivation capacity and constitutive nuclear 110 

localisation25. We also found two key nonsynonymous base substitutions in the Ar hinge 111 

region and ligand-binding domain (LBD), which are highly conserved among spiny-rayed 112 

fish (Acanthomorpha) Aras, including medaka and cichlid Aras30. Such substitution in 113 

the hinge region has changed the molecular property of Ara from a ligand-dependent- to 114 

a constitutive nuclear localisation protein, while the substitution in the LBD has increased 115 

its transactivation capacity30. This suggests that retention of the two Ar ohnologs with 116 

neofunctionalisation and/or subfunctionalisation in the Acanthomorpha lineage can 117 

significantly contribute to reproductive diversification. A recent genetic study in the 118 

African cichlid (Astatotilapia burtoni) revealed that the two Ar ohnologs have diverged 119 

in their functional roles for male sexual characteristics32. However, the molecular basis 120 

of how the two Ar ohnologs exhibit functional divergence has not yet been elucidated. 121 

To understand the molecular properties of Ar ohnologs in the diversification of 122 

sexual characteristics, we focused on the role of Ar in Japanese medaka (Oryzias latipes), 123 

which is a well-defined model system for the study of sex determination33 and sexual 124 

differentiation studies on morphological and behavioural traits10, 34 - 38. Medaka has a male 125 

heterogametic (XX/XY) system, in which dmy/dmrt1bY on the Y chromosome 126 

determines their sexes33. Importantly, they show prominent external morphologies 127 

specific to males, such as modification of the anal fin with papillary processes and 128 

formation of a fork in the dorsal fin39. These sexual characteristics can be induced by 129 

androgen administration40 and are probably regulated by ligand-dependent transcriptional 130 

regulation of Ars36. Males perform courtship behaviours consisting of a sequence of 131 

stereotyped actions that are easily quantified35, 38, 41. Furthermore, previous studies 132 

demonstrated that Ars are expressed in the brain42 and can control the sexually dimorphic 133 

expression of neuropeptides and biologically active nonapeptides10, 43. Although these 134 

findings indicate that Ars are involved in a broad range of male-specific traits in medaka, 135 

the differential role of the two Ars remains unclear. This study aimed to understand how 136 

evolutionary differentiation of Ar ohnologs contributed to the development of unique 137 
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sexual characteristics that increase male fitness in teleosts, which provides insights into 138 

the mechanisms of radiation of teleost fishes driven by sexual selection. 139 

We isolated medaka ara and arb mutants that had lost their ligand-dependent 140 

transactivation capacity from a medaka TILLING (targeting-induced local lesions in 141 

genomes) library and then comprehensively characterised the phenotypes of sexual 142 

characteristics in the single ar mutants (ara KO or arb KO) and double mutants (ar DKO). 143 

We found that both ara and arb are required in males to achieve efficient reproductive 144 

success; ara and arb are functionally redundant in the regulation of courtship display but 145 

have divergent roles in other morphological and behavioural sexual characteristics. 146 

Unexpectedly, both ar ohnologs are not essential for spermatogenesis in medaka, which 147 

contrasts with the case of mouse AR and may have permitted the unique ar evolution in 148 

teleosts by reducing part of the functional constraints on the gene(s). We also 149 

demonstrated that differences in transcriptional regulation and intracellular localisation 150 

could account for the divergent roles of ar ohnologs in the development of the sexual 151 

characteristics of teleosts. 152 

 153 

Results  154 

Screening of ara and arb knockout mutants (KOs) 155 

By screening the medaka TILLING library, we identified founders possessing nonsense 156 

mutations in exon 6 of ara (S507X) and exon 4 of arb (L503X) (Supplementary Fig. 1a–157 

c). These mutant alleles failed to mediate 11KT-induced transcription of androgen 158 

response element (ARE) reporter genes in COS7 cells, indicating that these mutations in 159 

ara and arb resulted in the loss of ligand-induced transactivation capacity 160 

(Supplementary Fig. 1d). Therefore, we established ara-/- (ara KO) and arb-/- (arb KO) 161 

medaka strains carrying homozygous null mutations of ara and arb, respectively, by 162 

crossing these founders. Furthermore, a double homozygous mutant strain (ara-/-; arb-/-, 163 

i.e. ar DKO) was established by crossing ara KO and arb KO strains. 164 

 165 

Roles of the two Ars in testicular development and spermatogenesis 166 

To evaluate the influence of the Ar mutations on sex determination, we analysed the 167 

genetic sex by the amplification of dmy and then confirmed the gonadal sex by dissecting 168 

their gonads. All wild-type (WT) and mutant fish with a Y chromosome (XY 169 

chromosomes) had testes (n = 10 in each genotype), indicating that Ar mutations did not 170 

cause sex reversal. To examine the role of Ar mutations in male fecundity, we bred ar 171 

KO males with WT females. Although both ara KO males and arb KO males were fertile, 172 

their frequencies of successful reproduction and average rates of fertilisation were 173 
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significantly decreased (Fig. 1a, b). No ar DKO males successfully bred with females 174 

under natural mating (Fig. 1a). In contrast, all mutant females were fertile and displayed 175 

fertilisation rates similar to those of WT females (Supplementary Fig. 2). We 176 

hypothesised that the lack of successful mating in ar DKO males was caused by defects 177 

in testicular differentiation and spermatogenesis, as demonstrated in previous studies in 178 

AR KO mice1. However, we discovered that the Ar mutants showed no difference in 179 

testicular morphology, except the ara KO males exhibiting hypertrophic testes filled with 180 

mature sperm, which correlated with their higher gonad/body weight ratio (gonadal-181 

somatic index; GSI) (Fig. 1c, d). We found that even in ar DKO males, the testes 182 

contained mature sperms with tails in the seminiferous tubules (Fig. 1e).  183 

Sperm quality was examined using a computer-assisted sperm analysis system 184 

(CASA). Total sperm number was significantly increased in ara KO males and tended to 185 

increase with high variance in ar DKO males (Fig. 1f), while there were no significant 186 

differences in the frequency of moving sperm and average speed of sperm in all mutant 187 

strains (Fig. 1g, h). Furthermore, no significant difference in the success rates of in vitro 188 

fertilisation using the cryopreserved sperms was found in all mutant strains (Fig. 1i), 189 

whereas no fertilised eggs were obtained in natural mating with ar DKO males (Fig. 1b). 190 

These results indicate that ar DKO male sperm were capable of fertilising the eggs. 191 

Quantification of testicular levels of 11KT and T by liquid chromatography-mass 192 

spectrometry (LC/MS) revealed no significant changes in the levels of these steroids in 193 

the Ar single KOs but significantly increased 11KT levels in ar DKO males (Table 1).  194 

Next, to investigate whether there were any morphological defects in tissues 195 

involved in sperm release, we observed the tissue structure of the urethra, sperm duct, 196 

and medulla of urogenital papillae in histological sections of the cloaca of the Ar KO 197 

strains (Fig. 1j, k). We found that the ara KO and ar DKO males showed a narrowed 198 

sperm duct cavity surrounded by medulla containing dense collagen fibres intensely 199 

stained by aniline blue, while the arb KO males showed a milder phenotype; the medulla 200 

developed in the posterior end of the sperm duct near the opening of the digestive tract 201 

(Supplementary Fig. 3). These results indicate that sperm duct constriction by the 202 

enlarged medulla may cause an increased number of sperm in the testes of ara KO and 203 

ar DKO males.  204 

 205 

The differential roles of the two Ars in the development of sexual characteristics  206 

The functional contributions of ara and arb to the development of external sexual 207 

characteristics were examined in ar KO strains (Fig. 2a-f). The ara KO males showed 208 

prominent masculine sexual characteristics in median fin morphology, including the 209 



 

 7 

formation of papillary processes that develop as branched bone nodules derived from anal 210 

fin rays, elongated anal fin rays (Fig. 2b, c), and forked dorsal fin with elongated rays 211 

(Fig. 2d), similar to the WT males. In contrast, arb KO and ar DKO males showed shorter 212 

anal fin rays without any papillary processes, as observed in WT females (Fig. 2b, c). 213 

Quantitative assessment of the anal fin confirmed that papillary processes were lacking 214 

in the arb KO and ar DKO males but not in the ara KO males (Fig. 2e). These results 215 

were consistent with changes in the expression level of lef1, an androgen effector gene 216 

that is important for papillary process development36, which was significantly reduced in 217 

the anal fins of ar DKO males but not in those of ara KO males (Supplementary Fig. 4). 218 

We further quantified the outgrowth of anal fin rays by calculating the ratios of the length 219 

of the anterior 3rd and posterior 2nd fin rays to the width of the anal fin which was 220 

significantly larger in males than that in females of the WT (Fig. 2f). Such sexual 221 

differences in the relative length of the fin rays were observed in ara KO, but not in the 222 

arb KO and the ar DKO males (Fig. 2f). Interestingly, unlike the anal fin, male-specific 223 

fork formation in the dorsal fin was, in part, found in the arb KO but completely absent 224 

in the ar DKO males (Fig. 2d). These results indicate that arb predominantly controls 225 

masculine characteristics in the median fins of medaka.  226 

We also examined another male sexual characteristic, the androgen-inducible 227 

increase in white pigment cells (leucophores) distributed from the nasal sac to the dorsal 228 

side of the eyes44. Gross observations showed that leucophores were decreased in the arb 229 

KO and ar DKO males but not in the ara KO males (Fig. 3), indicating that arb plays a 230 

critical role in the sexual differentiation of leucophore patterns. 231 

Sexual dimorphism in tooth morphology such as larger lateral teeth of the upper and 232 

lower jaws in males45 is another trait regulated by androgen in medaka46. We observed 233 

broken teeth in males, but not in females (Fig. 4a), which might be damaged by male-234 

male competition. In fact, when two males and one female were placed in the same tank, 235 

a male showed aggressive competition and attacked the lateral body of another male using 236 

its face (Supplementary Movie 1). Micron-scale computed tomography (micro-CT) and 237 

bone staining revealed that the ar DKO males did not show any enlarged lateral teeth, as 238 

in WT females (Fig. 4a-c). Interestingly, while enlargement of the lateral teeth of the 239 

upper jaw was observed in the arb KO males as in WT males, less enlargement was 240 

detected in the ara KO males (indicated by arrows in Fig. 4a-c). Quantitative 241 

measurement of the teeth length by calculating the ratio of the length of the largest tooth 242 

in the upper jaw to the width of the upper jaw revealed that the teeth length was 243 

significantly decreased in the ara KO males compared to the WT males, but not in the 244 

arb KO males (Fig. 4d). These results indicate that masculinisation of tooth morphology 245 
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is predominantly regulated by ara.  246 

 247 

Differential effects of the two Ars on mating behaviours 248 

Previous studies have shown that ar expression in the brain and the pituitary regulates the 249 

expression of several hormones that can control the reproduction and social behaviours 250 

in medaka10, 43, 47. Hence, we observed the mating behaviour of a test male (homozygotes 251 

for the WT, ara KO, arb KO, or DKO alleles) with a WT female. The ar DKO males 252 

completely abolished courtship displays during behavioural testing, whereas the single 253 

mutant males displayed courtships at least once (Fig. 5a), indicating that either of the two 254 

ars is sufficient for this mating behaviour. However, we found differential effects of the 255 

two ars on the frequency of courtship displays before spawning, which is an index of 256 

male sexual motivation (Fig. 5b). Although generalised linear mixed models (GLMM) 257 

showed no significant change in the frequency of courtship displays of the ara KO males 258 

(estimate + s.e. = 0.1927 + 0.1475, z = 1.307, P = 0.2061), the arb KO males showed 259 

significantly decreased frequency (estimate + s.e. = -0.7492 + 0.3271, z = -2.291, P = 260 

0.03438) (Fig. 5b). This difference indicates that the arb KO males have lower sexual 261 

motivation than the ara KO and WT males.  262 

A previous study demonstrated that medaka females prefer males with longer median 263 

fins48; therefore, we hypothesised that feminised fin morphology caused by arb 264 

deficiency but not by ara could affect female mate preferences. In contrast to our 265 

expectations, we found that both ara KO and arb KO males required significantly longer 266 

mating latency (ara KO, GLMM, estimate + s.e. = 0.5266 + 0.2239, t = 2.352, P = 267 

0.002063; arb KO, GLMM, estimate + s.e. = 1.1287 + 0.2590, t = 4.358, P = 0.001313) 268 

(Fig. 5c). Consistently, the total number of wrapping rejections by the female was 269 

significantly increased in the case of both the ara KO (GLMM, estimate + s.e. = 2.4102 270 

+ 0.002412, z = 999.2, P < 0.001) and arb KO males (GLMM, estimate + s.e. = 1.6222 + 271 

0.4585, z = 3.538, P < 0.001) (Fig. 5d). These results indicate that deficiency of either of 272 

the two ar genes decreases mate preference by the females. Furthermore, to understand 273 

the behavioural roles of the papillary processes that are thought to enable males to rub 274 

and prevent females from escaping during wrapping for spawning41, we measured the 275 

duration of each wrapping event followed by egg spawning (Fig 5e). Linear mixed models 276 

showed that the duration time was significantly reduced in both the ara KO (estimate + 277 

s.e. = -7.909 + 2.164, t = -3.654, P = 0.001728) and arb KO males (estimate + s.e. = -278 

3.455 + 1.723, t = -2.005, P = 0.04403) (Fig 5e), indicating that not only fin morphology 279 

but also any defects caused by ara deficiency affected wrapping behaviour. 280 

Finally, to verify whether these behavioural defects caused by ar mutations decrease 281 
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male reproductive success, we performed a mate choice test using two males—a WT male 282 

and an ar KO male—with a WT female. We found that both ara KO (χ2 = 16.092, df = 283 

1, P < 0.001) and arb KO males (χ2 = 12.224, df = 1, P < 0.001) successfully mated with 284 

females in significantly fewer trials compared to WT males (Supplementary Fig. 5), 285 

suggesting that both ara and arb are required for high reproductive fitness in males.  286 

 287 

Brain transcriptomic changes in ar KOs 288 

Because ar DKO males lack courtship display, we performed RNA-seq analysis using 289 

whole brain tissues, including the pituitary, isolated from WT and ar DKO males to 290 

identify genes that regulate male courtship display. We identified 290 genes that were 291 

differentially expressed between the WT and ar DKO males. However, Gene Ontology 292 

(GO) enrichment analysis did not reveal significant enrichment of these genes in 293 

particular biological processes such as the regulation of social and reproductive 294 

behaviours (Supplementary Fig. 6), suggesting the occurrence of a small number of genes 295 

exhibiting low expression but having large effects on neuronal signals.  296 

Next, we performed RNA-seq analysis of whole brain tissues of WT, ara KO, 297 

and arb KO males to identify genes that cause behavioural changes in ar KOs. We 298 

identified 153 and 167 genes that were differentially expressed in ara KO and arb KO 299 

males, respectively, compared to WT males (Fig. 5f-i). Although GO enrichment analysis 300 

did not reveal the significant enrichment of these genes in particular biological processes 301 

(Supplementary Figs. 7 and 8), 106 of 153 and 120 of 167 genes were identified to be 302 

differentially expressed between ara KO and arb KO males, respectively (Fig. 5f). The 303 

quantification of 11KT, T, E2, and oestrone (E1) levels by LC/MS revealed that there 304 

was no significant decline in the levels of these steroid hormones in the brains by ara KO 305 

or arb KO, but rather a prominent increase in 11KT and T levels in ar DKO males (Table 306 

2). These results indicate that Ara and Arb play distinct roles in the regulation of Ar-307 

biased gene expression in the brain, which may reflect the subfunctionalisation and/or 308 

neofunctionalisation of these ohnologs after the genome duplication event. 309 

 310 

Differences in expression and intracellular localisation of the two Ars 311 

To visualise the gene expression patterns and intracellular localisation of Ara and Arb in 312 

vivo, we generated two knock-in medaka strains, araFLAG-2A-mClover3 (Ara-KI) and arbFLAG-313 

2A-mClover3 (Arb-KI) expressing two distinct proteins, an epitope (3xFLAG)-tagged Ar and 314 

a green fluorescent protein (mClover3), from the endogenous ar loci (Fig. 6a). In adult 315 

males, weak green fluorescence was ubiquitously detected throughout the body of both 316 

the KI strains (Fig. 6b). In the papillary processes of the anal fin, stronger green 317 
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fluorescence was observed in Arb-KI than in Ara-KI males (Fig. 6b). Next, we focused 318 

on the expression of Ara and Arb proteins in the cells located at the distal region of a bone 319 

nodule of papillary processes because we previously identified the expression of 320 

androgen effector genes in these cells36. We visualised Ara and Arb proteins in tissue 321 

sections of the anal fin by immunohistochemistry (IHC) using a green fluorescent protein 322 

(GFP) antibody to identify the Ar-expressing cells and an anti-FLAG antibody to verify 323 

the nuclear localisation of Ar required for its activation as a transcription factor49. 324 

Consistent with the KO phenotype, we observed prominent GFP signals and nuclear 325 

localisation of FLAG signals in these Arb-KI cells, but not in Ara-KI cells (Fig. 6c). These 326 

results suggest that the unique expression of arb and the nuclear localisation of its protein 327 

in the papillary processes account for arb KO-specific defects in this tissue. 328 

In the urogenital region, nuclear localisation of both Ara and Arb was observed in 329 

the medulla ventral to the sperm duct (Fig. 6d), where ar KOs exhibited prominent 330 

hyperplasia. In the preoptic area (POA), a brain region known to regulate a wide range of 331 

instinctive behaviours including mating behaviour50, we detected intense nuclear 332 

localisation of both Ara and Arb (Fig. 6e, f).  333 

 334 

Discussion 335 

In the present study, we analysed the divergent roles of the TSGD-ohnolog pair ara and 336 

arb in the expression of sexual characteristics in medaka. We demonstrated that ar DKO 337 

males lack courtship displays and external sexual characteristics, such as masculinisation 338 

of fin morphology and pigment cell patterns, resulting in infertility. These findings 339 

indicate the essential roles of Ars in male reproduction. Interestingly, ar DKO medaka 340 

showed successful spermatogenesis and no decrease in the number of mature sperms. 341 

This is consistent with the previous finding that medaka males deficient in the sex steroid 342 

synthesis-related gene P450c17 possess well-developed testes with many spermatozoa 343 

with fertilising ability51. Our results clearly showed that androgen signalling is 344 

dispensable for spermatogenesis in medaka. In contrast, impairment of spermatogenesis 345 

has been previously reported in Ar-deficient animals such as ARKO mice, in which 346 

spermatogenesis was arrested at the pachytene spermatocyte1 and ar deficient zebrafish 347 

showing infertility due to defective spermatogenesis52-54. Additionally, the stimulatory 348 

effect of 11KT on spermatogenesis has been reported in cultured testes of Japanese eel,22 349 

which represents the earlier branching teleost groups55. These findings indicate that the 350 

functional contribution of androgen signalling to spermatogenesis has been lost, 351 

specifically in the lineage leading to medaka. Ar-mediated androgen activity also 352 

contributes to the maintenance of normal ovarian function in mouse1,56 and zebrafish52-54. 353 
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In contrast, Ar signalling is dispensable for female fecundity in medaka, suggesting that 354 

the androgen/Ar system resolves sexual conflict in this species. The loss of contribution 355 

of Ar signalling in gametogenesis in both sexes might have reduced the evolutionary 356 

constraints on the ar ohnologs and accelerated the acquisition of exaggerated male-357 

specific traits in the lineage leading to medaka. 358 

To understand the exclusive role of ara and arb in the development of sexual 359 

characteristics, we analysed the morphological and behavioural traits of ara KO and arb 360 

KO males. We demonstrated that arb KO males showed a decreased frequency of 361 

courtship displays before spawning, reflecting their lower sexual motivation than WT 362 

males. In addition to such behavioural abnormalities, arb KO males lack external sexual 363 

characteristics, such as outgrowth of fin rays and papillary process development in the 364 

anal fin, as in females. Because females prefer males with longer fins48, and the papillary 365 

processes are thought to rub the female to induce spawning and prevent the females from 366 

escaping41, the demasculinisation of anal fin structure in arb KO males may reduce 367 

reproductive success. We also observed reduced reproductive success of the arb KO 368 

males due to the shorter duration of wrapping and subsequent spawning and rejection by 369 

females. This is consistent with the lower fertility caused by ablation of the part of the 370 

dorsal or anal fin in males57. In contrast, ara KO males showed intact sexual 371 

characteristics in fin morphogenesis but had shorter teeth. Although ara KO males did 372 

not show a decrease in sexual motivation considering the frequency of courtship displays 373 

before spawning, their frequency of mating was lower than that of WT males. Moreover, 374 

ara KO males were frequently subjected to wrapping rejection by females and exhibited 375 

a shorter duration of wrapping and subsequent spawning. These results indicate that their 376 

reproductive behaviour appears less attractive than that of WT males. In fact, ara KO 377 

males required more time to spawn with females. The lower fertility of ara KO males 378 

may be due to behavioural abnormalities as well as constriction of the sperm duct. Taken 379 

together, we revealed the differential roles of ar ohnologs associated with the unique 380 

sexual characteristics of teleosts—ara predominantly regulates the masculinisation of 381 

teeth and behavioural attractiveness while arb plays essential roles in male-specific fin 382 

morphogenesis and sexual motivation. 383 

Loss of function of either ara or arb reduced male reproductive fitness, whereas 384 

double mutations of ara and arb resulted in more severe phenotypes, indicating their 385 

overlapping and specific roles. The emergence of duplicated genes with overlapping roles 386 

that allow organisms to be phenotypically stable may relax selection pressure and enable 387 

innovation58-61. A recent study on African cichlid fish revealed that ara and arb diverged 388 

in their functions, wherein ara coded for reproductive and aggressive behaviours and arb 389 
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for dominant bright colouration32. Corroborating this study, our findings suggest that 390 

external sexual characteristics, such as fin morphology and pigmentation patterns, are 391 

likely to be predominantly regulated by arb in both species. However, in contrast to the 392 

cichlid, the medaka ara regulates not only the performance of reproductive behaviour but 393 

also external sexual characteristics such as teeth enlargement that can be used in intra-394 

male competition and the composition of medullary tissue in the cloaca, suggesting that 395 

the functional contribution of ara varies among species. A previous study comparing 396 

sequence differences between ara and arb showed that ara evolved 3.45 times faster than 397 

arb in medaka30. Taken together, these observations suggest that arb has been biased to 398 

maintain ancestral function under the stronger pressure of sexual selection compared to 399 

ara that has functionally diverged in each species. Further studies of other teleosts with 400 

two ar ohnologs and basal non-teleost ray-finned fishes (e.g. Polypterus) possessing a 401 

single ar gene are required to definitively determine the functions of ar ohnologs that 402 

have been derived from the ancestral gene and those that have been derived from 403 

innovated ar after the TSGD.  404 

The generation of epitope-tagged AR-KI medaka lines enabled us to analyse the 405 

accurate expression pattern of each Ar ohnolog in vivo. We found prominent expression 406 

of Arb, but not Ara, in the distal region of a bone nodule of papillary processes of the anal 407 

fin. In addition, we observed the localisation of Arb, but not Ara, in the cellular nuclei of 408 

this region. Such differential expression patterns of Ar ohnologs at the tissue and cellular 409 

levels may explain the loss of papillary processes in arb KO males. We also observed the 410 

cytoplasmic localisation of Ara in the anal fin, which appears to be inconsistent with a 411 

previous study showing constitutive nuclear localisation of Ara in COS7 cells25. This may 412 

be explained by tissue- or cell type-specific expression of nuclear localisation signal 413 

(NLS)-binding proteins such as importin family proteins because Ara has a unique amino 414 

acid in its NLS that contacts the importin a proteins30. We observed the nuclear 415 

localisation of both Ara and Arb in other cells, such as the POA neurons of the brain and 416 

the medulla of the urogenital region. Together, these findings indicate that the differences 417 

in the regulation of both the transcription and intracellular localisation of Ars can become 418 

possible determinants of the functional differences of Ar ohnologs generated by TSGD.  419 

Identification of the downstream effector genes of Ars will enable us to reveal the 420 

genetic changes that underlie phenotypic novelty. Previous studies in mice have identified 421 

genes important for signalling pathways during developmental processes, including sonic 422 

hedgehog (shh), bone morphogenetic protein (bmp), and genes of the Wnt/b-catenin 423 

pathway62, 63. Interestingly, we observed abnormal activation of neuropeptide B a (npba) 424 

and hsd17b12a expression, which were 5.21 and 3.41 times higher, respectively, in the 425 
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brains of ar DKO males than in those of WT males (Fig. 5g). npba is known as a 426 

downstream target of E2/Esr2b, which is necessary for female-specific mating 427 

behaviour64. Esr2b/E2 signalling plays a decisive role in the suppression of male-typical 428 

courtship display in females38. Besides, the expression of hsd17b12a has been shown to 429 

catalyse the transformation of E1 into E265. Therefore, we expected Esr2b signalling to 430 

be activated by increasing E2 levels in the brains of ar DKO males. However, contrary 431 

to our expectations, ar DKO males did not show any increase in brain E2 levels, 432 

indicating that the abnormal activation of npba expression in ar DKO males is not due to 433 

the rise in brain E2 levels and is may be regulated by Ar signalling. Although we have 434 

not yet identified the downstream effector genes that account for each Ar-ohnolog-435 

specific behaviour, we found that Ara and Arb have distinct repertoires of downstream 436 

effector genes in the brain. Abnormal activation of npba was exclusively found in arb 437 

KO males but not in ara KO males, suggesting that Arb has opposing effects on the 438 

expression of the female-biased gene necessary for female mating behaviour. Arb and 439 

Esr2b may interact competitively for the regulation of downstream effector genes. We 440 

aim to identify such genes in the future by conducting gene expression analysis in nerve 441 

nuclei with higher resolution and chromatin immunoprecipitation sequencing analysis of 442 

their target genes using the epitope-tagged AR-KI medaka lines generated in this study. 443 

In conclusion, we showed that in medaka, both ar ohnologs are not required for 444 

spermatogenesis but are required for high male reproductive success because of their 445 

overlapping and specific functions in the development of other male-specific 446 

morphological and behavioural sexual characteristics (Fig. 7). These findings suggest 447 

that the functional diversification of ar ohnologs has been promoted in the teleost 448 

lineage in two different ways—the loss of their roles in spermatogenesis and the gene 449 

duplication that has likely resolved the pleiotropic function derived from their ancestral 450 

gene. Furthermore, the generation of epitope-tagged AR-KI medaka lines enabled us to 451 

analyse the transcriptional regulation and intracellular localisation of each Ar, which 452 

filled a gap in knowledge, that is, the mechanism by which Ar ohnologs exhibit 453 

functional differences in vivo. Our results provide a comprehensive foundation for 454 

understanding the mechanisms underlying the diversification of sexual characteristics 455 

driven by ar gene duplication in teleosts.  456 

 457 

 458 

Materials and Methods 459 

Animals 460 

All the procedures and protocols were approved by the Institutional Animal Care and Use 461 
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Committee of the National Institute for Basic Biology and Kyushu University. Japanese 462 

medaka were bred and maintained under artificial reproductive conditions with 14 and 10 463 

h of light (8:00–22:00) and dark cycles at 26–28°C. They were fed commercial pellet 464 

food (Hikari Lab; Kyorin Co., Ltd., Hyogo, Japan) 2–3 times a day. Sexually matured (4–465 

8 months of age) male and female medaka producing fertilised eggs for at least three 466 

consecutive days until the day before the experiment were used. The ar DKO males were 467 

also reared with females in the same tank for one week until the day before the experiment. 468 

The gloss morphology and pigment pattern of the adult fish were observed using a stereo 469 

fluorescent microscope FLUO IIITM (Leica, Wetzlar, Germany). Micrographs were taken 470 

using a digital charge-coupled device camera DP-71 (Olympus, Tokyo, Japan). 471 

 472 

Screening for ara and arb KOs from the medaka TILLING library 473 

In teleost fishes, two distinct subtypes of Ars were first identified as ARa and ARb in 474 

Nile tilapia (Oreochromis niloticus), Japanese eel, and Atlantic croaker (Micropogonias 475 

undulatus)66-68. We have then distinguished the medaka Ars, ara (ARa, Genbank 476 

accession: AB252233, Ensembl ID: ENSORLG00000008220, located on chromosome 477 

10), and arb (ARb, AB252679, Ensembl ID: ENSORLG00000009520, located on 478 

chromosome 14), based on phylogenetic analysis considering those first identified as 479 

ARa and ARb in Nile tilapia and Japanese eel25. Both ara KO and arb KO medaka strains 480 

were established using the TILLING approach. Briefly, the medaka TILLING library 481 

consisting of frozen sperm and genomic DNA obtained from 5760 F1 male fish69 was 482 

screened for mutations in ara and arb by high resolution melting (HRM) analysis70 of 483 

fragments amplified by genomic PCR using KOD-Plus (Toyobo, Osaka, Japan) and 484 

ResoLight Dye (Roche, Mannheim, Germany) on a LightCycler 480 (Roche). The PCR 485 

conditions for ara KO screening were as follows: preheating at 95°C for 2 min, followed 486 

by 45 cycles of denaturation at 95°C for 10 s, annealing at 58°C for 30 s, and elongation 487 

at 68°C for 30 s, and finally heating at 68°C for 2 min. The conditions for arb KO 488 

screening were the same except the annealing temperature was set at 56°C. The primer 489 

sequences used for KO screening are listed in Supplementary Table 1. Fluorescence 490 

measurements were collected from 40 to 80°C, and melting curves were analysed using 491 

the LightCycler 480 software (Roche, Mannheim, Germany). The PCR products selected 492 

as KO candidates were incubated with ExoSAP-IT reagent at 37°C for 15 min, then 493 

inactivated at 80°C for 15 min, and then directly sequenced on an ABI PRISM 3130xl 494 

Genetic Analyser (Life Technologies, Waltham, MA, USA) using a BigDye Terminator 495 

v3.1 cycle sequencing kit (Life Technologies). ID:5383 and ID:3793 were identified as 496 

founders harbouring nonsense mutations in the 6th exon of ara (araS507X) and the 4th exon 497 
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of arb (arbL503X) (Supplementary Fig. 1).s F2 heterozygotes of KO males were obtained 498 

by artificial insemination using the National BioResource Project (NBRP) Medaka. To 499 

remove background mutations, heterozygous KO males were backcrossed with WT 500 

females of OK-Cab (NBRP ID: MT830) until the F5 generation. After repeated 501 

backcrossing, the strains were maintained by crossing heterozygous females and males to 502 

obtain WT and homozygous siblings for phenotypic analyses. The ara and arb double 503 

heterozygous males and females (ara+/-; arb+/-) were obtained by breeding ara-/- males 504 

with arb-/- females. The ara and arb double heterozygous males and females were crossed 505 

to obtain ara-/-; arb+/- males and females. The ara and arb double homozygous males and 506 

females (ara-/-; arb-/-) were obtained by breeding ara-/-; arb+/- males with ara-/-; arb+/- 507 

females. The genotype of each fish was determined by direct sequencing of the PCR 508 

product containing the mutant site from the fin clips of the adult fish using the same sets 509 

of primers for TILLING screening. The genetic sex of each fish was determined by 510 

genomic PCR according to a previous report71.  511 

 512 

Transcriptional activity of the Ar KO 513 

The expression vectors for medaka cDNAs for Ara (pCMV-medaka Ara+) and Arb 514 

(pCMV-medaka Arb+) were generated as previously described30,72. The mutations 515 

identified by TILLING were introduced into these expression vectors using the 516 

PrimeSTAR Max mutagenesis basal kit (Takara Bio, Shiga, Japan) and primers listed in 517 

Supplementary Table 1 to obtain pCMV-medaka Ara- and pCMV-medaka Arb-. 518 

COS-7 cells cultured in 24-multiwell plates (5.0×104 cells/well) were transfected 519 

with 400 ng/well of the PRE/ARE tk Luc reporter plasmid73, 0.8 ng/well of pRL-SV40 520 

(Renilla luciferase vector) as the internal control, and 80 ng/well of the expression vector 521 

for Ars, using 1.5 µL/well of TransFast transfection reagent (Promega, Tokyo, Japan). 522 

After 6 h of transfection, the cells were incubated for 12 h in Dulbecco’s modified Eagle’s 523 

medium (DMEM) with 10% charcoal-treated foetal bovine serum, either in the presence 524 

or absence of 10-8 M 11KT (K-8250, Sigma-Aldrich, St. Louis, MO, USA). The reporter 525 

gene activities were determined using the dual-luciferase reporter assay system 526 

(Promega) with values normalised to pRL-induced activities (i.e. firefly luciferase 527 

activity/Renilla luciferase activity). Each assay was performed in triplicates and repeated 528 

thrice independently.  529 

 530 

Measurement of sex steroid levels 531 

Adult testes and whole brains of WT, ara KO, arb KO, and ar DKO males at 532 

approximately 6 months of age were collected 1 to 3 h after the onset of the light period. 533 
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11KT, T, 11KT, T, E1, and E2 were quantified in each testis or brain using liquid 534 

chromatography-tandem mass spectrometry (LC-MS/MS) at ASKA Pharma Medical Co. 535 

Ltd (Kanagawa, Japan) as described by Nishiike et al.38. Steroid levels are expressed as 536 

nanogrammes or picograms of each steroid per gram of wet tissue weight. 537 

 538 

Quantification of male fecundity 539 

Males (WT, ara KO, arb KO, and ar DKO) at six months of age were separated from 540 

females in the evening the day before the experiment. After measuring the body weight, 541 

the testes were removed, weighed, and homogenised with forceps for 1 min in 66 µL of 542 

ice-cold cryopreservation liquid (10% N,N-dimethylformamide, DMF) in foetal calf 543 

serum until the residual testis fragments became invisible. The obtained suspension was 544 

sucked into a glass capillary (Hirschmann disposable microcapillary, 10 µL/capillary, 545 

three capillaries for each testis) (Thermo Fisher Scientific, Waltham, MA, USA) and 546 

cryopreserved for artificial insemination according to the protocol provided by NBRP 547 

Medaka (https://shigen.nig.ac.jp/medaka/medakabook/index.php). Sperm suspension (4 548 

µL) was mixed with 36 µL of ice-cold Iwamatsu’s balanced salt solution (BSS) by 549 

pipetting and immediately loaded into the sperm counting chamber (SC12-01-C, Leja 550 

Products B. V.). Sperm motility, average speed, and sperm concentration were examined 551 

using CASA (SMAS, DITECT, Tokyo, Japan). For artificial insemination, 10 µL of 552 

sperm suspension in a glass capillary was thawed in 100 µL of ice-cold BSS and 553 

immediately added to the unfertilised eggs according to the protocol provided by NBRP 554 

Medaka. The GSI was calculated as follows: GSI (%) = gonad weight × 100/body weight. 555 

 556 

Generation of Ar-FLAG-mClover3 knock-in (KI) medaka strains 557 

We generated KI medaka strains using a targeted gene trap approach mediated by the 558 

clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-559 

associated protein 9 (CRISPR/Cas9) system74. In this approach, the targeted insertion of 560 

a donor DNA vector harbouring a targeted genomic sequence can be induced by 561 

concurrent cleavage of the chromosomal target site and the circular donor DNA using the 562 

Cas9 ribonucleoprotein complex with a single guide RNA (gRNA) sequence. The donor 563 

vector for ara (pUC-Ara-3xFLAG-2A-mClover3) includes a 484 bp segment of the 564 

partial genomic fragment consisting of a 322 bp segment of the 8th intron sequence and a 565 

162 bp segment of the 9th exon sequence until just before the stop codon, while the vector 566 

for arb (pUC-Arb-3xFLAG-2A-mClover3) includes a 562 bp segment of the genomic 567 

fragment consisting of a 39 bp segment of the 7th exon sequence, 367 bp segment of the 568 

7th intron sequence, and 156 bp segment of the 8th exon sequence. The partial genomic 569 
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sequence of each vector was followed by in-frame insertion of a targeting cassette 570 

composed of a 3x FLAG sequence, P2A sequence derived from porcine teschovirus-175, 571 

the coding sequence of mClover3 from pNCS-mClover3 (Addgene Plasmid # 74236)76, 572 

and SV40 poly A signal (Fig. 6a). Each genome-edited allele with the insertion of each 573 

donor by cleavage with a gRNA targeting the 8th or 7th intron of ara or arb, respectively, 574 

could express ar mRNAs, and the targeting cassette was under the control of the 575 

endogenous ar promoter and was expected to be translated into two distinct proteins, 576 

namely, the C-terminal FLAG-tagged Ar and mClover3. 577 

Cas9 mRNA and gRNAs were generated as previously described7, 77. Briefly, Cas9 578 

mRNA was transcribed from the pCS2+hSpCas9 vector using an mMessage mMachine 579 

SP6 Kit (Thermo Fisher Scientific). The sgRNAs were synthesised using the AmpliScribe 580 

T7-Flash Transcription Kit (Epicentre, Madison, WI, USA) with templates that were 581 

PCR-amplified using 57-mer oligonucleotides containing a T7 promoter sequence and a 582 

20-mer sequence for a custom target (Supplementary Table 1). The donor plasmid vectors 583 

were extracted using an alkaline lysis miniprep approach, incubated at 55℃ for 30 min 584 

with 0.5% SDS and 0.8 µg/µL of proteinase K to eliminate the residual RNase activity, 585 

and then purified using NucleoSpin Gel and PCR Clean-up kit (MACHEREY-NAGEL) 586 

with the Buffer NTB. 587 

Microinjection of the OK-Cab strain into fertilised eggs was performed following a 588 

previously established method78. We injected approximately 1 nL of a mixture containing 589 

100 ng/µL Cas9 mRNA, 10 ng/µL sgRNA, and 5 ng/µL donor plasmid. The targeted 590 

insertion of each donor vector in F1 or later generations was examined by PCR genotyping 591 

using the primer pair GFP-127RV and ara-KI-5FW or arb-KI-5FW (Supplementary 592 

Table 1). 593 

 594 

Histological and immunohistochemical analyses 595 

Medaka tissues were fixed in 4% paraformaldehyde (PFA) in PBS at 4°C. The fixed 596 

tissues were decalcified using decalcifying solution B (041–22031, Fuji Film Wako, 597 

Osaka, Japan) for 48 h, dehydrated in graded methanol, embedded in paraffin, and cut 598 

into 6-µm-thick sections for Masson/trichrome staining and immunohistochemical 599 

analyses. Brain tissues were cut into 8-µm-thick sections and subjected to 600 

immunohistochemical analysis, as described previously36. Briefly, after antigen retrieval 601 

by incubating slides in 0.1 mM citrate buffer (pH 6.0) in an autoclave (121°C) for 1 min, 602 

the sections were blocked for 1 h using 1xPBS containing 0.1% Tween 20, 2% BSA, and 603 

2% foetal bovine serum, and incubated with anti-DDDDK-tag (FLAG) mouse mAb 604 

monoclonal antibody (M185-3S, MBL, Nagoya, Japan, 1:300 dilution) and anti-GFP 605 
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D5.1XP rabbit mAb monoclonal antibody having cross-reactivity to the mClover3 (#2956, 606 

Cell Signaling, Danvers, MA, USA, 1:300 dilution) overnight at 4°C. The sections were 607 

washed with 1xPBS with 0.1% Tween 20 (PBT), replaced with blocking buffer, and then 608 

incubated with Alexa 555-conjugated goat anti-mouse IgG(H+L), F(ab’)2 fragment 609 

(#4409, Cell Signaling, 1:300 dilution), and Alexa 488-conjugated anti-rabbit IgG(H+L), 610 

F(ab’)2 fragment (#4412, Cell Signaling, 1:300 dilution) for 1 h at room temperature. 611 

After counterstaining with the Cellstain DAPI solution (D523, Dojindo, Kumamoto, 612 

Japan), fluorescent signals were observed using an upright fluorescence microscope 613 

(Axioplan 2; Zeiss, Jena, Germany) or a confocal laser scanning microscope (FV1000, 614 

Olympus).  615 

GFP fluorescence in the whole body of adult fish was observed using a stereo 616 

fluorescent microscope FLUO IIITM (Leica). Micrographs were taken using a digital 617 

charge-coupled device camera DP-71 (Olympus). 618 

 619 

Micro-computed tomography (micro-CT) and bone staining 620 

For micro-CT, the head parts were fixed as described above and then scanned using a 621 

Phoenix nanotom m (Baker Hughes) at the JMC Corporation (Yokohama, Japan). For 622 

skeletal stains, Alcian blue/Alizarin red staining was performed as previously described79. 623 

The lengths of the fin and tooth of each fish were calculated using Adobe Photoshop 624 

software (CS5.1) using a picture taken with a digital charge-coupled device camera (DP-625 

71, Olympus) using a stereo microscope FLUO IIITM (Leica). 626 

 627 

RNA isolation 628 

Each male was anaesthetised using 0.84% tricaine methanesulfonate (Sigma-Aldrich), 629 

and then the anal fins were separated into distal parts (distal three bone segments), 630 

anterior (the first to 10th fin rays counted from the anterior first fin ray), and posterior 631 

parts (the 11th fin ray to the posterior end where papillary processes generally develop 632 

on the fin rays). Total RNA was prepared from each part of the anal fin using an RNeasy 633 

Micro Kit (Qiagen, Hilden, Germany). WT, ara KO, and arb KO males were mated with 634 

a WT female and then anaesthetised immediately after courtship. ar DKO males that 635 

lacked courtship were anaesthetised after 5 min of mating with a WT female. All matings 636 

were done within 1 h of the onset of the light period. The whole brain including the 637 

pituitary gland of each fish was collected from anaesthetised fish, and total RNA was 638 

purified using the RNeasy Plus Universal Kit (Qiagen). 639 

 640 

RNA-seq 641 
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RNA-seq of the whole brain along with the pituitary gland was performed at Azenta 642 

(Tokyo, Japan). Briefly, cDNA libraries were prepared using MGIEasy RNA Directional 643 

Library Prep Set V2.0 (MGI Tech, Beijing, China) with 500 ng of total RNA after 644 

selection with the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England 645 

Biolabs, Ipswich, MA, USA). The libraries were sequenced using the DNBSEQ-G400 646 

platform (MGI Tech, Tokyo, Japan) with 2 × 150 bp paired-end reads. 647 

After adapter and quality trimming using Trim Galore 0.6.4_dev with Cutadapt 1.18, 648 

transcripts were quantified with RNA-seq reads mapped to the transcriptome sequences 649 

of O. latipes (Hd-rR) (Ensembl 105; https://www.ensembl.org/) using salmon v1.3.0. The 650 

transcript counts were converted to gene-level counts using the R package tximport, and 651 

statistical analysis was performed using the R package edgeR v3.34.1. Of the 19,227 652 

genes retained after filtering genes with lower expression with the ‘filterByExpr’ function, 653 

genes showing >2-fold change with <5% false discovery rate (FDR) in Fisher’s exact test 654 

were identified as differentially expressed genes between the WT and one of the Ar KO 655 

strains. 656 

GO enrichment analysis was conducted using ShinyGO 0.75 657 

(https://academic.oup.com/bioinformatics/article/36/8/2628/5688742) using the Ensembl 658 

gene IDs of the differentially expressed genes as input. 659 

 660 

Quantitative RT-PCR 661 

First-strand cDNA was transcribed from 500 ng of total RNA using SuperScript III 662 

(Thermo Scientific). The relative RNA equivalents for each sample were determined by 663 

normalising their levels to those of the internal control gene rpl780. Gene expression levels 664 

in the posterior part of anal fins of WT, ara KO, arb KO, and ar DKO males were 665 

quantified using 7500 real-time PCR with SYBR Green master mix (Thermo Scientific). 666 

The statistical significance of the differences was examined using the Mann–Whitney U 667 

test. Primer sets used for the quantitative RT-PCR (qRT-PCR) analyses of lef1 and rpl7 668 

are listed in Supplementary Table 1.  669 

 670 

Behavioural assays 671 

To observe mating behaviour, a male and a female were transferred into a single acrylic 672 

tank (200 mm length × 75 mm width × 150 mm height and filled with 2L of water at 673 

26.5°C) and separated by a white plastic partition in the evening (18:00–19:00) of the day 674 

before the assay. After the onset of the light period (8:30–10:00), the behavioural trial 675 

was initiated by removing the partition. Mating behaviour was recorded for 30 min using 676 

a digital video camera HDR-PJ800, (Sony, Tokyo, Japan). To exclude the effect of 677 
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familiarity between the examined male and female, each test fish was crossed with 678 

another individual until the day prior to the assay. The number of courtship displays 679 

before spawning was counted in each video recording. The interval between the removal 680 

of the separator and successful egg spawning was measured as mating latency, which is 681 

an indicator of female mate preference in medaka7. The number of males escaping 682 

wrapping by the male was counted as the number of wrapping rejected by the female. 683 

The duration of wrapping and spawning was measured. All videos in each dataset were 684 

analysed by a single viewer to ensure consistency. Statistical analysis was conducted 685 

using GLMMs and linear mixed models (LMMs) in R version 4.1.0 with the package 686 

lme4 version 1.1.27.1. Poisson distributions with a log link function were used to analyse 687 

the number of courtship displays and wrapping rejections, whereas gamma distributions 688 

with a log link function were used for mating latency. The wrapping durations were 689 

analysed using LMMs. Genotypes and individual ID of males were included as fixed 690 

factors and random intercepts in each model. In the models for courtships, mating latency 691 

was included as a log-linear offset to standardise the number of events per unit time. The 692 

significant effect of the male genotype in each model was evaluated using the likelihood 693 

ratio test between the full and null models, excluding the fixed factor. 694 

The mate choice test was performed using a round-robin tournament with five males. 695 

Similar to the behavioural analysis above, the mate choice test was initiated after the onset 696 

of the light period (8:30–10:00). A WT male and an ara KO or arb KO male were 697 

transferred to a single tank with a WT female. Then, their behavioural interactions were 698 

recorded for 30 min. Each male individual was distinguished by the pigment pattern of 699 

the melanophores and fin shape. The male individual chosen as the mating partner was 700 

judged from each video recording. The significant effects of Ar mutations were analysed 701 

using the chi-squared (χ2) test of independence. 702 

To measure the female fecundity of the WT and ar KO strains, each female was 703 

transferred into a test tank with a WT male, and they were separated by a partition on the 704 

day before the test, as described above. After removing the separator, we analysed 705 

whether the females spawned the eggs. If the female successfully spawned, the total 706 

number of eggs obtained and their fertilisation rates were quantified. This test was 707 

repeated for 10 consecutive days by exchanging the males daily.  708 

The movie of aggressive male-male competition was taken by placing two WT males 709 

and a WT female into the same tank using a high-speed camera system (HAS-L2, 710 

DITECT, Tokyo, Japan).  711 

 712 

Data availability 713 
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RNA-seq data for the whole brain with a pituitary gland are available from DDBJ 714 

(Accession No. DRA013672).  715 

 716 

 717 
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 954 

Figure legends 955 

Fig. 1. Deficiency of either ara or arb reduces the frequency of spawning but 956 

maintains normal spermatogenesis  957 

a Frequency of mating tests in which a WT female laid eggs within 30 min after mating 958 

started (n = 16, 14, 6, 13 for WT males, ara KO males, arb KO males, and ar DKO males, 959 

respectively).  960 

b Percentage of fertilisation of ovulated oocytes from WT females in natural mating with 961 

WT, ara KO, arb KO, and ar DKO males (n = 9, 7, 6, and 9, respectively). For each male, 962 

the average of more than five mating tests with distinct females was calculated. 963 

c Gonad/body weight ratios of adult WT, ara KO, arb KO, and ar DKO males (n = 6, 5, 964 

5, and 4, respectively).  965 

d Representative micrographs of Masson/trichrome-stained sections of adult gonads of 966 

WT males, WT females, ara KO males, arb KO males, and ar DKO males. Scale bars 967 

represent 200 µm.  968 

e Higher magnification of Masson/trichrome-stained sections of WT testis and ara KO; 969 

arb KO testis. Scale bars represent 5 µm. 970 

f Number of sperm per testis of adult WT, ara KO, arb KO, and ar DKO males (n = 6, 5, 971 

5, and 4, respectively).  972 

g Percentage of sperm moving from WT, ara KO, arb KO, and ar DKO males (n = 6, 5, 973 

5, and 4, respectively).  974 

h Average speeds of sperm movement from WT, ara KO, arb KO, and ar DKO males (n 975 

= 6, 5, 5, and 4, respectively).  976 

i Percentage of in vitro fertilisation of eggs from WT females using cryo-preserved sperm 977 

of WT, ara KO, arb KO, and ar DKO males (n = 4 for each genotype). 978 

j Line drawing of a lateral view (anterior to the left) of the medaka urogenital region 979 

showing the approximate levels of the sections in panel k. 980 

k Representative micrographs of Masson/trichrome-stained sections of the urogenital 981 

region of WT males, WT females, ara KO males, arb KO males, and ar DKO males. 982 

Scale bars represent 200 µm. The urethra, sperm duct, and enlarged medulla surrounding 983 

the sperm duct are indicated by *, arrowhead, and arrow, respectively.  984 

Statistical differences were assessed by Fisher’s exact test (a) and Kruskal–Wallis test 985 

followed by steel test (b, c, f-i). *p < 0.05, **p < 0.01, ***p < 0.001.  986 

 987 

Fig. 2. arb KO males and ar DKO males display demasculinised fin structure, 988 

whereas ara KO males exhibit normal sexual characteristics in fin morphogenesis 989 
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a Representative picture of the whole body of WT male, WT female, ara KO male, arb 990 

KO male, and ar DKO males (n > 6 of each genotype). 991 

b, c, d Higher magnification of the anal fin (b), the micrographs of Masson/trichrome-992 

stained sections of anal fin (c), higher magnification of the dorsal fin (d) of WT males, 993 

WT females, ara KO males, arb KO males, and ar DKO males, respectively (n > 6 of 994 

each genotype). The papillary processes developments were marked by red dotted circles 995 

in b and arrowheads in c. The plane of tissue section of anal fin is indicated by red line in 996 

b. Arrows in d indicate forks in the dorsal fin. 997 

e Number of developing papillary processes in adult WT, ara KO, arb KO, and ar DKO 998 

males.  999 

f Lengths of the anterior 3rd and posterior 2nd anal fin rays relative to the anterior-posterior 1000 

width (indicated as “a” in the picture) of the anal fin in WT, ara KO, arb KO, and ar 1001 

DKO males and females (n = 8 for males and females of each genotype). 1002 

Statistical differences were assessed using the Kruskal–Wallis test followed by the steel 1003 

test (e) and ANOVA followed by the Tukey–Kramer test (f). **p < 0.01. Scale bars in a, 1004 

b, c, and d indicate 5.0 mm, 1.0 mm, 50 µm, and 1.0 mm, respectively. 1005 

 1006 

Fig. 3. arb KO males and ar DKO males exhibited a diminished number of 1007 

leucophores from nasal sacs to the dorsal side of the eyes, whereas ara KO males 1008 

exhibit normal leucophore differentiation 1009 

Representative images of the upper jaw to the head of WT males, WT females, ara KO 1010 

males, arb KO males, and ar DKO males (n = 5 for each genotype). Arrowheads indicate 1011 

nasal sacs. Scale bars indicate 1 mm. 1012 

 1013 

Fig. 4. ar DKO males have female-like teeth and ara KO males have a shorter lateral 1014 

most tooth in the upper jaw, whereas arb KO males exhibit normal sexual 1015 

characteristics in tooth morphogenesis 1016 

a Micro-CT image of the teeth (frontal view). b, c Representative images of bone staining 1017 

of the teeth (n = 9 for each genotype). Arrow indicates the most lateral tooth. 1018 

d Lengths of the most lateral tooth relative to the lateral to medial width of the upper jaw 1019 

stained with eosin (indicated as a line in b) in WT, ara KO, and arb KO males (n = 9 for 1020 

each genotype). Statistical differences were assessed using ANOVA, followed by the 1021 

Tukey–Kramer test. 1022 

 1023 

Fig. 5. Both ara and arb are required for high male reproductive success 1024 

a Percentage of mating tests with distinct females in which a male exhibited courtship 1025 
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display within 30 min. WT males (n = 16), ara KO males (n = 14), arb KO males (n = 6), 1026 

and ar DKO males (n=13) were used for the mating tests with WT females.  1027 

b Frequency of courtship displays before spawning.  1028 

c Time required for spawning (mating latency). 1029 

d Total number of wrapping rejections by female. 1030 

e Duration of wrapping and spawning. 1031 

For b to e, WT males (n = 11, total 52 mating tests with distinct females) and ara KO 1032 

males (n = 13, total 38 mating tests with distinct females) of the same litter and WT males 1033 

(n = 6, total 40 mating tests with distinct females) and arb KO males (n = 6, total 33 1034 

mating tests with distinct females) of the same litter were used for the mating tests with 1035 

WT females. 1036 

f RNA-seq of the whole brain with the pituitary gland in males. Venn diagram indicating 1037 

overlap among inter-genotype differentially expressed genes (DEGs) (genes with > 2-1038 

fold change in expression, FDR<0.05). 1039 

g–i volcano plot with the log2 of the fold change on the x-axis and minus log10 of the p-1040 

value on the y-axis in expression between WT males and ar DKO (g), WT males and ara 1041 

KO males (h), and WT males and arb KO males (i). 1042 

Statistical differences were assessed by Fisher’s exact test (a), statistical analysis was 1043 

conducted using R version 4.0.0 with GLMMs by the “glmer” function in the package 1044 

lme 4 version 1.1-23 (b-e). *p < 0.05, **p < 0.01, ***p < 0.001. 1045 

 1046 

Fig. 6. Visualisation of Ara and Arb expression in vivo by generating Ar-knock-in 1047 

(KI) medaka strains  1048 

a Strategy for the generation of Ara and Arb KI medaka strains.  1049 

We designed a gRNA targeting ara intron 8 and arb intron 7 (the last intron).  1050 

In the donor plasmids, we cloned a genomic fragment beginning from the end of exon 8 1051 

of ara and exon 7 of arb and ending just before the stop codon in the last exon, exon 9 of 1052 

ara, and exon 8 of arb, where the 3xFLAG sequences and a T2A (2A peptide from Thosea 1053 

asigna virus)-mClover3 cassette was placed in the frame. Thus, endogenous Ara and Arb 1054 

were expressed as FLAG fusion proteins. Both AR-FLAG and T2A-mClover3 were 1055 

expected to be expressed under the control of the endogenous Ar promoter. 1056 

To generate KI medaka, sgRNA (for genome digestion in the final intron), donor plasmid, 1057 

and Cas9 mRNA were co-injected into one-cell-stage medaka embryos. After injection, 1058 

concurrent cleavage of the targeted genomic locus and the donor plasmid resulted in the 1059 

integration of donor plasmid DNA containing 3xFLAG-T2A-mClover3 by non-1060 

homologous end joining (NHEJ). The scheme shows the forward integration of 3xFLAG-1061 
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T2A-mClover3. 1062 

b Expression of mClover3 in adult males of the two knock-in medaka strains, araFLAG-2A-1063 

mClover3 (Ara-KI) and arbFLAG-2A-mClover3 (Arb-KI). 1064 

c Immunohistochemical detection of FLAG-tagged endogenous Ara and Arb in 1065 

longitudinal sections of papillary processes of the anal fin (6 µm thickness). The merged 1066 

images represent red fluorescence for immunostaining of FLAG (anti-DDDDK-tag 1067 

mouse mAb monoclonal antibody), green fluorescence for immunostaining of mClover3 1068 

(anti-GFP D5.1XP rabbit mAb monoclonal antibody), and blue fluorescence for nuclear 1069 

staining by DAPI. The medaka Arb-FLAG, but not Ara-FLAG, translocated into the 1070 

nuclei of cells located in the distal tip of a bone nodule of papillary processes (marked by 1071 

white arrows). 1072 

d Representative micrographs of Masson/trichrome staining and immunohistochemical 1073 

detection of FLAG-tagged endogenous Ara and Arb in adjacent sections of the urogenital 1074 

region (8 µm thickness). Nuclear localisation of Ara-FLAG and Arb-FLAG was observed 1075 

in the medulla ventral to the sperm duct, where ar DKO exhibited hyperplasia. 1076 

e, f Representative micrographs showing immunohistochemical detection of FLAG-1077 

tagged endogenous Ara and Arb, and DAPI counterstaining in the brain (12 µm thickness). 1078 

f shows a higher magnification of the POA. Nuclear localisation of both Ara-FLAG and 1079 

Arb-FLAG was observed in the POA. n = 6 for Ara-KI and Arb-KI males, respectively. 1080 

 1081 

Fig. 7 Summary of the contribution of ara and arb to sexual characteristics 1082 

Based on the phenotypes of ara KO and arb KO, the contribution of each of the ar 1083 

ohnologs to male sexual characteristics is indicated by + or -. For the characteristics 1084 

regulated by both, the ar ohnolog that predominantly controls them is indicated by ++.  1085 
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