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INTRODUCTION

In most jawed vertebrates, the oviducts and sperm ducts 
are derived from the Müllerian ducts (MDs) and Wolffian 
ducts (WDs), respectively (see Romer and Parsons, 1977; 
Blüm, 1986; Lombardi, 1998). However, in teleosts, both 
male and female genital ducts are formed by the posterior 
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In most vertebrates, the oviducts and sperm ducts are derived from the Müllerian ducts and 
Wolffian ducts, respectively. However, in teleosts, the genital ducts are formed by the posterior 
extension of gonads in both sexes. Whether the genital ducts of teleosts are newly evolved organs 
or variants of Müllerian ducts is an important question for understanding evolutionary mecha-
nisms of morphogenesis. One of the genes essential for Müllerian duct formation in mice is Wnt4, 
which is expressed in the mesenchyme and induces invagination of the coelomic epithelium and 
its posterior elongation. Here, we addressed the above question by examining genital duct devel-
opment in mutants of two Wnt4 genes in the medaka (wnt4a is orthologous to mouse Wnt4, and 
wnt4b is paralogous). The wnt4b mutants had a short body but were fertile with normal genital 
ducts. In contrast, both male and female wnt4a mutants had their posterior elongation of the 
gonads stopped within or just outside the coelom. The mutants retained the posterior parts of 
ovarian cavities or sperm duct primordia, which are potential target tissues of Wnt4a. The gonads 
of female scl mutants (unable to synthesize sex steroids) lacked these tissues and did not develop 
genital ducts. Medaka wnt4a was expressed in the mesenchyme ventral to the genital ducts in both 
sexes. Taken together, the data strongly suggest that the mouse Müllerian ducts and the medaka 
genital ducts share homologous developmental processes. Additionally, the wnt4a or wnt4b single 
mutants and the double mutants did not show sex-reversal, implying that both genes are dispens-
able for gonadal sex differentiation in the medaka.

Key words:  Müllerian duct, evolution, sperm duct, oviduct, teleost

elongation of the gonads. Anatomically, there are no MDs in 
teleosts and the WDs (mesonephric ducts) function as neph-
ric ducts in both sexes throughout their life cycle. Therefore, 
these genital ducts in teleosts have been claimed by many 
researchers to be completely different and non-homologous 
organs to the oviducts or sperm ducts of other jawed verte-
brates (see above and Nagahama, 1983). We are interested 
in answering whether these genital ducts in teleosts are 
formed independently from MDs or share homologous 
developmental processes with MDs, which is an important 
question for understanding the evolutionary mechanisms of 
morphogenesis.
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Detailed descriptions of the developmental processes of 
genital duct formation in teleosts are limited, except for the 
medaka, Oryzias latipes (Suzuki and Shibata, 2004). 
Medaka have a single gonad suspended in the coelom dor-
sal to the gut. In males, mature sperm are liberated in canal-
like spaces within the testes, which then fuse together to 
from a single sperm duct primordium (referred to as a central 
canal). The central canal leaves the coelom, elongates fur-
ther beneath the urinary bladder, and finally fuses to the ure-
thra from its ventral side. Consequently, male medaka have 
a single urogenital opening (see Fig. 1; Fig. 8A for a dia-
gram; Supplementary Movie S1). In females, the process is 
more intricate. Initially, the ovarian cavity forms as tissue 
sheets from the dorso-central somatic cells elongate later-
ally and join with the dorso-central elongation of the lateral 
periphery of the somatic tissue sheets. Ovarian lamella con-
taining developing oocytes and oogonia are positioned ven-
trally to the ovarian cavity (Kanamori et al., 1985; Suzuki and 
Shibata, 2004). The most posterior section of the ovarian 
cavity lacks germ cells. The sphincter muscle beneath the 
urinary bladder protrudes anteriorly into the coelom from its 
ventral side, enveloping the lumen of the ovarian cavity to 
form the oviduct primordium. This primordium then elon-
gates posteriorly within the sphincter muscle and finally 
opens at the dorsal base of the well-developed urogenital 
papillae (UGP) found in females. Further posteriorly, the ure-
thra opens separately from the oviduct (see Fig. 3; Fig. 8D 
for a diagram; Supplementary Movie S2).

Cellular and molecular processes involved in MD devel-
opment have been extensively documented in mice and 
humans, identifying approximately 20 genes as indispens-
able for MD formation (see Mullen and Behringer, 2014; 
Gonzales et al., 2021). Interestingly, the majority of these 
genes are expressed in both MD and WD tissues. One of the 
genes specifically expressed in MDs is Wnt4, a member of 
the Wnt ligand family known to function in various aspects in 
development (see Logan and Nusse, 2004; Steinhart and 
Angers, 2018; Mehta et al., 2021). Wnt4 is expressed in the 
mesenchyme and induces invagination of the coelomic epi-
thelium and posterior elongation of the MDs along the WDs 
(see Mullen and Behringer, 2014; Gonzales et al., 2021). 
Mutations of Wnt4 lead to the absence of the MDs in mice 
(Vainio et al., 1999) and in humans (Biason-Lauber et al., 
2004, 2007). Therefore, in this study, we generated mutants 
of the medaka wnt4 homologs (wnt4a and wnt4b) and ana-
lyzed their genital duct development. The absence of any 
apparent phenotype may suggest an independent origin of 
the teleost genital ducts from MDs. Conversely, any abnor-
mal development observed in the mutants may indicate that 
the development of teleost genital ducts shares some 
homologous developmental processes with those of MDs in 
jawed vertebrates.

MATERIALS AND METHODS
Medaka

Inbred strains of the medaka, HdrR, established in National 
Institute of Radiological Sciences, Japan (Hyodo-Taguchi and 
Sakaizumi, 1993), were used for wnt4a Δ30 mutants, and Cab, 
established by Carolina Biological Supply Company (Loosli et al., 
2000), were used for all other mutant lines. Adults, embryos, and 
hatchlings were kept at 26–28°C with 14L:10D light cycle. All hus-
bandry and experimental procedures performed in this study were 

approved by the Animal Care and Use Committee of Nagoya Uni-
versity.

wnt4a and wnt4b editing by CRISPR/Cas9
Target sites were selected with a web tool detecting micro-

homology sites (http://viewer.shigen.info/cgi-bin/crispr/crispr.cgi) 
(see Supplementary Figure S2). Short guide RNAs to the target 
sites and a Cas9 mRNA were co-injected into fertilized eggs 
according to Ansai and Kinoshita (2014). Homologous recombina-
tion was induced as described in Murakami et al. (2017). Details 
regarding the target sites, mutated alleles, and expected protein 
alterations can be found in Supplementary Figure S2. Injected indi-
viduals were subsequently crossed with wild type, and the resulting 
F1 generation was screened to identify individuals carrying the 
desired mutated alleles. To ensure stable inheritance, the F1 indi-
viduals with mutated alleles were backcrossed to wild type at least 
once before proceeding with incrossing of heterozygotes. The first 
progenies resulting from the cross between heterozygotes are 
referred to as G1, and the mutants were maintained as heterozy-
gotes. Most of the mutants can be obtained through National Biore-
source Project Medaka (https://shigen.nig.ac.jp/medaka/).

Genotyping
Genomic DNA for genotyping was extracted from embryos, tail 

fin clips, or head tissue by alkaline lysis methods described in Ansai 
and Kinoshita (2014). PCR was performed with ExTaq (TaKaRa, 
Japan) on 2720 thermal cycler (Applied Biosystems). Amplified 
products were analyzed with conventional agarose gels, followed 
by microchip electrophoresis using the MultiNA analyzer with DNA-
500 reagents (Shimadzu, Japan). This analyzer enables easy visu-
alization of hetero-duplexed amplified DNA from both wild type and 
mutated alleles. In medaka, genetic sex is determined by the XX/
XY system, where only the Y chromosome contains the male deter-
mining gene, dmy. To determine genetic sex, two primer pairs, 
17. 19/17. 20 and 17. z1/17. z2 were used (Matsuda et al., 2002; and 
see Supplementary Figure S2D) to detect dmy. The genotyping of 
wnt4a and wnt4b mutant alleles was carried out as described in 
Supplementary Figure S2. PCR-amplified products from mutated 
alleles were sequenced with Big Dye terminator (v3.1) and Prism 
3100 Genetic Analyzer (Applied Biosystems). The scl mutants were 
genotyped as described in Sato et al. (2008).

Morphological analyses
Histological slides were prepared by conventional methods 

from samples fixed with Bouin’s solution, embedded in paraffin 
(Sigma-Aldrich, USA), serially sectioned at 7 μm, and stained with 
hematoxylin and eosin (Muto Pure Chemicals, Japan).

In situ hybridization
In situ hybridization was performed as described previously 

(Horie et al., 2016). Briefly, 7-μm paraffin sections were hydrated, 
treated with 1 μg/ml proteinase K (Sigma-Aldrich, USA) for 10 min 
at 37°C, and hybridized with DIG-labeled antisense RNA probes. 
Detection was done with alkaline phosphatase-labeled anti-DIG 
antibody and NBT/BCIP (Roche Diagnostics, USA). Control experi-
ments with sense probes did not give detectable signals (data not 
shown). A near full-length cDNA of wnt4a (nucleotide 106–1018, 
GenBank# NM_001160439) was used for a probe.

RESULTS

wnt4b mutants are fertile with intact genital ducts
Wnt4 is conserved across a wide range of animal groups 

(see Supplementary Figure S1). Previous studies by Kossack 
et al. (2019) demonstrated that jawed vertebrates possess 
two Wnt4 genes: wnt4a and wnt4b. However, certain groups 
or species, such as mammals, lack the wnt4b gene. In mam-
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Fig. 2.  Urogenital organs of a male homozygous for wnt4a Δ30 (G6 from incrossing G5 heterozygotes) at 4 months after hatching. Cross 
sections, (A–F), are arranged in an anterior-to-posterior sequence. Spermatogenesis seemed to be progressing normally (A) and a sperm 
duct primordium (central canal) was formed posteriorly (B, C). However, the primordium stopped elongating within the coelom (D–F). t, testis; 
g, gut; sd, sperm duct (primordium); b, urinary bladder; asterisks, coelom. A sideview diagram is shown in Fig. 8B.

Fig. 1.  Urogenital organs of a wild type male (G6 from incrossing G5 heterozygotes) at 4 months after hatching. Cross sections, (A–I), are 
arranged in an anterior-to-posterior sequence. In medaka, a single testis (t) is situated centrally in the coelom (marked by asterisks) above 
the gut (g) (A). Mature sperm were liberated from the spermatogenic cysts and were present in canal-like spaces (dark stained lumens in [A]), 
which posteriorly fused together to form larger lumens (B). Further posteriorly, the lumens fused to make a single central canal (sperm duct, 
sd); no spermatogenic cysts were observed at this level (C). Just above the coelom, anterior end of the urinary bladder (b) is shown. The 
sperm duct left the coelom beneath the urinary bladder (D). The sperm duct is shown between the anus and the urinary bladder (E). The 
nephric ducts (nd) are in close proximity to their eventual junction with the urinary bladder (F). Subsequently, the sperm ducts fused the ure-
thra (u) from its ventral side (G, H) and the urinogenital duct opened (I). A sideview diagram is shown in Fig. 8A. See also Supplementary 
Movie S1 for the gross anatomy of the urogenital system of male medaka.
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Fig. 3.  Urogenital organs of a wild type female (G6 from incrossing G5 heterozygotes) at 4 months after hatching. Cross sections, (A–I), are 
arranged in an anterior-to-posterior sequence. In medaka, a single ovary (o) is situated centrally in the coelom (marked by asterisks) above 
the gut (g) (A). The ovarian lamella containing oogonia and developing oocytes were seen at the ventral side and the center of the ovarian 
cavity (oc). The posterior part of the ovarian cavity (oviduct primordium) did not contain germ cells and the sphincter muscle (m) protruding 
from posterior was seen (B). A part of the ovarian cavity was enveloped by the sphincter muscle (C) to make the oviduct (od) posteriorly (D, 
E). The oviduct then left the coelom, elongated under the urinary bladder (b) (F), and opened dorsally at the base of the well-developed uro-
genital papillae (ugp) (G). The urethra (u) opened separately from the oviduct between body and the ugp (I). A sideview diagram is shown in 
Fig. 8D. See also Supplementary Movie S2 for the gross anatomy of the urogenital system of female medaka.

Fig. 4.  Urogenital organs of a female homozygous for the wnt4a Δ30 (G2 from incrossing G1 heterozygotes) at 4 months after hatching. Cross 
sections (A–F) are arranged in an anterior-to-posterior sequence. Oogenesis seemed to be progressing normally (A) and a posterior portion 
of the ovarian cavity (oc) devoid of germ cells (oviduct primordium) was formed (B). However, the primordium stopped elongating within the 
coelom (C, D). The muscular tissue beneath the urinary bladder, well-developed urogenital papillae, and the urethra were present normally. 
o, ovary; g, gut; b, urinary bladder; ugp, urogenital papillae; nd, nephric duct; asterisks, coelom. A sideview diagram is shown in Fig. 8E.
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mals, Wnt4 is orthologous to medaka wnt4a and paralogous 
to medaka wnt4b (see Supplementary Figure S1). The phe-
notypes of a natural wnt4b mutant, characterized by reduced 
expression of wnt4b possibly due to a transposon insertion 
in its promoter, have been described by Inohaya et al. (2010). 
Similarly, our induced mutants (homozygous Δ5 and Δ29 
mutants of wnt4b; see Supplementary Figure S2B) exhibited 
significantly shortened body lengths, as shown in Supple-
mentary Figure S3. However, these mutants were fertile, 
and further histological examination revealed normal devel-
opment of the genital ducts in both males and females (data 
not shown).

wnt4a ΔΔ30 mutants lack genital ducts in both sexes
For wnt4a mutants, we first analyzed the wnt4a Δ30 

allele, which has a 30 base deletion overlapping the initia-
tion codon (see Supplementary Figure S2A). The deletion 
would result in the translation initiation being shifted to the 
second AUG codon, thereby deleting the first 11 residues of 
the 22-residue signal peptide. Signal peptides for secretion 
typically consist of N-, H-, and C-regions, all of which play 
crucial roles in proper secretion (see Izard and Kendall, 
1994; Owji et al., 2018). The wnt4a Δ30 allele lacks the entire 
N-region containing positive-charged residues. In fact, the 
wnt4a Δ30 allele-encoded protein is not recognized as a 
secretion signal by a web-based prediction program (https://
services.healthtech.dtu.dk/services/SignalP-6.0/). Histolog-
ical analysis was conducted on adults of both sexes (3–6 
months after hatching) at generations G1, G2, and G6. Wild 
type and heterozygous males exhibited normal sperm ducts 
(Fig. 1; see the legends for detailed structures). In contrast, 
homozygous mutant males had normal testes anteriorly 
(Fig. 2A. B) and possessed posterior extension of the gonad 
devoid of germ cells (sperm duct primordia, Fig. 2C, D; 
asterisk in Fig. 8B) but the primordia were closed within the 
coelom (Fig. 2E, F). No sperm ducts were observed outside 
the coelom. In females also, wild type and heterozygotes 
had normal oviducts (Fig. 3; see the legends for detailed 
structures). In contrast, as in males, homozygous mutant 
females had normal ovaries with ovarian cavities anteriorly 
(Fig. 4A) and possessed posterior extension of the ovarian 
cavities devoid of germ cells (oviduct primordia, Fig. 4B, C; 
asterisk in Fig. 8E) but they were closed within the coelom 
(Fig. 4D). No oviducts were observed outside the coelom 
(Fig. 4E) and the muscular tissue was present beneath the 
urinary bladder. In some females, the muscular tissue was 
fully developed and protruded anteriorly into the coelom; the 
posterior lumen of the ovarian cavity was enveloped by the 
muscle tissue within the coelom (oviduct primordia; asterisk 
in Fig. 8H; and see Supplementary Figure S4). The cumula-
tive results of both sexes are summarized in Table 1. We 
found one mutant male having a normal sperm duct and two 
heterozygous females having oviducts that were enveloped 
within the muscle and closed outside the coelom beneath 
the urinary bladder (diagrammed in Fig. 8I). These two 
females had only smaller oocytes, whose diameters were 
200–300 μm (pre-yolk forming stages; for oocyte stages, 
see Iwamatsu et al., 1988), and undeveloped UGP, suggest-
ing that they were immature females.

In addition to histological analysis, we conducted exam-
inations of medaka urogenital organs using microCT imag-

ing. However, it was not possible to visualize the thinnest 
part of the sperm ducts in males, even at the highest resolu-
tion (see Supplementary movies S1 and S2, respectively, for 
a male and a female). We have provided these movies and 
sideview diagrams (Fig. 8) to facilitate a better understand-
ing of the anatomy of the medaka urogenital systems.

wnt4a knock-in alleles are hypomorphic
To further investigate the role of the Wnt4a gene, we 

generated additional mutated alleles through CRISPR/
Cas9-mediated homologous recombination (see Supple-
mentary Figure S2C). One set of the knock-in alleles 
contained an insertion of the mouse crystalline promoter fol-
lowed by either GFP or mCherry and the SV40 polyA signal 
(referred to as Pcry-GFP or Pcry-mCherry). The fluorescent 
proteins were expressed in the lenses, making genotyping 
easier (see Supplementary Figure S5). Another set of knock-
in alleles was created by fusing GFP or mCherry in-frame 
with the wnt4a coding sequence in the third exon (referred to 
as GFP-fusion or mCherry-fusion). Interestingly, the mutants 
with these knock-in alleles exhibited less severe phenotypes 
compared to the Δ30 mutants. Heterozygotes of the GFP-
fusion alleles were crossed with those carrying the mCherry-
fusion alleles, and the adult progenies were subjected to 
histological examination at G1 and G2. Out of eight male het-
erozygotes with both GFP-fusion and mCherry-fusion 
alleles, five exhibited closed sperm ducts outside the coe-
lom (Fig. 5A–D; Table 2). The posterior sperm duct extended 
out of the coelom but remained closed beneath the urinary 
bladder (Fig. 5C, D). The remaining three mutants had nor-
mal sperm ducts that joined the urethra. In contrast, all 
female mutants, except one, with both GFP-fusion and 
mCherry-fusion alleles had closed oviduct primordia within 
the coelom, while the wild type and heterozygotes had 
normal oviducts. The Pcry mutants displayed the mildest 
phenotypes (Fig. 5E–H; Table 3). All male mutants with 
homozygous Pcry-GFP or Pcry-mCherry alleles, as well as 
two out of three Pcry-GFP/Pcry-mCherry heterozygotes, 
had normal sperm ducts joining the urethra. Only one of the 
Pcry-GFP/Pcry-mCherry heterozygotes exhibited sperm 
duct closure outside the coelom. In female Pcry-GFP 
homozygotes, Pcry-mCherry homozygotes, and Pcry-GFP/
Pcry-mCherry heterozygotes, the oviduct phenotypes were 
approximately evenly divided among normal, closed outside 
the coelom, and closed within the coelom. The second phe-
notype was only observed in the Pcry mutants (Fig. 5G). All 

Table 1.  Genital duct phenotypes of the wnt4a Δ30 progenies (G1, 
G2, and G6 combined).

male female

+/+ +/− −/− +/+ +/− −/−

normal 9 9 1 9 7 0

closed outside the coelom 0 0 0 0 2(2) 0

closed in the coelom 0 0 8 0 0 9(1)

+/+ , wild type; + /− , heterozygotes; − /− , homozygotes of wnt4a 
Δ30. Number of individuals with particular phenotypes are shown in 
each cell. Number within parentheses represents number of indi-
viduals with the genital duct primordium enveloped in the muscle 
(see Supplementary Figure S4 and Figs. 8H and 8I for diagrams).
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Fig. 5.  Some wnt4a mutants of the knock-in alleles showed termination of the genital ducts outside the coelom. Cross sections, (A–D) for a 
male heterozygous for the GFP-fusion and the mCherry-fusion and (E–H) for a female homozygous for the Pcry-GFP, are arranged in an 
anterior-to-posterior sequence. The sperm duct (sd, arrowheads) or the oviduct (od) elongated outside the coelom and stopped beneath the 
urinary bladder ([C, D] for the male, [G, H] for the female). t, testis; g, gut; b, urinary bladder; sd, sperm duct; oc, ovarian cavity; g, gut; b, uri-
nary bladder; ugp, urogenital papillae; asterisks, coelom. Sideview diagrams are shown in Fig. 8C and 8F for males and females, respectively.

Table 2.  Genital duct phenotypes of the wnt4a fusion allele prog-
enies (G2).

male female

+/+ +/G +/C G/C +/+ +/G +/C G/C

normal 2 2 2 3 2 2 2 1

closed outside the coelom 0 0 0 5 0 0 0 0

closed in the coelom 0 0 0 0 0 0 0 7(2)

+/+ , wild type; + /G, wnt4a-GFP heterozygotes; + /C, wnt4a-mCherry 
heterozygotes; G/C, wnt4a-GFP/wnt4a-mCherry heterozygotes. 
See Table 1 footnotes for explanations.

Table 3.  Genital duct phenotypes of the wnt4a Pcry allele proge-
nies (G2).

male female

+/G +/C G/G C/C G/C +/G +/C G/G C/C G/C

normal 5 2 3 4 2 2 2 1 1 2

closed outside 
the coelom

0 0 0 0 1 0 0 2(1) 1(1) 0

closed in the 
coelom

0 0 0 0 0 0 0 0 1 1

+/G, Pcry-GFP heterozygotes; + /C, Pcry-mCherry heterozygotes; 
G/G, Pcry-GFP homozygotes; C/C, Pcry-mCherry homozygotes; 
G/C, Pcry-GFP/Pcry-mCherry heterozygotes. See Table 1 foot-
notes for explanations.

heterozygotes exhibited normal genital ducts, regardless of 
the specific alleles (Table 3). In addition to the knock-in 
alleles, we identified deletion alleles (Δ8 and Δ14 in the third 
exon; see Supplementary Figure S2A) from the F1 genera-
tion of the GFP-fusion experiments. Although the number of 
male mutants obtained was limited (three), both male and 
female mutants heterozygous for Δ8/Δ14 exhibited less 
severe closed genital duct phenotypes compared to the Δ30 
mutants (see Supplementary Table S1).

Females of medaka scl mutants have intersexual gonads 
without genital duct primordia

As observed in the previous sections, the loss of func-
tion of wnt4a leads to the premature termination of posterior 
elongation of the genital ducts. However, the mutants still 
exhibited duct primordia, namely the posterior central canals 
in males (sperm duct primordia; asterisk in Fig. 8B) and the 
posterior ovarian cavities in females (oviduct primordia; 
asterisk in Fig. 8E). These tissues are likely to be the target 
tissues responsive to Wnt4a. To further address this hypoth-
esis, the medaka scl mutants, which have a 17, 20-lyase 
mutation and are unable to produce androgens and estro-
gens, were examined. Among the seven adult mutants (at 5 
months after hatching) analyzed, two genetic males (XY) 
and one out of the five genetic females (XX sex-reversed) 
had normal testes with sperm ducts joining the urethra (data 
not shown). The remaining four XX individuals had gonads 
resembling ovaries, containing previtellogenic to pre-yolk 
forming stage oocytes (for oocyte stages, see Iwamatsu et 
al., 1988), along with scattered spermatogenic cysts (Fig. 6 
A–D). These gonads lacked ovarian cavities, as previously 
described in Sato et al. (2008), as the formation of ovarian 
cavities depends on estrogens (Suzuki et al., 2004). Although 
the gonads contained some spermatogenic cysts with sper-
matids, no canals for sperm were found. The most posterior 
part of the gonads consisted only of somatic cells without 
lumens, and no further elongation was observed within the 

coelom (Fig. 6E–H; Fig. 8G for a diagram). These findings 
provide further support for the hypothesis that duct primor-
dia (the posterior central canals in males and the posterior 
ovarian cavities in females) are the target tissues responsive 
to Wnt4a.

wnt4a is expressed below the urinary bladder during 
genital duct elongation

Initially we attempted immunohistochemical detection 
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Fig. 6.  Ovary-like gonads from 4 scl mutants of the XX adults at 5 months after hatching. Cross sections of the posterior part of the gonads 
containing previtellogenic to pre-yolk forming stage oocytes with scattered spermatogenic cysts; no ovarian cavities or canals for sperm were 
formed (A–D). The posterior end of the gonads contained only somatic cells without lumens (E–H). (A–D) and (E–H) are from the same 
individuals, respectively. g, gut; asterisks, coelom. A sideview diagram is shown in Fig. 8G.

Fig. 7.  In situ hybridization of wnt4a. The cross sections of a male 
and a female at 70 days after hatching were hybridized to an anti-
sense RNA probe. Signals were detected on the mesenchyme 
beneath the sperm ducts and the epithelium of the sperm duct in the 
male (A) and the mesenchyme beneath the oviducts and the periph-
ery of the sphincter muscle in the female (B). The control sense 
probes did not give any detectable signals (C, D). In the gonads, 
spermatids and spermatozoa were stained because of their intrinsic 
alkaline phosphatase activities (E) and the developing oocytes 
exhibited positive signals (F). We did not detect positive signals on 
the gonadal somatic cells in either sex. b, urinary bladder; sd, sperm 
duct; od, oviduct; cc, central canal; oc, ovarian cavity.

with GFP antibodies on medaka with the wnt4a GFP-fusion 
allele. However, we could not obtain reliable signals. Next, 
we used conventional in situ hybridization and detected sig-
nals on mesenchyme beneath the sperm ducts and epithe-
lium of the sperm duct in males (Fig. 7A) and mesenchyme 
beneath oviducts and the periphery of the sphincter muscle 
in females (Fig. 7B). The control sense probes did not give 
any detectable signals (Fig. 7C, D). In the gonads, sperma-
tids and spermatozoa were stained because of their intrinsic 
alkaline phosphatase activities (Fig. 7E) and the developing 
oocytes exhibited positive signals (Fig. 7F); We did not 
detect positive signals on the gonadal somatic cells in either 
sex (Fig. 7E, F).

No sex-reversals in wnt4 mutant medaka
The role of WNT4 in ovarian differentiation is well estab-

lished in mammals (Vainio et al., 1999; see also Bernard and 
Harley, 2007; Nicol and Yao, 2014); Wnt4 mutant females 
show partial sex-reversals. In teleosts, zebrafish wnt4a 
mutants showed a higher male ratio than the wild type 
(Kossack et al., 2019). Therefore, we examined whether sex-
reversal occurs in wnt4 medaka mutants. First, we checked 
eight genetic males (XY) and eight genetic females (XX) 
homozygous for the wnt4b Δ29 allele and found no sex-
reversals. Genetic sex was confirmed by the presence or 
absence of dmy, the male-determining gene of medaka with 
two independent primer pairs (see Supplementary Figure 
S2D). Phenotypic sex was determined based on the external 
morphology of the dorsal and anal fins and the UGP, together 
with the gross morphology of the gonads. For wnt4a, the 
Δ30 allele and the fusion alleles were examined and no sig-
nificant sex-reversals were identified (see Supplementary 
Table S2). Since the wnt4b mutants are fertile, the G6 
females homozygous for the wnt4b Δ29 or Δ5 alleles were 
crossed with the G6 males heterozygous for the wnt4a Δ30 
allele. Progenies heterozygous for both wnt4a and wnt4b 
were incrossed to generate wnt4a and wnt4b double 
mutants. As the wnt4b mutant phenotype (shorter body) can 
be detectable at 1 week after hatching, we only selected 
wnt4b homozygotes for further analyses. In adults (3–6 
months after hatching), we examined the genotypes (dmy, 
wnt4a, and wnt4b) and phenotypes (fins, UGP, and gonads) 
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Table 4.  Number of sex-reversals in the wnt4a and wnt4b double 
mutants.

wnt4b Δ29/Δ29 wnt4b Δ5/Δ5

wnt4a Δ30 +/+ +/− −/− +/+ +/− −/−

XY female 0/3 0/16 0/18 0/7 0/15 0/6

XX male 0/3 0/17 0/12 0/12 1/29 0/11

+/+ , wild type; + /− , heterozygotes; − /− , homozygotes of wnt4a 
Δ30. Number of sex-reversals with particular phenotypes/total 
number of samples examined are shown in each cell.

Fig. 8.  Median plane (sideview) diagrams illustrating urogenital organs in wild type and wnt4a mutant medaka. The diagrams were roughly 
reconstructed from the serial histological sections. (A, D) wild type male and female, respectively. (B, E) mutant male and female with sperm 
duct closed in the coelom, respectively. (C, F) mutant male and female with sperm duct closed outside the coelom, respectively. (G) XX scl 
mutant with ovary-like gonad. (H, I) female mutants with developed sphincter muscle protruded into the coelom. The oviducts are closed 
within and outside the coelom, respectively. The genital duct primordia are marked with asterisks in the mutants (B, E, H).

as described above. The results presented in Table 4 indi-
cate no significant occurrence of sex-reversals in the double 
mutants. Genital duct phenotypes were further examined 
histologically for some of these individuals. There seemed to 
be no additional effect of the wnt4b mutation, either Δ29 or 
Δ5, on the wnt4a Δ30 mutation (see Supplementary Table 
S3). We did not identify significant differences; most of the 
wnt4a and wnt4b double mutants had their genital ducts 
closed in the coelom similar to the wnt4a Δ30 single mutants 
(Table 1).

DISCUSSION

wnt4a but not wnt4b is indispensable for genital duct 
elongation in male and female medaka

The wnt4a Δ30 homozygous mutants of both sexes 

showed premature termination of genital duct elongation in 
the coelom (Figs. 1–4; Table1). The mutants carrying wnt4a 
knock-in alleles also displayed similar, albeit less severe, 
phenotypes (Fig. 5; Tables 2–4, and see Supplementary 
Table S1). Together, these results strongly indicate that in 
medaka, wnt4a is indispensable for genital duct elongation 
in both sexes. The wnt4b medaka mutants had normal gen-
ital ducts in both sexes. Similar anomalies of genital duct 
formation in wnt4a mutants were reported in another teleost, 
zebrafish (Kossack et al., 2019). The male mutants had 
sperm duct primordia but the left and right primordia did not 
fuse and elongate posteriorly. The female mutants also had 
undeveloped oviduct primordium, which did not elongate 
posteriorly. Expression of wnt4a was detected in the mesen-
chyme beneath the nephric ducts in both sexes in zebrafish 
(Kossack et al., 2019). Here, in medaka, we also detected 
wnt4a expression in the mesenchyme beneath the urinary 
bladder in both sexes. Taken together, these findings that 
wnt4a is expressed in the mesenchyme in both medaka and 
zebrafish (two relatively diverged teleost species) suggest a 
hypothesis that Wnt4 directly or indirectly acts on the duct 
primordia to induce their posterior elongation. If this hypoth-
esis is correct, the lack of the genital duct primordia should 
lead to the absence of the genital ducts. The female scl 
mutants did not develop the duct primordia (the posterior 
central canals and the posterior ovarian cavities) and com-
pletely lacked genital ducts (Figs. 6; 8G). The results further 
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support the above hypothesis.
It should be noted that Wnt signals typically propagate 

over short distances, spanning only a few cell lengths (see 
Logan and Nusse, 2004; Steinhart and Angers, 2018; Mehta 
et al., 2021). Here, the possible target tissue is located within 
the coelom. Therefore, how Wnt4a signals, directly or indi-
rectly, act via coelomic fluid is unknown. Wnt proteins, either 
in canonical or non-canonical pathways, exert their influ-
ence via frizzled receptors on the cell membrane followed by 
recruitment of cytoplasmic dishevelled proteins. We have 
not examined expression of these proteins in the medaka 
genital duct primordia. The involvement of these proteins in 
mammalian MD development has only been sparsely docu-
mented (see Mullen and Behringer, 2014; Gonzales et al., 
2021).

Hypomorphic phenotypes may be caused by transcrip-
tional adaptation

Unexpected results were obtained from the knock-in 
mutants by the Pcry-alleles and the fusion-alleles, where 
DNA constructs were inserted in the third exon. Despite the 
anticipated loss of protein function from these alleles (see 
Supplementary Figure S2C), their mutants showed milder 
phenotypes compared to the Δ30 homozygous mutants 
(Tables 1–3). Notably, most of the male mutants by the Pcry-
alleles displayed normal sperm duct development. These 
findings could be attributed to a phenomenon known as 
transcriptional adaptation (El-Brolosy et al., 2019; see also 
Jakutis and Stainier, 2021). Premature termination codons in 
mutated genes often trigger mRNA degradation via non-
sense-mediated mRNA decay (see Lykke-Andersen and 
Jensen, 2015; Nagar et al., 2023). Consequently, small RNA 
fragments derived from the degraded mRNA induce tran-
scriptional upregulation of genes with similar sequences, 
referred to as adapting genes. In the wnt4a knock-in mutants, 
potential candidates for adapting genes include wnt4b or 
other Wnt genes. Both the Pcry-alleles and the fusion-alleles 
harbor premature termination codons in the third exon, 
which may activate nonsense-mediated mRNA decay (see 
Supplementary Figure S2C).

The function of Wnt4a may be sex and stage dependent
The phenotypes of the Δ30 homozygous mutants were 

largely consistent between the two sexes (Table 1). How-
ever, this was not the case for other knock-in mutants. In the 
Pcry mutants, the males exhibited normal genital ducts, 
whereas approximately half of the females displayed 
impaired elongation of the oviducts (Table 3). Similarly, in 
the homozygous mutants of the fusion alleles, most females 
exhibited closed genital duct phenotypes, while approxi-
mately half of the males showed normal sperm ducts (Table 
2). These results suggest that females may require higher 
Wnt4a activity for genital duct formation compared to males. 
Alternatively, the activity of Wnt4a in the knock-in mutants 
may be higher in males than in females. Furthermore, our 
observations revealed that closure of the genital ducts 
occurred outside the coelom in the knock-in mutants, with 
the posterior ends of the ducts ceasing their elongation 
beneath the urinary bladder (Tables 2 and 3). These pheno-
types were observed in both sexes and suggest that Wnt4a 
signals are necessary for at least two steps in the process of 

genital duct elongation: initial elongation of the duct primor-
dia within the coelom and subsequent posterior elongation 
beneath the urinary bladder. Further investigations at the 
cellular and molecular levels are required to elucidate the 
mechanisms underlying the processes of genital duct elon-
gation.

Possible homology between developmental processes 
of teleost genital ducts and MDs

In mice, Wnt4 KO completely abrogates invagination of 
the coelomic epithelium and posterior elongation of the MDs 
(Vainio et al., 1999). In teleosts, zebrafish (Kossack et al., 
2019) and medaka (the present study), posterior elongation 
of the genital duct primordia was inhibited by wnt4a (ortho-
log of mammalian Wnt4) KO in both sexes. In female tele-
osts, the epithelium lining the oviducts is continuous with the 
epithelium facing the ovarian cavities, which is derived from 
the coelomic epithelium (see Nagahama, 1983; Kanamori et 
al., 1985). In contrast, the epithelium facing the sperm duct 
lumen is continuous with the epithelium lining the central 
canals, which is derived from the Sertoli cells (see 
Nagahama, 1983; Kanamori et al., 1985). The origin of the 
Sertoli cells in medaka is the lateral plate mesoderm 
(Nakamura et al., 2006), but there is no conclusive research 
showing their origin to be the coelomic epithelium. Kanamori 
et al. (1985) described a group of somatic cells with a distinct 
basal lamina in the developing medaka gonads; they develop 
into the Sertoli cells and the epithelial cells lining the sperm 
duct in males and the epithelial cells lining the ovarian cavi-
ties in addition to the granulosa cells in females. In mice, the 
Sertoli cells have been shown to originate from the coelomic 
epithelium (Karl and Capel, 1999).

The similarities observed in Wnt4 (Wnt4a) mutants 
between mammals and teleosts strongly suggest the exis-
tence of homologous processes in genital duct formation in 
both groups. However, significant differences exist in the 
duct shapes and their relationships to the coelom. In mice, 
the anterior coelomic epithelium is invaginated, whereas in 
teleosts, the genital duct primordia within the gonads elon-
gate posteriorly and exit the coelom at the most posterior 
end (Fig. 9 for diagrams). These teleost-specific derived 
characteristics make interpreting the homology challenging. 
Alternatively, it is possible that teleost wnt4a and mamma-
lian Wnt4 have been co-opted during evolution for MD and 
genital duct formation, respectively. To further investigate 
the potential homology, we propose two approaches. The 
first approach involves detailed molecular and cellular stud-
ies of medaka genital duct elongation. We may be able to 
find common genetic networks between medaka and mice, 
where detailed studies have already been reported (see 
Mullen and Behringer, 2014; Gonzales et al., 2021). During 
preliminary in situ hybridization experiments in the genital 
duct primordia, we examined expression of the medaka 
orthologs of Pax2, Lhx1, and Emx2, all of which are 
expressed in the mammalian MD epithelium, and did not get 
positive signals. The second approach takes an evolution-
ary developmental biology (evo-devo) perspective. Studies 
on sturgeon (Wrobel, 2003), caecillian (limbless amphibian, 
Wrobel and Süß, 2000), birds (Guioli et al., 2007), and mam-
mals (Guioli et al., 2007; see also Mullen and Behringer, 
2014 and Gonzalez et al., 2021) have indicated that their 
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Fig. 9.  Diagrams of genital ducts (pores) in various vertebrates and effects of Wnt4 (Wnt4a) mutations (KO). Frontal views with anterior side 
up. The mutants in orthologous genes, Wnt4 in mammals (mice and humans) and wnt4a in teleosts (zebrafish and medaka), show defective 
development in the MD and the genital ducts, respectively (missing tissue shown in red), suggesting the presence of homologous develop-
mental processes. In jawless fish of both sexes and females of the basal teleosts, genital ducts are absent, and the gametes are released 
through the genital pores instead.

MDs develop through invagination of the coelomic epithe-
lium followed by posterior elongation. Cartilaginous fishes, 
including sharks and rays, were the first to evolve MDs. 
However, in these species, the pronephric ducts themselves 
differentiate into MDs, and WDs (nephric ducts) develop 
through longitudinal splitting of the pronephric ducts (see 
Wourms, 1977; Romer and Parsons, 1977; Goodrich, 1930). 
This remarkable difference requires further explanation at 
the cellular and molecular levels to understand the underly-
ing mechanisms. On the other hand, jawless fish such as 
hagfish and lamprey do not possess genital ducts. Instead, 
mature sperm or eggs are released into the coelom and exit 
through the genital pores. These pores are induced by sex 
steroids and formed through apparent apoptosis of 2–3 lay-
ers of cells between the coelom and the urogenital sinus 
(Knowles, 1939). The homology of these genital pores to 
MDs has been a subject of debate (see Goodrich, 1930). 
Additionally, in basal teleosts such as eels (Tesch, 1977; 
Fishelson, 1992), mooneye (Katechis et al., 2007), and pira-
rucu (Godinho et al., 2005), the females lack genital ducts 
but possess genital pores similar to those found in jawless 
fish. However, the males in these species do have sperm 
ducts.

Currently, there is limited information available on the cel-
lular and molecular processes involved in the development of 
genital ducts (pores) in vertebrates, except for mammals. 
Conducting comprehensive studies on their development in 
diverse vertebrate groups, coupled with exploring the poten-

tial role of Wnt4 (Wnt4a), can provide further evidence of 
homology and valuable insights into the evolutionary aspects 
of genital ducts (pores) across vertebrates.

Gonadal sex differentiation of medaka is not dependent 
on Wnt4a

The loss of WNT4 activities causes partial female-to-
male sex-reversal in mammals (Vainio et al., 1999; see also 
Bernard and Harley, 2007; Nicol and Yao, 2014). Previous 
studies revealed that WNT4 proteins act on gonadal sup-
porting cells to repress the transcription of sox9, thereby 
switching these cells toward the female pathway. In teleosts, 
knock out of wnt4a (the ortholog of mammalian Wnt4) in 
zebrafish caused a higher male ratio than that in the wild 
type (Kossack et al., 2019). Those authors demonstrated 
that, besides being expressed in the mesenchyme beneath 
the nephric ducts, wnt4a is also expressed in the ovarian 
somatic cells during gonadal sex differentiation in zebrafish. 
In contrast, we did not observe any effect of wnt4a knockout 
on gonadal sex differentiation in medaka. The double knock-
out of wnt4a and wnt4b also did not affect gonadal sex dif-
ferentiation in medaka. In our study, we did not detect wnt4a 
signals in the gonadal somatic cells of medaka. The differ-
ence in the function of Wnt4a in gonadal sex differentiation 
between medaka and zebrafish may be due to the genetic 
sex determination of medaka (Aida, 1921; Matsuda et al., 
2002), which is different from the environmental sex determi-
nation observed in zebrafish (see Kossack and Draper, 
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2019).
In conclusion, we found that medaka wnt4a mutants 

have their genital ducts stopped within the coelom or just 
after leaving the coelom in both sexes. These findings, com-
bined with similar phenotypes observed in zebrafish, sup-
port the existence of homologous developmental processes 
between mammalian MDs and teleost genital ducts.
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