
  INTRODUCTION 
  Gonadal development is a conserved event among the 

vertebrates. Gonads arise on the ventromedial region 
of both the right and left mesonephroi as indifferent 
gonads called genital ridges at first, and then they dif-
ferentiate into testes or ovaries via a sex-determining 
process that varies among vertebrate species. The geni-
tal ridges in the chicken embryo are formed by embry-
onic day (E) 3.5, which is equivalent to the Hamburger 
and Hamilton stage (HH) 21 or 22 (Hamburger and 
Hamilton, 1951). After the indifferent period, sexual 
differences of the gonads are observed at around E6.5 
(HH30). In the male gonad, the testicular cord com-
posed by Sertoli cells surrounding germ cells is formed. 
The cortex is thickened in the left gonad of the female 

(in which many germ cells are contained), but the cor-
tex in the right gonad fails to proliferate and regresses 
during hatching (Romanoff, 1960). 

  Although the sex in birds is determined genetically 
(ZZ for male, ZW for female), the molecular mechanism 
that determines whether a chicken embryo develops as 
a male or female is poorly understood. The most like-
ly possible candidate for the chicken sex-determining 
gene is a Z-linked gene, doublesex and mab-3 related 
transcription factor 1 (DMRT1), a DM domain tran-
scription factor that has a conserved role for testis dif-
ferentiation among vertebrates (Matson and Zarkower, 
2012). Knockdown of DMRT1 induces ovarian forma-
tion in the genetically male chick (Smith et al., 2009). 
A cell-autonomous sex identity was identified in each 
male and female cell of the chicken (Zhao et al., 2010), 
and chicken homolog of hemogen, which is known as a 
hematopoietic tissue-specific gene in mice and humans 
(Yang et al., 2001), is specifically involved in testis 
development (Nakata et al., 2013), suggesting that a 
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  ABSTRACT   Sex of birds is genetically determined by 
the inheritance of sex chromosomes (ZZ for male and 
ZW for female), and the Z-linked gene named doublesex 
and mab-3 related transcription factor 1 (DMRT1) is a 
candidate sex-determining gene in avian species. How-
ever, the mechanisms underlying sex determination in 
birds are not yet understood, and the expression pat-
terns of the DMRT1 protein in urogenital tissues have 
not been identified. In the current study, we used im-
munohistochemistry to investigate the detailed expres-
sion patterns of the DMRT1 protein in the urogenital 
systems (including Müllerian ducts) in male and female 
chicken embryos throughout embryonic development. 
Gonadal somatic cells in the male indifferent gonads 
showed stronger expressions of DMRT1 compared with 
those in the female indifferent gonads well before the 
presumptive period of the sex determination, and Ser-

toli cells forming testicular cords expressed DMRT1 in 
the testes after sex determination. Germ cells expressed 
DMRT1 equally in males and females after sex determi-
nation. The expression was continuous in males, but in 
females it gradually disappeared from the germ cells in 
the central part of the cortex of the left ovary toward 
both edges. The DMRT1 was also detected in the tubal 
ridge, which is a precursor of the Müllerian duct, and 
at the mesenchyme and outermost coelomic epithelium 
of the Müllerian duct in both sexes. Strong expression 
was observed in the males, but it was restricted to coe-
lomic epithelium after the regression of the duct start-
ed. Thus, we observed the detailed spatiotemporal ex-
pression patterns of DMRT1 in the developing chicken 
urogenital systems throughout embryonic development, 
suggesting its various roles in the development of uro-
genital tissues in the chicken embryo. 
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unique sex-determining system exists in avian species 
among vertebrates.

Differences also exist between the male and female 
in accessory sex structures, such as the Müllerian duct. 
The precursor of the duct, which is called the tubal 
ridge, first appears as a groovelike invagination at the 
anterior end of the mesonephros at E4.0 (HH24). The 
more caudal region of the groove is closed with the fu-
sion of the edges to form the tubelike structure at E5.0 
(HH27; Romanoff, 1960). The Müllerian duct is distin-
guishable into 3 cellular components: the inner epithe-
lial cells (Müllerian duct epithelium), the mesenchymal 
cells surrounding the duct [Müllerian duct mesenchyme 
(MDM)], and the outermost coelomic epithelial cells 
[Müllerian coelomic epithelium (MCE)]. All of these 
components are derived from the coelomic epithelial 
cells on the mesonephros (Guioli et al., 2007).

The chicken Müllerian duct develops as an oviduct 
only in the left side of the female, and the right side 
in the female and both in the male are regressed dur-
ing embryonic development. The regression starts at 
around E8.0 (HH34) in the male and E12 (HH38) in 
the female (Romanoff, 1960; Teng, 1987), and anti-
Müllerian hormone (AMH) is involved in the degen-
eration in both the male and female chick (Teng, 1987; 
Weniger, 1991). The DMRT1 mRNA is also expressed 
in the Müllerian duct in the chicken (Smith and Sin-
clair, 2001), but the detailed expression pattern and the 
function are not characterized yet.

The DMRT1 protein in the mouse is well charac-
terized regarding its roles in male gonadal somatic 
cells (Matson et al., 2011) and both male and female 

germ cells (Matson et al., 2010; Krentz et al., 2011). 
Although DMRT1 mRNA expression in the urogenital 
tissues of the chicken embryo was examined by real 
time reverse transcription PCR and (whole-mount) in 
situ hybridization (Raymond et al., 1999; Smith and 
Sinclair, 2001; Yamamoto et al., 2003), it is not yet 
known which cells express DMRT1, and the expres-
sion patterns of both mRNA and protein through em-
bryonic development have not been identified. In the 
current study, to investigate the elaborate expression 
patterns and the fundamental characteristics of chick-
en DMRT1, we conducted immunohistochemistry on 
the DMRT1 protein at various embryonic stages and 
we describe the spatiotemporal expression patterns of 
DMRT1 in the chicken urogenital system, including the 
Müllerian ducts.

MATERIALS AND METHODS

Embryos
Fertilized eggs of White Leghorn chickens were pur-

chased from Nihon Layer Ltd. (Gifu, Japan) and incu-
bated at 38°C and 70% RH. The embryos were collected 
every half day from E3.5 (HH21 or 22) to E7.5 (HH32) 
and every day from E8.0 (HH34) to E17 (HH43).

Genetic Sexing
A small piece of limb tissue was boiled in distilled 

water for 10 min and homogenized to obtain genomic 
DNA. Both the W chromosome-linked (female specific) 

Figure 1. Doublesex and mab-3 related transcription factor 1 (DMRT1) localization in the left developing gonad at embryonic day (E) 4.5 (A, 
E), E6.5 (B, F), E8–9 (C, G), and E15 (D, H). The DMRT1 protein expression is observed in the nucleus of the gonadal somatic cells (arrows), 
which are (pre-) Sertoli cells in the male at E6.5 onward (B–D), and the germ cells (arrow heads) of both sexes. The DMRT1 protein is first 
expressed at E4.5 in both male and female gonadal somatic cells (A, E) and its expression in the male (A–D) is stronger than that in the female 
(E–H) at each embryonic day. Immunoexpression of DMRT1 in the germ cells is first detectable at E6.5 in both sexes (B, F). The expression level 
in the male germ cells is equivalent to that in the Sertoli cells (arrows) at E8–9 (C) and is higher at E15 (D). The DMRT1 protein expressions 
of the female germ cells in both the cortex and medulla of the left ovary are increased at E8–9 (G) from E6.5 (F). At E15, very weak expressions 
are observed in some germ cells in the cortex (c), although the germ cells in the medulla (m) still express DMRT1 (H). Dashed lines show borders 
between the cortex and medulla. Scale bar = 25 μm. Color version available in the online PDF.
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XhoI repeat sequence and 18S ribosomal RNA gene 
serving as an internal control were amplified with spe-
cific primers (Clinton et al., 2001). The PCR conditions 
were 30 cycles of 95°C for 30 s, 56°C for 30 s, and 72°C 
for 1 min. The amplified products were electrophoresed 
in 2% agarose gel, dyed by ethidium bromide, and visu-
alized with a UV transilluminator.

Tissue Preparation
Urogenital tissues containing gonads were fixed in 

4% paraformaldehyde in 0.1 M phosphate buffer (pH 
7.4) for 24 h at 4°C. The specimens were dehydrated 
with an ethanol series followed by xylene and then em-
bedded in paraffin. Then, 4-μm-thick sections were cut 
by microtome and placed on slide glasses (Platinum; 
Matsunami Glass Ind. Ltd., Kishiwada, Japan).

Immunohistochemistry
After deparaffinization and hydration, the sections 

were heated at 121°C for 20 min by immersion in 10 
mM sodium citrate buffer (pH 6.0) for antigen retriev-
al, and then immersed in absolute methanol and 0.5% 
H2O2 for 30 min at room temperature to quench the 
endogenous peroxidase activity. The sections, which 
were rinsed in 10 mM PBS (pH 7.4), were incubated 
with Blocking One Histo (Nacalai Tesque Inc., Kyoto, 

Japan) at room temperature for 1 h, and then reacted 
with anti-chicken DMRT1 rabbit polyclonal antibody 
(1:24,000; Smith et al., 2003) in a humidified chamber 
at 4°C for 18 h.

The sections were washed with PBS and incubated 
with a Dako EnVision+ system-HRP labeled polymer 
(Dako, Glostrup, Denmark) at room temperature for 
1 h. Immunoreactivities of the primary antibody were 
detected with 3,3-diaminobenzidine tetrahydrochloride 
solution (Dako), and Mayer’s hematoxylin was used as 
counterstaining. Negative controls, in which the prima-
ry antibodies were replaced with nonimmunized serum, 
did not show nonspecific staining.

RESULTS AND DISCUSSION
The expression patterns of chicken DMRT1 in the 

urogenital tissues during embryonic development were 
examined. The DMRT1 protein was first detected in 
the indifferent gonads of both sexes at E4.5 (HH25), 
before the sex determination, and the expression in the 
male was stronger than that in the female (Figure 1A 
and E). The expression levels became higher, especially 
in male gonadal somatic cells at E6.5 (HH30) onward 
(Figure 1B–D). The somatic cells, (pre-) Sertoli cells, 
formed sex cords containing germ cells. The expres-
sion of DMRT1 in the somatic cells of the right gonad 
showed the same patterns as in the left gonad in the 

Figure 2. Doublesex and mab-3 related transcription factor 1 (DMRT1) localization in the left ovary at embryonic day (E) 12 (A), E13 (B), 
E15 (C), and E17 (D). The DMRT1 protein is expressed in all germ cells in the cortex (c) of the left ovary at E12 (A) and is not detected in some 
germ cells present at the central region of the cortex at E13 (B). The DMRT1 protein is negative in the majority of the germ cells in the cortex 
at E15 (C) and in almost all of them at E17 (D). Germ cells scattered in the medulla (m) express DMRT1 at each embryonic day (A–D). Each 
double-headed arrow shows the range in which DMRT1 was not expressed in the germ cells in the cortex. Note that the arrows gradually lengthen 
as the ovary develops. Scale bar = 200 μm. Color version available in the online PDF.
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male and as in the medullary region of the left gonad in 
the female (data not shown).

These expression patterns of DMRT1 in the gonadal 
somatic cells support the Z dosage hypothesis (Chue 
and Smith, 2011), which proposes that high levels of 
DMRT1 expression in male gonads determine testis 
differentiation to promote male-specific genes contain-
ing SOX9 and to suppress the genes involving ovar-
ian development, such as FOXL2 and RSPO1. Indeed, 
DMRT1 in the postnatal male mouse induces the male 
gene expression and represses female genes to maintain 
the testis (Matson et al., 2011).

Germ cells—which are distinguishable by the round 
and larger nucleus and larger cytoplasm compared 
with gonadal somatic cells—began to express DMRT1 
in both sexes at E6.5 (HH30), just after the sex de-
termination, and its expression levels were forced with 
the progression of the gonadal differentiation (Figure 
1B and F). The intensity of DMRT1 expression in the 
germ cells surrounded by Sertoli cells in the medulla 

of the male gonads was equivalent to that in the Ser-
toli cells at E8–9 (HH35), and then its expression was 
stronger in the germ cells than in the Sertoli cells (Fig-
ure 1C and D).

The DMRT1 protein in the mouse spermatogonia 
directly reduces responsiveness to a meiosis inducer, 
retinoic acid. It also suppresses STRA8 expression, 
which is required for the onset of meiosis, and it in-
duces SOHLH1 transcription (Matson et al., 2010). As 
a result, the onset of meiosis is repressed and spermato-
gonial differentiation is induced in the male fetal germ 
cells. Because chicken DMRT1 was expressed after the 
sex determination, which is also the timing of the deter-
mination of germ cell fate, whether the germ cell differ-
entiates into a spermatogonium or an oocyte, chicken 
DMRT1 may play a role in promoting male germ cells 
to proliferate and differentiate into spermatogonia.

Most female germ cells of the left ovary were present 
in the cortex, and the rest were scattered in the me-
dulla, and those in the right ovary that failed to form 

Figure 3. Doublesex and mab-3 related transcription factor 1 (DMRT1) localization in the developing Müllerian ducts at embryonic day (E) 
4.5 (A–D), E7.5 (E–H), E8.0 (I–L), and E13 (M–P). The DMRT1 protein is first detectable at E4.5 in both the male and female tubal ridge (t; 
A–D) and is expressed at Müllerian duct mesenchyme (MDM; arrow) and Müllerian coelomic epithelium (MCE; arrow head) at E7.5 in both 
sexes, although the expression in the male is higher than that in the female (E–H). Regression of the Müllerian ducts occurs at both sides in the 
males, and most expressions of DMRT1 are restricted to the MCE (I, J), whereas the ducts develop continuously and no changes in the DMRT1 
expression pattern are observed in the females at E8.0 (K, L). At E13, the ducts are merely connective tissues on both sides of the males and on 
only the right side of the females, whereas the Müllerian duct is developed well on the left side of the females (M–P) and DMRT1 is also expressed 
at the MCE in the males (M, N) and is weakly expressed at the MDM and MCE in the females (O, P). w = Wolffian duct. Scale bar = 25 μm. 
Color version available in the online PDF.
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the cortex were also spread in the medulla as is in the 
left ovary. The DMRT1 protein was expressed in these 
germ cells of both the cortex and medulla until E12 
(HH38; Figure 1F and G), and then the expressions 
disappeared in order from the central region of the cor-
tex in the left ovary (Figures 1H and 2). In contrast, 
DMRT1 was still expressed at the germ cells in the 
medulla of both the right and left ovaries.

Female germ cells in the left ovary enter meiosis his-
tologically at E15.5 in the cortex, especially at its medi-
al part, and express STRA8 at E12.5 onward (Smith et 
al., 2008). The DMRT1 protein directly induces STRA8 
expression in the mouse fetal ovarian germ cells and 
disappears from the nuclei of the germ cells expressing 
STRA8 (Krentz et al., 2011). Thus, the concordance of 
the disappearance of DMRT1 (Figure 2) and the initia-
tion of STRA8 transcription in the chicken left ovary 
suggests that chicken DMRT1 promotes meiosis via the 
upregulation of STRA8, as in the female germ cells of 
the fetal mouse.

The DMRT1 protein was also expressed in both the 
right and left Müllerian ducts and was localized in 
the MDM and MCE. Its expression was detectable at 
E4.5 (HH25) in both the male and female tubal ridges 
(Figure 3A–D). The expression levels in the male were 
stronger than those in the female (as in the gonad-
al somatic cells), and those expression patterns were 
observed until E7.5 (HH32; Figure 3E–H). At E8.0 
(HH34), regression of the Müllerian ducts had occurred 
in the male and almost all DMRT1 localization was 
restricted to the MCE, whereas both the right and left 
Müllerian ducts was developed equally and the DMRT1 
expression patterns were not changed in the female 
ducts (Figure 3I–L).

Previous studies confirmed the necessity of both 
AMHR2 and BMPR1A for the mediation of AMH ac-
tivity to degenerate the Müllerian ducts and their mor-
phological localization in MDM (Mishina et al., 1996; 
Jamin et al., 2002; Arango et al., 2008). The strong 
expression of DMRT1 in the male MDM just before 

Figure 4. A scheme of the spatiotemporal and sexual dimorphic expression patterns of doublesex and mab-3 related transcription factor 1 
(DMRT1) in the urogenital system of the chicken embryo. The line width represents the relative expression level compared with that in the op-
posite sex. A shaded line indicates the presumptive period of sex determination.
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the regression of the male Müllerian ducts indicates the 
possibility that DMRT1 is involved in the degeneration 
of the ducts to regulate the AMH signaling (e.g., the 
activity of AMHR2 or BMPR1A).

In the present study, both the right and left Mül-
lerian ducts in the male and only the right Müllerian 
duct in the female were retrogressed, becoming rem-
nants of connective tissues at E13 (HH39), and DMRT1 
was weakly expressed in the MCE of the males and 
the MDM of the females (Figure 3M–P). Our finding 
that the Müllerian ducts of the males were degener-
ated at around E8.0 (HH34) and those of the females 
became residual around E13 (HH39) suggests that a 
sex-dependent mechanism underlying the degeneration 
of Müllerian ducts exists.

The current study revealed the detailed spatiotem-
poral expression profiles of chicken DMRT1 in the de-
veloping gonads and Müllerian ducts (Figure 4). The 
DMRT1 protein expression in the male gonadal somat-
ic cells was intense compared with the female gonadal 
somatic cells throughout embryonic development. Its 
strong expression was continuous in the male germ cells 
after the sex determination of the gonads, whereas its 
localization to the cortical germ cells of the left ovary 
disappeared during embryonic development, and the 
expression level of the male Müllerian ducts was high 
just before the ducts were degenerated.
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