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Abstract 

 Development of the gonads is a complex process, which starts with a period of 

undifferentiated, bipotential gonads. During this period the expression of sex-determining 

genes is initiated. Sex determination is a process triggering differentiation of the gonads into 

the testis or ovary. Sex determination period is followed by sexual differentiation, i.e. 

appearance of the first testis- and ovary-specific features. In Xenopus laevis W-linked DM-

domain gene (DM-W) had been described as a master determinant of the gonadal female sex. 

However, the data on the expression and function of other genes participating in gonad 

development in X. laevis, and in anurans, in general, are very limited. We applied microarray 

technique to analyze the expression pattern of a subset of X. laevis genes previously identified 

to be involved in gonad development in several vertebrate species. We also analyzed the 

localization and the expression level of proteins encoded by these genes in developing X. 

laevis gonads. These analyses pointed to the set of genes differentially expressed in 

developing testes and ovaries. Gata4, Sox9, Dmrt1, Amh, Fgf9, Ptgds, Pdgf, Fshr, and 

Cyp17a1 expression was upregulated in developing testes, while DM-W, Fst, Foxl2, and 

Cyp19a1 were upregulated in developing ovaries. We discuss the possible roles of these genes 

in development of X. leavis gonads.  
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Abbreviations: Amh – Anti-Müllerian hormone; Bmp4 – Bone morphogenetic protein 4; 

Dax1 – Dosage-sensitive sex reversal; adrenal hypoplasia critical region, on chromosome X, 

gene 1; Dhh – Desert hedgehog; Dmrt1 – Doublesex and mab-3 related transcription factor 1; 

DM-W – W-linked DM-domain gene; Emx2 – Empty Spiracles Homeobox 2; Fgf9 – 

Fibroblast growth factor 9; Fgfr2 – Fibroblast growth factor receptor 2; Foxl2 – Forkhead Box 

L2; Fst – Follistatin; Gata4 – GATA binding protein 4; Inhb – Inhibin; Nr5a1 – Nuclear 

receptor 5a1; Pdgf – Platelet-derived growth factor; Pdgfrα – Platelet-derived growth factor 

receptor α; Ptch1 – Patched 1; Ptgds – Prostaglandin D synthase; Rspo1 – R-spondin 1; Sf1 – 

Steroidogenic factor 1; Sox – SRY-box; StAR – Steroidogenic acute regulatory protein; Wnt4 

– Wingless-Type MMTV Integration Site Family, Member 4; Wt1 – Wilms tumor 1 

 

 

Introduction 

 At the earliest phase of development, the Xenopus laevis gonads are sexually 

undifferentiated and bipotential, thus they can differentiate into testes or ovaries depending on 

the genetic/chromosomal background: ZW in female and ZZ in male. In anuran amphibians 

the gonads appear around the hindlimb buds stage. In Xenopus laevis tadpole the period of 

undifferentiated gonad falls between Nieuwoop and Faber (NF) stage 49 and 53 (Piprek et al. 

2017) (Fig. 1A), and the crucial sex-determining period occurs between stage NF50 and 52, 

when the W-linked DM-domain (DM-W) transcription factor starts being expressed in the ZW 

(genetic female) gonads (Yoshimoto et al. 2008). The DM-W, by blocking the Doublesex and 

mab-3 related transcription factor 1 (DMRT1), which participates in male sex determination 

in vertebrates, induces female pathway (Yoshimoto et al. 2010). Interaction between these 

two genes triggers a series of changes leading to the development of testis- or ovary-specific 

features. The sex-determining period is followed by the period of sexual differentiation of the 

3 
 



gonads. In X. laevis, the first differences between male and female gonads are identifiable at 

stage NF53, when the germ cells start dispersing within the differentiating testes, while 

remaining at the gonad periphery in the ovaries (Piprek et al. 2017). At stage NF56 the 

gonadal sex becomes anatomically recognizable; the ovary consists of the central cavity 

surrounded by the cortex and sterile medulla, while in the developing testes the cortex and 

medulla fuse in a single cell mass without the cavity. Around metamorphosis (stage NF62) the 

gonads are visibly differentiated, the oocytes appear in the ovaries, and the sex cords (the 

future seminiferous tubules) form in the testes.  

X. laevis is the only amphibian species in which the sex-determining gene has been 

discovered. However, surprisingly, the expression of only few genes such as Sox3 (Koyano et 

al. 1997), Dmrt1 (Osawa et al. 2005) and DM-W (Yoshimoto et al. 2008) had been studied in 

developing X. laevis gonads. The expression of Sox9 was studied in closely related Silurana 

tropicalis (El Jamil et al. 2008). Interestingly, there are many studies on the gene expression 

pattern in developing gonads of another anuran species, the Glandirana rugosa (reviewed in 

Nakamura 2009). G. rugosa is widely studied because of its unusual pattern of sex 

determination; both XX/XY and ZZ/ZW system are present in different populations of this 

species (Nishioka et al. 1994).  

 In order to identify genes involved in gonad development and sex determination in X. 

laevis, we studied the expression of genes that are known to be involved in gonad 

development in other vertebrates. Considering a high number of genes of interest, we used a 

microarray to perform a global analysis of X. laevis transcriptome. We also performed the 

immunolocalization of proteins encoded by the chosen genes. The level of RNA and protein 

expression was analyzed at four time points: stage NF50 (undifferentiated gonad), NF53 (the 

onset of sexual differentiation), NF56 (differentiating gonads), and NF62 (sexually 

differentiated gonads) (Fig. 1).  
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Material and Methods 

Animals 

 Larvae of the African clawed frog (Xenopus laevis Daudin, 1802; Pipidae) were raised 

in the laboratory. The tadpoles were kept in 10-L aquaria (30 tadpoles per 10 L) at 22oC and 

fed daily with powder food Sera Micron (Sera) as previously described (Piprek et al. 2017). 

The tadpoles were staged according to Nieuwkoop and Faber (1964). After staging, the 

tadpoles at four stages (NF50, NF53, NF56, and NF62) were anesthetized with 0.1% MS222 

solution. All specimens used in the experiments were handled according to Polish legal 

regulations concerning the scientific procedures on animals (Dz. U. nr 33, poz. 289, 2005) and 

the permission from the First Local Commission for Ethics in Experiments on Animals. 

Sex determination by PCR 

 The genetic sex of each tadpole was determined using PCR detection of female-

specific DMW gene. DNA was isolated from tadpole tails using NucleoSpin Tissue Kit 

(Macherey-Nagel, 740952.240C). DMW gene (W-linked female-specific marker) and Dmrt1 

gene (positive control) were used to determine ZZ or ZW status of tested animals. PCR was 

performed as previously described (Piprek et al. 2017). The mixture of the following pairs of 

primers were used: for DMW: 5’-CCACACCCAGCTCATGTAAAG-3’ and 5’-

GGGCAGAGTCACATATACTG-3’, and for Dmrt1: 5’-AACAGGAGCCCAATTCTGAG- 

3’ and 5’-AACTGCTTGACCTCTAATGC-3’ 

Immunohistochemistry 

 Bouin’s solution-fixed and paraffin-embedded samples were serially sectioned at 4μm. 

Sections were deparafinated, rehydrated and heat-induced epitope retrieval was performed in 

sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6) at 95oC for 20 min. 

(Piprek et al. 2017). Sections were blocked with 3% H2O2 for 10 min., blocked in 6% Bovine 

Serum Albumin (BSA, Sigma) for 15-min and incubated with the custom primary antibodies: 
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anti-RSPO1 (GenScript, 674196-52), anti-WNT4 (GenScript, 674196-25), anti-β-catenin 

(GenScript, 674196-35), and anti-SOX9a (GenScript, 674196-42) at RT. UltraVision Quanto 

Detection System (ThermoFisher, TL-125-QHD) was used to visualize reaction and Mayer’s 

hematoxylin was used as a counterstain. Sections were viewed under Nikon Eclipse E600 

microscope. 

RNA isolation 

 Total RNA was isolated using Trizol as described above and further purified with 

Direct-zol RNA kit according to manufacturer’s protocol (Zymo Research, R2061). The total 

RNA eluted with RNase-free water was quantified with NanoDrop 2000, and RIN (RNA 

Integrity Number) was assessed using Bioanalyzer 2100. All specimens used in the study had 

RIN above 8. Total RNA in RNase-free water was frozen at -80oC until further use. 

Microarray analysis 

 The microarray experiment was repeated three times. In order to obtain sufficient 

amount of RNA, the samples from10 individuals were pooled in each experiment. Total RNA 

was labeled with Cy3 using Agilent One-Color Quick Amp Labeling Protocol. Fluorescently 

labeled RNA samples were combined with Agilent Hi-RPM Hybridization Buffer, and 

hybridized at 65oC for 17 hours in HybArray12 hybridization station (Perkin Elmer), then 

were washed for 1 minute each in Gene Expression Wash Buffer 1 (6X SSPE, 0.005% N-

lauroylsarcosine; at RT) and Gene Expression Wash Buffer (0.06X SSPE, 0.005% N-

lauroylsarcosine; at RT) for 1 minute each, immersed in a solution of acetonitrile and air 

dried. Slides (custom-commercial Agilent-070330 X. laevis Microarray slides) were scanned 

in Agilent Technologies G2505C Microarray Scanner at 5μm resolution. 

Data processing 

 TIF files from microarray scanner were processed using Agilent Feature Extraction 

software version 10.5.1.1. Control features and non-uniform features were removed, and 
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remaining values for each unique probe sequence were averaged, then log (base 2) 

transformed. Log base 2 intensities were median centered between arrays. Differential gene 

expression was filtered using both a statistical significance threshold (FDR < 0.05) and a Fold 

Change threshold (1.5 fold). The data are available in Gene Expression Omnibus (accession 

number GSE105103) and in Suppl. Table 1. 

 

Results and Discussion 

 Our transcriptional analysis allowed identification of genes that are sex-dimorphically 

expressed in developing gonads and thus are potentially involved in the control of gonad 

development. At stage NF50 none of the 46 analyzed genes showed sexual dimorphism in the 

expression pattern. This is not surprising because at this stage the gonads are still bipotential.  

 In the mouse Wt1, Sf1, Gata4 and Emx2 genes control the earliest phase of bipotential 

gonad development (reviewed by Piprek et al. 2016). These four transcription factors are 

expressed in the mouse genital ridges, they regulate the expression of mouse sex-determining 

genes, and their mutations lead to gonadal dysgenesis (Hammes et al. 2001; Luo et al. 1994; 

Miyamoto et al. 1997; Miyamoto et al. 2008). We chose X. laevis orthologs of these genes for 

our analysis. Because X. laevis is allotetraploid, some of its genes have two paralogs, a and b 

(Hughes and Hughes 1993). For the Wt1 gene (Wilms tumor 1) we studied the expression of 

two paralogs: Wt1a and Wt1b. Both showed only moderate difference in the expression 

between sexes, with slight tendency to increase from stage NF53 onward in the developing 

testes (Fig. 2). At stage NF62 the level of Wt1a and Wt1b expression slightly increased in the 

testes and decreased in the ovaries. A very similar pattern of expression was revealed for 

Nr5a1 (Sf1) and Gata4 with the highest level of expression in the testes (Fig. 2). The 

expression of Emx2 (empty spiracles homeobox 2) was slightly higher in the ovaries (Fig. 2). 

The review of literature on the expression of above genes in other anurans showed that the 

expression of Wt1 was studied only in the frog Glandirana rugosa during early sexual 
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differentiation of the gonads where no sex dimorphism in Wt1 expression was detected 

(Yamamura et al. 2005). The Nr5a1 was found to be upregulated in differentiating ovaries of 

Lithobates catesbeianus (Mayer et al. 2002), and was expressed in the adult testes but not in 

the ovaries of G. rugosa (Kawano et al. 2001). A participation of these genes in early gonad 

development may be conserved among vertebrates, for example Nr5a1 and Wt1 are expressed 

at early stages of gonad development in medaka, zebrafish, slider Trachemys scripta, 

American alligator and chicken (Spotila and Hall 1998; Western et al. 2000; Jorgensen et al. 

2008; Kluver et al. 2009). 

 

Genes involved in female sex determination 

 DM-W (DM domain gene on W chromosome) transcription factor was identified as a 

master determiner of the female sex in X. laevis (Yoshimoto et al. 2008). The DM-W 

probably inhibits DMRT1 action, and thus blocks male sex determination (Yoshimoto et al. 

2010). These researchers used RT-PCR to show that DM-W gene was expressed only at the 

very early stage (NF48-50) of gonad development, and its expression ceased at stage NF52 

(Yoshimoto et al. 2008). We detected strong expression of DM-W throughout the ovarian 

development with a gradual increase from stage NF50 onward, and peaking at stageNF56 

(Fig. 3). At stage NF62 the expression level of DM-W decreased to the level comparable to 

NF53. The difference between our and Yoshimoto et al. (2008) data may result from different 

method of analysis (microarray versus PCR) or different strains of X. laevis used. 

 In the mouse and human, the Rspo1 and Wnt4 gene products acting through β-catenin 

stabilization are pivotal for the female sex determination (Vainio et al. 1999; Parma et al. 

2006; reviewed by Piprek 2010). We studied the expression of Rspo1, Wnt4 and Ctnnb1 (β-

catenin) in X. laevis gonads. The expression of Rspo1 was slightly higher in the female than in 

male gonad at stage NF56 (Fig. 3). Wnt4 and Ctnnb1 expression did not reveal significant sex 
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difference (Fig. 3). The expression of Wnt4 gradually increased and peaked at stage NF56. To 

verify the potential role of these genes in gonad development we performed 

immunolocalization of proteins encoded by these three genes. Immunolocalization showed 

that WNT4 protein had strongest expression at stage NF56, which agreed with the results of 

microarray analysis (Fig. 4). No significant sex dimorphism was detectable in the expression 

of WNT4 protein. The RSPO1 protein, similar to RNA, had slightly stronger expression in the 

ovaries (Fig. 5). The expression level of Ctnnb1 gene was similar in both sexes.  

Immunolocalization of β-catenin showed sex dimorphism with the higher expression in the 

ovaries (Fig. 6), The higher level of β-catenin protein in developing ovaries in X. laevis might 

result from the β-catenin stabilization rather than the upregulation of its expression. This 

mechanism may be a conserved pathway of female sex determination among vertebrates 

because upregulation of Rspo1 expression at early stage of ovary development is 

characteristic not only for mouse and X. laevis but also for zebrafish, chicken and slider T. 

scripta (Smith et al. 2008; Zhang et al. 2011). 

 Foxl2 (forkhead box L2) encodes a transcription factor, which in developing mouse 

ovaries plays a role in female sex determination; its deletion leads to the expression of the 

male sex-determining genes (Ottolenghi et al. 2005). This gene is upregulated also in the 

developing ovaries in rainbow trout, slider T. scripta, chicken, and goat (Pailhoux et al. 2001; 

Loffler et al. 2003; Baron et al. 2004; Smith et al. 2008). In X. laevis, there was gradual up-

regulation of Foxl2 in the ovaries between stage NF50 and NF62 (Fig. 7). Foxl2 was also 

expressed in the testes but at lower level. Several studies showed that Foxl2 was upregualted 

in developing ovaries of Lithobates silvaticus, Silurana tropicalis and G. rugosa (Navaro-

Martin et al. 2012; Oshima et al. 2008). Thus, Foxl2 may play a similar role in ovary 

development in all anurans. 
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 Follistatin (encoded by Fst gene) is an autocrine glycoprotein, which binds and 

bioneutralizes members of the TGF-β superfamily, and as a result inhibits formation of male-

specific features, such as development of the coelomic vessels, in developing mouse ovaries 

(Yao et al. 2004). Fst has not been studied in the gonad development in amphibians. Here, for 

the first time we showed that Fst is significantly upregulated in X. laevis ovaries, between 

stage NF50 and NF62, while it is expressed at very low level in testes (Fig. 7). This suggests 

that follistatin may be also involved in the inhibition of the male pathway in developing 

ovaries of anurans. 

 Bmp4 is involved in ovary development by promoting ovarian follicles formation in 

the mouse (Nilsson and Skinner 2003). X. laevis Bmp4 (encoding bone morphogenetic protein 

4) has two paralogs: Bmp4a and Bmp4b. We found that these two paralogs were expressed in 

the developing X. laevis gonads, however, with no significant sex-specific difference (Fig. 7). 

The Dax1 gene, which encodes nuclear receptor, is slightly upregulated in the testes at stage 

NF62 in X. laevis (Fig. 7). The upregulation of this gene in developing testes was also showed 

for another anuran, G. rugosa (Sugita et al. 2001). In contrast, the expression of Dax1 was 

downregulated during testes development in the mouse and chicken (Smith et al. 2000; Swain 

et al. 1996), which indicates functional difference of this gene among vertebrates. In the mice 

mutation of Dax1 leads to male-to-female sex reversal due to inhibition of Sox9 gene – a key 

player in male sex determination pathway (Bouma et al. 2005). 

  

Genes involved in male sex determination 

 Dmrt1 (encoding doublesex and mab-3 related transcription factor 1) is an 

evolutionary conserved gene playing a role in male sex determination in vertebrates 

(Koopman and Loffler 2003). Its mutation leads to male-to-female sex reversal. In X. laevis 

two paralogs: Dmrt1a and Dmrt1b are present. Both showed a very strong expression in the 
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testes from the early phase of male gonad development (NF53) (Fig. 8). Dmrt1 expression in 

developing testes, but not ovaries was previously shown in G. rugosa and X. laevis (Osawa et 

al. 2005; Shibata et al. 2002). 

A signaling factor FGF9 (fibroblast growth factor 9) acting via FGFR2 (fibroblast growth 

factor receptor 2) participates in a male sex determination in the mouse and enhances cell 

proliferation, which is critical for testis development (Kim et al. 2006). In developing X. 

laevis gonads the Fgf9 and Fgfr2 show visible sex-specific difference in expression around 

metamorphosis (stage NF62) with prevalence in the male gonads (Fig. 8). This suggests that 

FGF9/FGRF2 pathway is involved in some aspects of testis development in X. laevis. In 

contrast, in developing gonads of G. rugosa there is no sex-specific difference in the 

expression of these genes (Yamamura et al. 2005). We also analyzed the expression of gene 

coding for FGFR3 receptor, which seems to be important in chicken ovary development 

(Ayers et al. 2015). In X. laevis, the expression of Fgfr3 showed highly significant sex-

specific difference at stage NF62, with the higher expression in the male gonad (Fig. 8). 

 Prostaglandin D2 (PGD2) is a signaling molecule, which enhances expression of genes 

involved in male sex determination in the mouse (Malki et al. 2005; Wilhelm et al. 2007). In 

X. laevis, the expression of prostaglandin synthase Ptgds-a gene was slightly higher in the 

testes than in the ovaries (Fig. 8). The expression of the other paralogue of prostaglandin 

synthase, the Ptgds-b, showed strong upregulation in X. laevis male gonads from stage NF53 

onward (Fig. 8). This indicates that prostaglandin signaling is probably involved in male sex 

determination and/or testis development in X. laevis. 

 

Sox genes 

 We studied the expression of seven Sox genes that are known to participate in the 

gonad development in vertebrates. Among them SOX9 transcription factor is upregulated in 
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developing testes, and plays a main role in male sex determination in many vertebrates 

(Koopman 2001). We found that Sox9a and Sox9b (Sry-box 9) paralogs were significantly 

upregulated in X. laevis testes (Fig. 9). Sox9a was gradually upregulated in testes and ovaries. 

We observed a significant upregulation of Sox9a expression in the testes between stage NF53 

and NF62. The expression of Sox9b was higher in the testes than in the ovaries, but in contrast 

to Sox9a, there was no upregulation after stage NF53. These results suggest a potential 

involvement of these two Sox9 paralogs in X. laevis testis development. Because of the 

particularly high difference in the expression levels of Sox9 between ovaries and testes we 

performed immunolocalization of SOX9a protein in developing X. laevis gonads. The 

intensity of SOX9a immunostaining gradually increased in the male gonads and was the 

highest at NF62 stage, which corroborated gene expression pattern (Fig. 10). This male-

specific expression resembles the expression pattern of Sox9 in other vertebrates including 

mammals (Koopman 2001). There must be however some interspecific differences because in 

the G. rugosa frog the expression of Sox9 was detected in both sexes, and the upregulation in 

the testes was observed two months after metamorphosis when the testes are already fully 

developed and differentiated (Takase et al. 2000). 

 Sox3 was expressed at low level in the early stages of X. laevis gonad development, 

however, was highly upregulated in the ovaries at stage NF62 (Fig. 9). Sox12 showed 

upregulation in the testes at stage NF56 and NF62 (Fig. 9). Paralog Sox18a was upregulated 

in the testes at stage NF62, while, Sox18b became upregulated earlier, at stage NF53, NF56 

and NF62 also exclusively in the testes (Fig. 9). In summary, the upregulation of Sox9a, 

Sox9b, Sox18a, Sox18b, and Sox12 was characteristic for developing testis, however, Sox3 

expression was characteristic for developing ovary. Previously, the expression of Sox3 in 

adult ovaries and Sox18 in adult testes was described in X. laevis (Hasewaga et al. 2002; 
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Koyano et al. 1997). This indicates that for some Sox genes, the pattern of expression 

established during gonad development persists through the adulthood.  

 

Genes involved in testis development 

 There is a subpopulation of genes involved in testis development in vertebrates (Piprek 

2010). These genes become upregulated in the testes after sex-determining period. Among 

these genes Pdgf (encoding platelet derived growth factor) is responsible for cell proliferation, 

migration and testis cord formation in the mouse testis (Brennan et al. 2003). We found that 

the expression of Pdgfa and Pdgfb was upregulated in the developing testis in X. laevis in 

comparison to the ovaries. Pdgfa was expressed from stage NF53 with upregulation at stage 

NF62, and Pdgfb was upregulated in the testis later, at stage NF62 (Fig. 11). The gene 

encoding PDGF receptor (Pdgfrα), was upregulated in the testes starting from stage NF53, 

and showed visible sex dimorphism especially at stage NF62. These data suggest the 

involvement of PDGF pathway in the formation of testis structure in anurans. 

 Desert hedgehog (Dhh) participates in the proliferation/survival of fetal Leydig 

precursors in the interstitium of the mouse testis and the formation of testis cords (Yao and 

Capel 2002; Yao et al. 2002). We detected a relatively low level of expression of its two 

paralogs Dhh-a and Dhh-b in X.laevis testes and ovaries with the higher expression level in 

the testes. The Dhh-b had the strongest sex dimorphism of expression at stage NF56 and 

NF62. The Ptch1 (protein patched homolog 1), which encodes DHH receptor, was expressed 

in the developing X. laevis gonads with a higher level of expression in the testes (Fig. 11). 

 In mammals, the inhibin B, a member of TGFβ family, is responsible for the formation 

of proper testis structure and its vasculature (Yao et al. 2006). We found that in X. laevis the 

genes encoding three inhibins were expressed in developing gonads (Fig. 11). Inhibin A gene 

(Inhba) was expressed both in testes and ovaries and was gradually upregulated in the testes 
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between stage NF56 and NF62 (Fig. 11). Inhibin B gene (Inhbb) was upregulated also in the 

testes after NF56, while, inhibin C gene (Inhbc) was upregulated in the testes earlier, starting 

from stage NF53 onward. Another TGFβ member, the anti-Müllerian hormone (AMH) is a 

factor secreted by developing vertebrate testes, which promotes degeneration of Müllerian 

ducts (oviducts) in males. We studied the expression of X. laevis ortholog of Amh and found 

high expression of this gene in the male gonads from stage NF56 onwards (Fig. 11). So far, 

the upregulation of Amh gene in the developing anuran testes was shown only for S. tropicalis 

and G. rugosa (Jansson et al. 2016; Kodama et al. 2015), and in X. laevis using 

immunolocalization (Piprek et al. 2013). These data suggest AMH involvement in Müllerian 

ducts regression in amphibian males. 

 

Genes of steroidogenesis and other hormones signaling 

 Next we focused on the expression pattern of genes involved in hormonal control of 

gonad development. Among genes encoding receptors of gonadotropins, the follicle-

stimulating hormone receptor gene (Fshr) was expressed both in testes and ovaries but was 

significantly upregulated in the testes starting from stage NF53 (Fig. 12). The luteinizing 

hormone receptor gene (Lhr) did not reveal significant sex differences and was expressed at a 

very low level in the gonads of both sexes (Fig. 12). The expression of Fshr receptor implies a 

control of testis development by pituitary FSH hormone. Gene encoding steroidogenic acute 

regulatory protein (Star) that is responsible for the cholesterol transfer to the mitochondria, 

was expressed both in testes and ovaries but showed stronger expression in the testes at stage 

NF62 (Fig. 12). Cyp17a1 encodes cytochrome P450 17A1 that converts progestagens to 

androgens. We detected significant upregulation of this gene in the testes starting from stage 

NF53 (Fig. 12). This indicates that there is higher steroidogenic activity in developing testes 

than in the ovaries. The Cyp19a1 that encodes aromatase responsible for testosterone 
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conversion to estradiol was expressed both in testes and ovaries but was strongly upregulated 

in ovaries starting from stage NF53. Its expression level in testes was much lower than in 

ovaries and slightly increased from NF53 onward (Fig. 12). This indicates that estradiol is 

probably synthesized in the developing ovaries from the onset of their differentiation. The 

Hsd3b1 encodes 3β-hydroxysteroid dehydrogenase, which is responsible for the synthesis of 

progesterone. The expression of this gene showed sex-specific differences only at stage NF62 

with stronger expression in the testes and decreased expression in the ovaries (Fig. 12). The 

expression of Srd5a1, which encodes reductase that converts testosterone to 

dihydrotestosterone, did not show any significant sex dimorphism (Fig. 12). The androgen 

receptor-coding gene (Ar) was expressed in developing ovaries and testes with strong 

upregulation in the testes at stage NF62 (Fig. 12). Genes of steroidogenesis were studied also 

in gonad development in G. rugosa. In this species the upregulation of Cyp17a1 and Ar 

occurred in developing testes, however, Cyp19a1 was upregulated in the ovaries (Iwade 2008; 

Kato 2004; Mauro 2008; Yokoyama 2009). Similar pattern of steroidogenic enzymes 

expression is also characteristic for other vertebrates such as zebrafish, T. scripta, American 

alligator, and chicken (Western et al. 2000; Jorgensen et al. 2008; Matsumoto et al. 2013; 

Shaikat et al. 2017). 

 

Conclusion 

 Our study indicates that many genes belonging to various pathways are sex-

specifically expressed and thus may be involved in the control of gonad development in X. 

laevis. We showed a significant sexual dimorphism in the expression of several genes. 

Summary of genes expressed at consecutive stages of gonad development is presented in Fig. 

13. The Gata4, Sox9, Dmrt1, Amh, Fgf9, Ptgds, Pdgf, Fshr, and Cyp17a1 showed 

upregulation of expression in testes, while DM-W, Fst, Foxl2, and Cyp19a1 were upregulated 
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in the ovary. An exact role of most of these genes in X. laevis gonad development remains 

unknown and further experimental studies with genetic or functional knockouts are necessary 

to identify the function of these genes. 
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Figure legends 

Fig. 1. A. Diagram of gonad development in Xenopus laevis. At stage NF50 the gonads 
(arrowheads) are sexually undifferentiated and are composed of few germ cells (g) enclosed 
by somatic cells. The phase of undifferentiated gonads (between stage NF49 and NF53) has a 
sex determination sub-phase when sex-determining genes are expressed. Sexual 
differentiation follows this sub-phase. First sex differences are noticeable at NF53 when a 
medulla (arrow) forms in the centre of developing ovaries. At NF56 the ovaries are easily 
recognizable by the ovarian cavity (asterisk) present in the medulla, whereas the cavity is 
absent in the testes. At NF62 oocytes (o) are present in the ovaries, however, at this stage 
there are no meiotic cells in the testes. 

B. Sexual differentiation and development of Xenopus laevis gonads at four time points. NF50 
- undifferentiated gonad, NF53 - the onset of sexual differentiation, NF56 - differentiating 
gonads, and NF62 - gonads sexually differentiated. Scale bar 25 µm. 

Fig. 2. Graphs of expression of Wt1, Nr5a1, Gata4, Emx2. 
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Fig. 3. Graphs of expression of genes of female sex determination – DM-W, Wnt4, Rspo1, 
Ctnnb1. 

Fig. 4. Immunohistochemistry of WNT4. Scale bar 25 µm. 

Fig. 5. Immunohistochemistry of RSPO1. Scale bar 25 µm. 

Fig. 6. Immunohistochemistry of β-catenin. Scale bar 25 µm. 

Fig. 7. Graphs of expression of female sex determination genes: Foxl2, Fst, Bmp4, Dax1. 

Fig. 8. Graphs of expression of male sex determining genes. 

Fig. 9. Graphs of expression of Sox genes. 

Fig. 10. Immunohistochemistry of SOX9a. Scale bar 25 µm. 

Fig. 11. Graphs of expression of testis differentiation genes. 

Fig. 12. Graphs of expression of steroidogenesis genes. 

Fig. 13. Diagram of genes expressed at subsequent stages of X. laevis gonad development in 
both sexes. Sex-specifically upregulated genes are shown in bold. 

 

Suppl. Table. 1. Microarray data of gene expression. M – male, F – female, FC – fold change. 
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Fig. 5. 
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Fig. 6. 
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Fig. 8. 
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Fig. 9. 
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Fig. 10. 
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Fig. 13. 
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