
Yi et al. BMC Biology           (2025) 23:62  
https://doi.org/10.1186/s12915-025-02168-0

RESEARCH Open Access

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

BMC Biology

Melanin deposition and key molecular 
features in Xenopus tropicalis oocytes
Hongyang Yi1,2†, Weizheng Liang3†, Sumei Yang1†, Han Liu1, Jiayu Deng1, Shuhong Han1, Xiaohui Feng4, 
Wenjie Cheng5, Yonglong Chen2*, Jing Hang6*, Hongzhou Lu1* and Rensen Ran2,6* 

Abstract 

Background  Melanin pigmentation in oocytes is a critical feature for both the esthetic and developmental aspects 
of oocytes, influencing their polarity and overall development. Despite substantial knowledge of melanogenesis 
in melanocytes and retinal pigment epithelium cells, the molecular mechanisms underlying oocyte melanogenesis 
remain largely unknown.

Results  Here, we compare the oocytes of wild-type, tyr−/− and mitf−/− Xenopus tropicalis and found that mitf−/− 
oocytes exhibit normal melanin deposition at the animal pole, whereas tyr−/− oocytes show no melanin deposition 
at this site. Transmission electron microscopy confirmed that melanogenesis in mitf−/− oocytes proceeds normally, 
similar to wild-type oocytes. Transcriptomic analysis revealed that mitf−/− oocytes still express melanogenesis-
related genes, enabling them to complete melanogenesis. Additionally, in Xenopus tropicalis oocytes, the expression 
of the MiT subfamily factor tfe3 is relatively high, while tfeb, mitf, and tfec levels are extremely low. The expression 
pattern of tfe3 is similar to that of tyr and other melanogenesis-related genes. Thus, melanogenesis in Xenopus tropi-
calis oocytes is independent of Mitf and may be regulated by other MiT subfamily factors such as Tfe3, which control 
the expression of genes like tyr, dct, and tyrp1. Furthermore, transcriptomic data revealed that changes in the expres-
sion of genes related to mitochondrial cloud formation represent the most significant molecular changes dur-
ing oocyte development.

Conclusions  Overall, these findings suggest that further elucidation of Tyr-dependent and Mitf-independent mecha-
nisms of melanin deposition at the animal pole will enhance our understanding of melanogenesis and Oogenesis.
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Background
Oogenesis, the process by which oocytes (egg cells) 
develop, involves complex interactions among genetic, 
biochemical, and environmental factors [1]. In some 
species, oocytes undergo melanin deposition during 
this process. Melanin pigmentation in oocytes is a criti-
cal feature that affects not only the esthetic attributes 
of the eggs but also their survival and fitness in natural 
environments [2–5]. For instance, melanin pigmentation 
can protect the developing oocyte from UV (ultraviolet) 
radiation and oxidative stress, thereby contributing to the 
overall viability of the embryo [6, 7]. Additionally, mela-
nin pigment granules may play a role in the thermal regu-
lation of the eggs, influencing embryonic development 
rates [8]. Therefore, understanding the molecular mecha-
nisms governing melanin synthesis in oocytes provides 
insights into oocyte development and other broader bio-
logical phenomena, such as gene regulatory networks, 
organelle biogenesis, cellular differentiation, and intracel-
lular transport.

In vertebrates, melanogenesis primarily occurs in mel-
anocytes, the retinal pigment epithelium (RPE), and the 
oocytes of certain species [9, 10]. The melanogenesis pro-
cess involves a series of enzymatic reactions that begin 
with the amino acid tyrosine [11, 12]. Central to mel-
anogenesis is the enzyme tyrosinase, which catalyzes the 
initial and rate-limiting steps of melanin synthesis, con-
verting tyrosine into dihydroxyphenylalanine (DOPA) 
and subsequently into dopaquinone [9, 11–13]. Further 
complex biochemical transformations lead to the pro-
duction of different types of melanin, mainly eumelanin 
(brown to black pigment) and pheomelanin (yellow to 
red pigment) [11]. The type and amount of melanin pro-
duced are regulated by genetic, hormonal, and environ-
mental factors, making melanogenesis a highly dynamic 
and tightly controlled process.

The molecular regulation of melanogenesis is pre-
dominantly controlled by the microphthalmia-asso-
ciated transcription factor (MITF), a master regulator 
in melanocytes that governs the expression of essen-
tial melanogenic enzymes and structural proteins [11, 
12, 14]. MITF specifically regulates enzymes such as 
tyrosinase, tyrosinase-related protein 1 (TRP-1), and 
tyrosinase-related protein 2 (TRP-2) [11, 14]. MITF 
activity is modulated by several signaling pathways, 
including cAMP/protein kinase A (PKA), Wnt/β-
catenin, and mitogen-activated protein kinase (MAPK) 
[13, 14]. These pathways are activated by various extra-
cellular signals, such as UV radiation, hormones, and 
cytokines, which collectively modulate MITF expres-
sion and activity, highlighting the complexity of mela-
nin production regulation. Despite significant advances 
in understanding the molecular mechanisms of 

melanogenesis [14, 15], many aspects remain unclear. 
The roles of non-coding RNAs, epigenetic modifica-
tions, and genetic polymorphisms in melanogenic path-
ways are areas of ongoing research [16, 17].

It is noteworthy that although melanogenesis plays a 
crucial role in Xenopus oocyte development, the molec-
ular regulatory mechanisms of Xenopus oocyte melano-
genesis remain largely unknown [4, 5, 18–24]. Previous 
research has shown that tyrosinase activity is mark-
edly higher in stage III and stage IV Xenopus oocytes 
compared to other stages [20, 24]. Additionally, stud-
ies have shown that while apap Xenopus laevis oocytes 
lack pigmentation and contain no melanosomes, the 
tyrosinase activity in apap Xenopus laevis oocytes is 
twice that of wild-type Xenopus laevis oocytes [22]. 
Numerous experiments have confirmed that the tyrosi-
nase inhibitor PTU (1-phenyl 2-thiourea) can induce 
the production of melanin-free oocytes and tadpoles in 
Xenopus [5, 19, 24]. Furthermore, gene-editing technol-
ogies such as TALEN (transcription activator-like effec-
tor nuclease) and CRISPR/Cas9 (clustered regularly 
interspaced short palindromic repeats) have produced 
tyrosinase knockout lines of Xenopus laevis and Xeno-
pus tropicalis [25, 26]. However, the molecular mech-
anisms regulating tyrosinase expression in oocytes 
remain unclear. Due to the significant differences 
between the intracellular and extracellular environ-
ments of oocytes and melanocytes [1, 15, 27, 28], the 
similarities and differences in the molecular regulatory 
mechanisms of melanogenesis in oocytes and melano-
cytes are still unknown.

In our previous research, we successfully established 
mitf−/− and tyr−/− Xenopus tropicalis lines using CRISPR/
Cas9 gene editing technology [26]. We discovered that 
while tyr−/− Xenopus tropicalis oocytes completely 
lacked melanin deposition, mitf−/− Xenopus tropicalis 
oocytes exhibited normal melanin deposition [26]. This 
unexpected oocyte phenotype further motivated us to 
study the molecular regulatory mechanisms of oocyte 
melanogenesis in Xenopus tropicalis. Therefore, in this 
study, we utilized oocytes from three genotypes of Xen-
opus tropicalis: WT, mitf−/−, and tyr−/−, to investigate 
the molecular characteristics of oocyte melanogenesis. 
Our results revealed that although the core enzymes 
involved in Xenopus tropicalis oocyte melanogenesis 
are tyrosinase, Trp1, and Trp2, the master regulator of 
these core enzymes’ expression is not Mitf. Thus, our 
findings suggest that Xenopus tropicalis oocyte melano-
genesis depends on a master regulator other than Mitf, 
revising our understanding of the function of the mitf 
gene and highlighting the importance of further explor-
ing the molecular regulatory mechanisms of oocyte 
melanogenesis.
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Results
Disruption of the Mitf basic helix‑loop‑helix leucine zipper 
domain impairs its function
MITF, a member of the basic helix-loop-helix leucine 
zipper (bHLH-LZ) family, is highly conserved and serves 
as a pivotal regulator in numerous biological processes, 
including cellular differentiation, proliferation, and sur-
vival across various tissues [14, 29]. Initially identified for 
its role in ocular development, MITF has since emerged 
as a multifaceted transcription factor with implications 
extending far beyond its namesake. Its intricate involve-
ment in melanocyte biology, osteoclastogenesis, and 
immune response underscores its versatile functional-
ity [14, 30, 31]. Structurally, MITF exhibits a modular 
organization characterized by distinct domains respon-
sible for DNA binding (the bHLH-LZ domain binds 
DNA as dimers), protein–protein interactions, and 
transcriptional activation (a strong transcription activa-
tion domain at the N-terminus and a much weaker sec-
ond transactivation domain at the C-terminus) [14, 29]. 
These domains intricately cooperate to confer specific-
ity in target gene recognition, recruitment of cofactors, 
and modulation of transcriptional activity [29]. When 
both transcription activation domains (TADs) of MITF 
are inactivated, the mutated MITF can form dimers with 
wild-type MITF, exerting a dominant negative effect [32]. 
Given that the bHLH-LZ domain is primarily responsi-
ble for the DNA-binding function of MITF, disrupting 
this domain results in the loss of MITF function [14, 29]. 
Therefore, we utilized CRISPR/Cas9 gene editing tech-
nology to disrupt the bHLH-LZ domain of Mitf in Xeno-
pus tropicalis to achieve mitf gene knockout [26].

Generally, the transcription of the MITF gene locus 
mRNA in mammals is complex and variable (Additional 
file 1: Fig. S1). However, NCBI (National Center for Bio-
technology Information) records show only one mitf tran-
script for Xenopus tropicalis and three mitf transcripts for 
zebrafish (Additional file  1: Fig. S2A). This discrepancy 
may be due to limited research on mitf mRNA transcrip-
tion in these species. Analysis of MITF mRNA transcrip-
tion in humans, mice, Xenopus tropicalis, and zebrafish 
reveals variability at the 5’ end and consistency at the 3’ 

end (Additional file 1: Fig. S1 and Fig. S2A). Within the 
same species, the final few exons encoding these isoforms 
are identical, resulting in all MITF protein isoforms hav-
ing the same C-terminus, likely due to the presence of 
highly conserved bHLH-LZ and TAD domains in these 
regions [14, 29]. To disrupt all isoforms encoded by the 
Xenopus tropicalis mitf gene locus, we designed a Cas9-
targeted knockout site on the penultimate exon (Fig. 1A 
and Figure S2.A-C). According to Alphafold predictions, 
the bHLH-LZ and TAD domains are highly conserved 
between Xenopus tropicalis Mitf and human MITF 
(Additional file 1: Fig. S2B-C). The DNA and polypeptide 
binding sites within the bHLH-LZ domain exhibit signifi-
cant conservation across species, and our designed guide 
RNA targets these conserved sites (Additional file 1: Fig. 
S2D-E). This suggests that in mitf−/− Xenopus tropicalis, 
the core bHLH-LZ domain of Mitf isoforms is disrupted, 
impairing their function. Indeed, following CRISPR/
Cas9 knockout of mitf in Xenopus tropicalis, the result-
ing mitf−/− frogs lack melanocytes, xanthophores, and 
granular glands (Fig.  1B–F) [26]. During vertebrate eye 
development, various Mitf isoforms play crucial regula-
tory roles. Studies on various Mitf mutant mouse strains 
demonstrate that mutations in the bHLH-LZ domain of 
mouse MITF lead to abnormal eye development, includ-
ing smaller eyes and aberrant pigmentation [30]. In con-
trast, mitf−/− Xenopus tropicalis exhibit normal eye size 
with apparently normal eye pigmentation [26]. Given the 
complexity of MITF’s regulatory role in eye development 
and the subtle nature of some phenotypic abnormalities 
[30], further research is needed to assess whether the ret-
ina and RPE development in mitf−/− Xenopus tropicalis 
are truly unaffected (Fig. 1F). Overall, these data suggest 
that in mitf−/− Xenopus tropicalis, the disruption of the 
core bHLH-LZ domain of Mitf impairs the critical regu-
latory functions of various Mitf isoforms, particularly in 
melanocyte development and melanogenesis.

Absence of melanogenesis in the skin of mitf−/− Xenopus 
tropicalis
To investigate the molecular changes in Mitf-regu-
lated target gene expression in mitf knockout Xenopus 

(See figure on next page.)
Fig. 1  The mitf−/−Xenopus tropicalis. A The knockout site of mitf in Xenopus tropicalis. B The genotype of mitf−/− Xenopus tropicalis (n = 40 tadpoles). 
C Dorsal and ventral views of representative wild-type (WT) and mitf−/− Xenopus tropicalis (WT, n = 10 froglets; mitf−/−, n = 10 froglets). D Dorsal 
and ventral views of representative WT and mitf−/− Xenopus tropicalis at 1 year old (WT, n = 10 frogs; mitf−/−, n = 10 frogs). E Hematoxylin and eosin 
staining of representative dorsal skin tissue sections from WT, mitf−/−, and mitf−/− rescue (G0 generation after gene knockout site repair) Xenopus 
tropicalis. Three frogs of each genotype were examined. Tissue samples were embedded in paraffin and sectioned at 6 μm thickness, with at least 
10 paraffin sections observed per frog. Black arrows indicate melanocytes. F Hematoxylin and eosin staining of representative eye tissue sections 
from WT and mitf−/− Xenopus tropicalis. Three frogs of each genotype were examined. Tissue samples were embedded in paraffin and sectioned 
at 6 μm thickness, with at least 10 paraffin sections observed per frog. Black arrows indicate the RPE, and red arrows indicate melanocytes 
in the choroid layer. DS, dorsal view; VS, ventral view. Scale bars: 5 mm in C and D, 50 μm in E and F 
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Fig. 1  (See legend on previous page.)
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tropicalis, we performed Bulk RNA-seq on dorsal and 
ventral skin samples from adult wild-type (WT) and 
mitf−/− frogs. It is well-established that genes involved in 
melanogenic enzymes (e.g., TYR​, TYRP1, DCT), melano-
some ionic equilibrium (e.g., SLC45A2, SLC24A5), mel-
anocyte development signaling pathways (e.g., MC1R), 
and melanosome biogenesis (e.g., MLANA, PMEL) 
are regulated by MITF (Fig.  2A). We first assessed the 
expression of these melanogenesis-related target genes. 
As expected, the expression levels of tyr, tyrp1, dct, 
slc45a2, slc24a5, mc1r, mlana, and pmel were signifi-
cantly reduced in both dorsal and ventral skin samples 
of mitf−/− Xenopus tropicalis (Fig.  2B–C and Additional 
file  2: Table  S1). In WT (wild-type) frogs, sequencing 
data confirms that the expression of melanin biosynthe-
sis-related genes in the dorsal skin is higher than in the 
ventral skin (Additional file 1: Fig. S3). The apparent dis-
crepancy in Fig. 2B and C arises from how we presented 
the data. Specifically, we normalized the expression data 
for both the dorsal and ventral skin, resulting in similar 
color representations for melanin-related gene expres-
sion in both regions. Additionally, melanocyte marker 
genes such as slc24a5, ednrb2, kcnj13, trpm1, and mlph 
also exhibited significantly reduced expression in the skin 
samples of mitf−/− frogs (Fig. 2B-C and Additional file 2: 
Table  S1).We then examined the expression of these 
genes in eye samples from adult WT and mitf−/− Xenopus 
tropicalis. However, the expression of melanogenesis-
related genes was not consistently reduced in the eyes 
of mitf−/− frogs (Additional file  2: Table  S1). This dis-
crepancy may be attributed to the presence of RPE cells 
in the retina, despite the absence of melanocytes in the 
choroid of mitf−/− Xenopus tropicalis eyes [26]. In mam-
mals, MITF significantly influences the development 
of the RPE and retina by regulating the expression of 
genes such as RDH5, RLBP1, MSI2, DAPL1, miR204/211, 
NF2, BEST1, PGC1α, PEDF (SERPINF1), PMEL, TYRP1, 
and TYR​ [30]. However, in mitf−/− Xenopus tropicalis 
eyes, the expression levels of rdh5, rlbp1, msi2, dapl1, 
miR204/211, nf2, best1, pgc1α, and pedf did not show sig-
nificant changes compared to wild-type eyes (Fig. 2D–K 
and Additional file 2: Table S2). Similarly, the expression 
of melanogenesis-related genes such as pmel, tyrp1, and 
tyr, which are regulated by MITF, were not significantly 
decreased in mitf−/− Xenopus tropicalis eyes (Additional 
file  1: Fig.S4 and Additional file  2: Table  S2). Addition-
ally, there was no significant difference in the expression 
of rpe65, a gene crucial for RPE cells, between wild-type 
and mitf−/− Xenopus tropicalis eyes (Additional file 1: Fig.
S4 and Additional file  1: Table  S2). These findings indi-
cate that RPE cells in mitf−/− Xenopus tropicalis eyes can 
still develop into functional RPE cell layers despite the 
disruption of the Mitf bHLH-LZ domain [26]. However, 

the absence of melanocytes in the choroid layer of mitf−/− 
Xenopus tropicalis eyes confirms the lack of melanocyte 
development and melanogenesis [26]. In conclusion, this 
molecular evidence demonstrates that disrupting the 
Mitf bHLH-LZ domain in Xenopus tropicalis leads to a 
loss of Mitf activity, resulting in the absence of melano-
cytes and melanogenesis in the skin samples of mitf−/− 
Xenopus tropicalis, thereby contributing to their colorless 
and transparent appearance [26].

Normal oocyte melanin deposition in mitf−/− Xenopus 
tropicalis during oogenesis
In mitf−/− Xenopus tropicalis, the absence of melanocyte 
development in the skin led us to predict that oocytes in 
female mitf−/− Xenopus tropicalis would also lack mela-
nin deposition [26]. However, contrary to our prediction, 
melanin deposition in mitf−/− Xenopus tropicalis oocytes 
was normal, with their pigmentation pattern being 
almost indistinguishable from that of wild-type oocytes 
(Fig. 3A–B) [26]. Additionally, the ovarian membrane of 
mitf−/− Xenopus tropicalis, which encases the ovaries, 
exhibited black spots similar to those observed in wild-
type ovarian membranes (Fig. 3A–B). In contrast, tyr−/− 
Xenopus tropicalis lacked black spots on the ovarian 
membrane and showed no melanin deposition in their 
oocytes (Fig.  3C). Specifically, in a 24-mm2 area of the 
ovarian membrane, the number of black spots in the WT 
group was 19.5, significantly higher than the 15.3 black 
spots in the mitf-/- group (P value = 0.0446) (Additional 
file  1: Fig.S5). TEM revealed that melanosomes formed 
normally in both wild-type and mitf−/− Xenopus tropica-
lis oocytes (Fig. 3D–G). Thus, the normal melanin depo-
sition in mitf-/- Xenopus tropicalis oocytes indicates that 
disrupting the bHLH-LZ domain of Mitf does not affect 
melanogenesis in these oocytes. Conversely, the absence 
of melanin deposition in tyr−/− Xenopus tropicalis 
oocytes indicates that melanogenesis in Xenopus tropica-
lis oocytes depends on Tyr. Both WT and mitf−/− Xeno-
pus tropicalis ovarian membranes exhibited black spots, 
while tyr−/− Xenopus tropicalis ovarian membranes did 
not (Fig. 3A–C). This suggests that the black spots on the 
ovarian membranes are likely caused by melanocytes and 
that melanin synthesis in these spots depends on Tyr. The 
black spots on the ovarian membranes of WT and mitf−/− 
Xenopus tropicalis contained numerous melanosomes, 
which are characteristic organelles of melanocytes, filled 
with abundant melanin granules (Fig. 3H–K). This indi-
cates that the black spots on the ovarian membranes are 
primarily composed of melanocytes, resulting in their 
black coloration. Furthermore, this finding implies that 
the black spots on the ovarian membranes may repre-
sent the existence of a novel type of melanocyte whose 
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Fig. 2  Xenopus tropicalis Mitf regulates the expression of genes related to melanocyte development. A The cartoon provides a schematic 
representation of how the human MITF protein regulates the expression of target genes via the M-box (CAC​GTG​), thereby controlling melanocyte 
development. B, C Heat maps show the differential expression of genes associated with melanocyte development in the dorsal (B) and ventral 
(C) skin of WT and mitf−/− Xenopus tropicalis. The FPKM values for each gene were normalized using the normalization function in GraphPad Prism 
8.0 software, which was also used to create the heat maps. Mcon-DS1, Mcon-DS2, MKO-DS1, and MKO-DS2 represent two replicates of dorsal skin 
from WT and mitf−/− Xenopus tropicalis, respectively. Similarly, Mcon-VS1, Mcon-VS2, MKO-VS1, and MKO-VS2 represent two replicates of ventral 
skin from WT and mitf−/− Xenopus tropicalis, respectively. Each replicate sample from wild-type and mitf−/− Xenopus tropicalis was obtained 
from the dorsal or ventral skin of three frogs. D–K The expression of Mitf-activated target genes (rdh5, rlbp1, msi1, dapl1, nf2, best1, ppargc1a, 
serpinf1) in the eyes of WT and mitf−/− Xenopus tropicalis (unpaired t test)
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development is not regulated by Mitf, warranting further 
investigation.

RNA-seq data indicated that mitf mRNA expression 
levels were low in both WT and mitf−/− Xenopus tropica-
lis during oogenesis, with no statistically significant dif-
ferences observed despite a decreasing trend as oocyte 
development progressed (Fig.  3L). The expression levels 
of tyr mRNA showed no significant differences between 
WT and mitf−/− Xenopus tropicalis during oogenesis. In 
both, tyr mRNA expression significantly decreased as 
oocyte development proceeded. Specifically, tyr mRNA 
levels remained stable until stage 3, then markedly 
decreased at stage 4, continuing to very low levels by 
stage 6 (Fig.  3M). This pattern of tyr mRNA expression 
is consistent with previous reports on Xenopus laevis 
oogenesis [22, 33–35]. The expression levels of tyrp1 and 
dct mRNA followed similar patterns to that of tyr mRNA 
(Additional file  1: Figure S6). These findings suggest 
that the expression of key melanogenic enzymes peaks 
at stage 3 during Xenopus tropicalis oogenesis and then 
gradually decreases, with tyr mRNA expression reaching 
very low levels after oocyte maturation.

Who regulates the expression of tyr mRNA during 
oocyte melanogenesis? In melanocytes, melanogen-
esis is primarily controlled by MITF, which regulates 
key enzymes such as TYR and TYRP1 [14]. However, 
during oocyte development in Xenopus tropicalis, 
mitf mRNA levels are low, and normal melanogenesis 
occurs in mitf−/− oocytes despite targeting and disrupt-
ing the core bHLH-LZ domain (Fig.  3A–G) [26]. This 
suggests that Mitf is not the master regulator of oocyte 
melanogenesis in Xenopus tropicalis. In vertebrates, 
the MiT subfamily of transcription factors, includ-
ing TFEB, TFE3, and TFEC, can form heterodimers 
with MITF and bind to E-box sequences (typically a 
6-bp CANNTG motif ) in the promoter regions of tar-
get genes like TYR​, DCT, TYRP1, and PMEL [14]. This 
raises the question: do TFEB, TFEC, or TFE3 directly 
regulate the expression of key enzymes such as Tyr, 
Dct, and Tryp1 in mitf−/− Xenopus tropicalis oocytes, 

or do they compensate for the loss of MITF to ensure 
normal melanogenesis? During oogenesis in both WT 
and mitf−/− Xenopus tropicalis, tfeb and tfec mRNA lev-
els were low, whereas tfe3 mRNA levels were relatively 
high and showed a similar trend to tyr, tyrp1, and dct 
mRNA (Fig.  3N–O and Additional file  1: Fig. S6A-C). 
There were no significant differences in tfe3 mRNA 
expression between WT and mitf−/− oocytes (Fig. 3N). 
Additionally, the amino acid sequences of TFE3 and 
MITF are largely identical (Additional file  1: Fig.S6D). 
We hypothesize that during oocyte development in 
Xenopus tropicalis, melanin deposition in the animal 
pole of oocytes may be regulated by one or more mem-
bers of the MiT subfamily (MITF, TFEB, TFE3, and 
TFEC). These factors might control the expression of 
genes such as tyr, dct, and tyrp1 as needed to facilitate 
melanogenesis (UM2 in Fig. 3P). Alternatively, the MiT 
subfamily may regulate the transcription of these genes 
into mRNA, which is then stored as maternal RNA in 
oocytes and degraded or translated as necessary to 
complete melanogenesis (UM1 in Fig. 3P).

Next, we used JASPAR [36] to predict Tfe3’s regulation 
of pigment synthesis genes tyr and dct. Results indicate 
that transcription factors in the MiT family (Mitf, Tfe3, 
Tfeb, Tfec) share a common DNA-binding motif, CAC​
GTG​AC (Additional file 1: Fig.S7). Using NCBI data, we 
selected the 2000 bp upstream of the transcription start 
site (TSS) as the promoter regions of these target genes. 
JASPAR analysis revealed that Tfe3 has more bind-
ing sites in the tyr and dct promoters compared to Mitf 
(Fig.  4A–C and Additional file  3: Supplementary Note), 
suggesting that Tfe3 regulates their expression. Dual-
luciferase assays confirmed this hypothesis, showing that 
Tfe3 regulates tyr and dct expression (Fig. 4D–E). Addi-
tionally, in oocytes, tfe3 mRNA is expressed at levels sig-
nificantly higher than mitf, tfeb, and tfec mRNAs and is 
comparable to tyr mRNA, being hundreds to thousands 
of times higher than the others. These results indicate 
that Tfe3, translated from the abundant tfe3 mRNA, 
likely regulates pigment deposition in oocytes.

(See figure on next page.)
Fig. 3  Tyr regulates melanin deposition in Xenopus tropicalis oocytes. A–C Representative images show the ovarian from 1-year-old WT, mitf−/−, 
and tyr−/− female Xenopus tropicalis, with three frogs observed for each genotype (n = 9 frogs). In A and B, magnified views of black spots 
on the ovarian peritoneum, indicated by blue arrows in the upper panels, are shown in the corresponding lower panels and are also indicated 
by blue arrows. The scale bars in the upper panels of A, B, and C are 0.5 mm, and in the lower panels, they are 0.1 mm. D, F Figures present TEM 
images of oocytes from one-year-old WT and mitf−/− Xenopus tropicalis. E and G are enlarged views of the regions indicated by red arrows in D 
and F, respectively. H, J Figures display TEM images of black spots on the ovarian peritoneum of 1-year-old WT and mitf−/− Xenopus tropicalis. I and K 
are enlarged views of the regions indicated by red arrows in H and J, respectively. The scale bars are as shown in the images. All images in D–K are 
representative (n = 3 frogs). L–O Figures show the mRNA expression levels of mitf, tyr, tfe3, and tfec during oocyte development in WT and mitf−/− 
Xenopus tropicalis, presented as FPKM values. P The cartoon provides a schematic diagram summarizing the possible molecular mechanisms 
regulating melanin deposition in Xenopus tropicalis oocytes. For the P values of the data in L–O, please refer to Supplementary Table S3. The 
statistical tests are the Wald test and the Likelihood ratio test in Deseq2
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Fig. 3  (See legend on previous page.)
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Further examination of the mRNA expression of mel-
anogenesis-related genes (oca2, pmel, slc24a5, slc45a2, 
atp7a, and gpnmb) revealed patterns similar to those of 
tfe3 and tyr mRNA (Fig.  5A). Specifically, during stages 
1 to 3 of oocyte development, these genes maintained 
relatively high expression levels, which significantly 
decreased during stages 4 to 6 (Fig. 5A). In contrast, the 
mRNA expression of genes involved in the synthesis of 
pterinosomes in xanthophores and guanine platelet crys-
tals in iridophores did not exhibit the same pattern as tfe3 
and tyr mRNA (Fig.  5B–C). This suggests that the syn-
thesis of pigments related to pterinosomes and guanine 

platelet crystals in Xenopus tropicalis oocytes is likely not 
regulated by Tfe3. The expression trend of melanogene-
sis-related genes in Xenopus tropicalis oocytes closely 
mirrored that of tfe3 mRNA (Fig. 5A), indicating a poten-
tial regulatory role of Tfe3 in melanogenesis-related gene 
expression. However, further experimental validation is 
required. Overall, melanogenesis in Xenopus tropicalis 
oocytes appears to depend on Tyr rather than Mitf, chal-
lenging the previous understanding of Mitf as the master 
regulator of melanocyte development and melanogen-
esis and suggesting a different role for mitf in oocyte 
development.

Fig. 4  MiT family transcription factors Tfe3, Mitf, and Tfec regulate the expression of the tyr and dct genes. A–B show the nucleotide frequency 
of different bases at various positions within the DNA binding motifs for Mitf and Tfe3. Data were obtained from JASPAR. C The DNA binding motifs 
for Mitf and Tfe3 in the promoter region of tyr and dct (2000 bp upstream of the transcription start site, TSS). The blue numbers indicate the distance 
(in base pairs) from the TSS. Data were obtained from JASPAR and NCBI. D–E Present dual-luciferase assay results for the regulation of tyr and dct 
expression by Mitf, Tfe3, and Tfec (n = 4). *** indicates a P value < 0.001, as determined by an unpaired t test

(See figure on next page.)
Fig. 5  The expression of key genes involved in pigment synthesis progressively decreases during oocyte development in Xenopus tropicalis. A 
During oocyte development in WT and mitf−/− Xenopus tropicalis, the mRNA expression levels of genes associated with melanin synthesis pathways 
are shown as FPKM values. B, C During oocyte development in WT and mitf−/− Xenopus tropicalis, the mRNA expression levels of genes associated 
with carotenoid and pteridine synthesis pathways are shown as FPKM values. For the P values of the data in figures, please refer to Additional file 2: 
Table S3. The statistical tests are the Wald test and the Likelihood ratio test in Deseq2
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Fig. 5  (See legend on previous page.)



Page 11 of 20Yi et al. BMC Biology           (2025) 23:62 	

Other significant molecular features during oocyte 
development in Xenopus tropicalis
Transcriptome data from WT and mitf−/− Xenopus 
tropicalis oocytes were further analyzed to deline-
ate key molecular features during oocyte development. 
Genes were selected based on a screening criterion 
of P value ≤ 0.05 and FPKM ≥ 1, with log2FC ranked 
in descending order, revealing that the top genes pre-
dominantly related to mitochondria (Additional file  2: 
Table  S3). The expression patterns of these mitochon-
drial-related genes’ mRNAs were consistent between WT 
and mitf−/− Xenopus tropicalis oocytes, showing no sig-
nificant differences between the two groups (Fig.  6A–B 
and Additional file  2: Table  S3). Specifically, expression 
levels were low during stages 1 and 2, increased signifi-
cantly by stage 3, peaked at stage 4, and although slightly 
reduced by stage 6, it remained relatively high. Dur-
ing the development of Xenopus tropicalis oocytes, the 
expression levels of four mitochondrial-related genes, 
cox1, cox2, cox3, and nd3, are notably high (Fig.  6A–B 
and Additional file  2: Table  S3). Among the key genes 
regulating mitochondrial biogenesis and functional 
homeostasis, mfn1, mfn2, and tfam mRNA levels remain 
relatively high throughout all stages of Xenopus tropica-
lis oocyte development (Fig. 6C–D and Additional file 2: 
Table  S3). These findings indicate that extensive mito-
chondrial biogenesis is crucial for oocyte development in 
Xenopus tropicalis. Additionally, the data suggest that the 
formation of the mitochondrial cloud in these oocytes is 
tightly regulated by a genetic network [37]. Further elu-
cidation of the mechanisms and roles of mitochondrial 
cloud formation during oocyte development is therefore 
of significant importance [37, 38].

The formation of the mitochondrial cloud is a signifi-
cant feature during oocyte development, alongside the 
notable formation of the zona pellucida [39]. The zona 
pellucida is a transparent, tough, and light-permeable 
membrane surrounding the oocyte, primarily composed 
of several glycoproteins forming a clear extracellular 
matrix [40]. This structure encases the oocyte, playing 
crucial roles in protection, fertilization regulation, and 
embryo development. The main components of the zona 
pellucida are glycoproteins, including ZP1, ZP2, ZP3, and 
ZP4 [39, 40]. We examined the expression of homologous 
genes zp2, zp3.2, zp4, and zp4.2 during Xenopus tropicalis 
oogenesis. The results showed that although the mRNA 
levels of zp2, zp3.2, and zp4.2 slightly decreased as oocyte 
development progressed, they remained relatively low 
without significant changes (Fig.  6E–J and Additional 
file 2: Table S3). In contrast, the expression of zp4 mRNA 
remained high throughout oogenesis but significantly 
decreased, particularly from stage 4 to stage 6 (Fig. 6E–
J). Typically, the mRNAs of zp2, zp3.2, zp4, and zp4.2 

are transcribed in follicular cells, translated into corre-
sponding proteins, and subsequently secreted around 
the oocyte to contribute to the formation of the zona pel-
lucida [39–41]. However, our transcriptome sequencing 
detected a substantial presence of zp2, zp3.2, zp4, and 
zp4.2 transcripts within the oocyte itself (Fig. 6E–J), indi-
cating that the oocyte might also express these mRNAs 
during oogenesis. This finding warrants further experi-
mental validation. Particularly, the changes in zp4 mRNA 
expression and its relationship with the acrosome reac-
tion merit further investigation [39, 42].

We examined the expression of genes associated with 
acentriolar spindle assembly during meiosis. The mRNA 
levels of pcnt and tacc3 increased progressively during 
oogenesis, with tacc3 mRNA showing relatively high lev-
els (Fig.  6K–L and Additional file  2: Table  S3). Pericen-
trin (PCNT) plays a crucial role in oocyte meiosis, being 
involved in the localization of acentriolar microtubule-
organizing centers (aMTOCs), spindle assembly, and 
chromosome segregation [43]. TACC3 is essential for 
the localization and function of aMTOCs during meio-
sis. It promotes microtubule nucleation and stability by 
interacting with microtubule-associated proteins such 
as chTOG [43, 44]. In Xenopus tropicalis, the increasing 
expression levels of pcnt and tacc3 mRNA during oogen-
esis suggest that these genes might play a regulatory role 
in meiosis.

Analysis of transcriptome data from WT and mitf−/− 
Xenopus tropicalis oocytes reveals that the molecular 
characteristics associated with mitochondrial cloud for-
mation are the most prominent during oocyte develop-
ment. This finding suggests that the mitochondrial cloud 
is crucial for oocyte maturation. Similar subcellular 
structures have been observed in the oocytes of various 
vertebrates, including humans, mice, and zebrafish, indi-
cating evolutionary conservation [37, 38]. Thus, the Xen-
opus tropicalis mitochondrial cloud serves as an excellent 
model for studying its role and mechanisms in oocyte 
development. Furthermore, the expression patterns of 
zona pellucida proteins (zp2, zp3.2, zp4, and zp4.2) and 
meiosis-related genes (pcnt and tacc3) underscore the 
need to investigate their roles in oocyte development. 
Therefore, using Xenopus tropicalis as a model organism 
to study oogenesis is crucial for understanding reproduc-
tive biology.

Discussions
The potential off-target effects, particularly regarding the 
upregulation of other MIT family members such as Tfeb 
and Tfec, are a concern. Both factors are involved in cel-
lular stress responses and may have compensatory roles 
in melanogenesis. Given their functional overlap with 
MITF, their roles in melanogenesis are highly relevant, 
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especially since they regulate metabolic pathways and 
cellular homeostasis, which are essential for pigment cell 
function. However, we argue that off-target effects are 
unlikely to explain the observed melanogenesis in mitf−/− 
oocytes for three reasons: first, preliminary analysis 

suggests that off-target effects are improbable [26]. Sec-
ond, there are no significant differences in the expression 
levels of mitf, tfe3, tfec, and tfeb mRNA between mitf−/− 
and wild-type oocytes (Fig.  3L–O and Additional file  1: 
Fig. S6A), indicating that any off-target effects did not 

Fig. 6  Differentially expressed genes during oogenesis development in Xenopus tropicalis. A Expression of mitochondria-related genes 
during oogenesis in WT Xenopus tropicalis. B Expression of mitochondria-related genes during oogenesis in mitf−/− Xenopus tropicalis. C Expression 
of key genes regulating mitochondrial biogenesis during oogenesis in WT Xenopus tropicalis. D Expression of key genes regulating mitochondrial 
biogenesis during oogenesis in mitf−/− Xenopus tropicalis. E Expression of zona pellucida formation-related genes during oogenesis in WT Xenopus 
tropicalis. F Expression of zona pellucida formation-related genes during oogenesis in mitf−/− Xenopus tropicalis. G–J Average expression of zona 
pellucida formation-related genes zp2, zp3.2, zp4.2, and zp4 during oogenesis in WT and mitf−/− Xenopus tropicalis. K–L Average expression 
of meiosis-related genes pcnt and tacc3 during oogenesis in WT and mitf−/− Xenopus tropicalis. Results are shown as FPKM values. For A–F, 
the statistical tests are the Wald test and the Likelihood ratio test in Deseq2. For G–L, the statistical tests are the one-way ANOVA
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lead to changes in mRNA or protein expression. Third, 
the melanogenesis phenotype in mitf−/− oocytes has been 
observed across multiple generations (F1, F2, and F3) of 
mitf−/− Xenopus tropicalis, suggesting that any poten-
tial off-target effects are likely eliminated after multiple 
rounds of meiosis in germ cells with the mitf−/− geno-
type. Therefore, off-target effects are unlikely to account 
for the melanogenesis phenotype in mitf−/− oocytes, 
although further investigation is needed to definitively 
rule out this possibility.

In vertebrates, melanocyte development is conserved 
and originates from neural crest cells. However, skin 
pigment cell types vary significantly across taxa. Mam-
malian skin contains only melanocytes, which produce 
eumelanin and pheomelanin, whereas fish and amphib-
ians have additional pigment cells, such as xanthophores 
and iridophores [45]. Even melanocytes, despite their 
conserved developmental pathways, exhibit species-spe-
cific differences in melanin synthesis [11]. Melanin syn-
thesis occurs in melanosomes and produces eumelanin 
and pheomelanin. It begins with tyrosine, transported 
into melanocytes via membrane transporters, where 
TYR, the rate-limiting enzyme, oxidizes it to DOPA 
and then to dopaquinone [11]. Dopaquinone serves as 
a branching point [11]. Without sulfur-containing com-
pounds, dopaquinone converts to dopachrome, which 
is processed by dopachrome tautomerase (DCT) into 
5,6-dihydroxyindole (DHI) or 5,6-dihydroxyindole-2-car-
boxylic acid (DHICA). These intermediates are oxidized 
by TYRP1 and polymerized into eumelanin. In the pres-
ence of sulfur-containing amino acids, such as cysteine 
or glutathione, dopaquinone forms cysteinyldopa, which 
is oxidized into pheomelanin. Eumelanin, dark brown to 
black, provides strong UV absorption, antioxidant prop-
erties, and chemical stability [11]. Pheomelanin, yellow 
to red-brown, has weaker UV absorption and gener-
ates free radicals more readily [11]. Both types originate 
from tyrosine but diverge at dopaquinone through dis-
tinct pathways. Mammalian melanocytes produce both 
eumelanin and pheomelanin, while melanocytes in spe-
cies like Xenopus tropicalis and zebrafish primarily pro-
duce eumelanin [11, 46].

Our study demonstrated that mitf−/− Xenopus embryos 
lack melanocytes from embryonic stage 33/34 to adult-
hood, except for black pigment in the ovarian perito-
neum, nail regions, and retinal pigment epithelial cells 
[26]. Notably, rescuing mitf expression restores melano-
cyte development (Additional file  1: Fig.S8). Further-
more, melanocyte-related genes in the skin, such as tyr, 
dct, pmel, and tyrp1, were significantly downregulated 
in mitf−/− frogs, supporting the conserved role of Mitf 
in melanocyte regulation across vertebrates. Evidence 
shows that Xenopus oocyte pigmentation depends on 

Tyr function, as tyr−/− oocytes lack pigment. However, 
whether oocyte pigmentation relies on Mitf remains 
unclear. Several observations challenge the role of Mitf 
in oocyte pigmentation. First, although we constructed a 
mitf−/− Xenopus line, such models are rare in other spe-
cies. Second, while mitf−/− frogs lack melanocytes, their 
oocytes retain pigmentation, and the expression of pig-
mentation-related genes (tyr, dct, pmel, tyrp1) remains 
unchanged compared to wild-type oocytes. This raises 
the question: which transcription factor regulates these 
genes in mitf−/− oocytes to drive pigmentation? Bioin-
formatics analysis and dual-luciferase assays suggest 
that Mitf, Tfe3, and Tfec regulate tyr and dct expression 
(Fig. 4 and Additional file 1: Fig.S7 and Additional file 3: 
Supplementary Note). Among these, only Tfe3 mRNA is 
highly expressed in both wild-type and mitf−/− oocytes, 
reaching levels comparable to tyr mRNA and surpass-
ing the expression of other MiT family members by hun-
dreds to thousands of times. These findings suggest that 
oocyte pigmentation in Xenopus tropicalis is independ-
ent of Mitf and likely regulated by Tfe3.

The MiT family, a group of bHLH-Zip transcription 
factors, primarily includes MITF, TFEB, TFEC, and 
TFE3 [14, 47]. These transcription factors typically bind 
to E-box sequences (CANNTG) via their bHLH-Zip 
domain to regulate target gene transcription. They can 
form homodimers (e.g., MITF-MITF) or heterodimers 
(e.g., MITF-TFEB), enhancing their DNA-binding ability 
and specificity [14, 47]. Consequently, they play crucial 
roles in gene expression, cell differentiation, metabo-
lism, and autophagy. Tfec plays a direct role in regulat-
ing zebrafish iridophore development starting from the 
multipotent pigment cell progenitor stage [48]. It is also 
essential for iridophore development in a lizard model 
[49]. Therefore, it is hypothesized that Tfec regulates 
melanocyte development by influencing the differen-
tiation of multipotent pigment cell progenitors, thereby 
affecting melanogenesis.

Although TFEB shares conserved domains with MITF, 
few studies report its direct role in melanogenesis [50, 
51]. However, TFEB may influence melanogenesis indi-
rectly through autophagy and lysosomal biogenesis [51]. 
Research shows that MITF-induced UVRAG expression 
is essential for UV-induced tanning, while TFEB or TFE3 
inactivation has little effect on UVRAG expression after 
α-MSH stimulation [52]. This suggests TFEB and TFE3 
do not regulate melanogenesis via the α-MSH path-
way but underscores UVRAG’s involvement in melano-
genesis. UVRAG, a multifunctional protein critical for 
autophagy, endocytosis, and DNA damage repair, plays 
a central role in the Beclin1-VPS34 complex, which sup-
ports autophagosome formation and maturation [53]. 
While UVRAG’s role in autophagy is well-established, 
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its connection to melanogenesis—via melanosome 
biogenesis and maturation—requires further explora-
tion. UVRAG is vital for maintaining BLOC-1 complex 
stability, facilitating melanogenic cargo sorting [52]. 
Through interactions with the class C Vps complex, 
UVRAG activates RAB7 GTPase, promoting autophago-
some–lysosome fusion, endosome–endosome fusion, 
and defective melanosome turnover, thereby indirectly 
affecting pigmentation [53]. For example, UVRAG-medi-
ated autophagy may regulate melanogenic enzymes like 
tyrosinase or melanosome stability, influencing melanin 
synthesis. TFEB and TFE3, MiT/TFE transcription fac-
tors, are critical regulators of lysosomal biogenesis and 
autophagy, activating genes linked to these processes 
under nutrient deprivation or stress [51, 54]. While their 
direct role in melanogenesis remains unclear, they likely 
influence pigmentation by modulating UVRAG expres-
sion or its interactions with the class C Vps complex, 
affecting BLOC-1 stability and cargo trafficking. Notably, 
MITF induces UVRAG expression during UV-induced 
tanning, whereas TFEB or TFE3 inactivation has lim-
ited effect on UVRAG expression under α-MSH stimu-
lation, further supporting their indirect involvement in 
melanogenesis [52]. Additionally, TFEB and TFE3 may 
regulate oxidative stress response genes, altering the 
redox balance in oocytes and indirectly influencing mela-
nin synthesis [55, 56]. Future research should explore 
how UVRAG regulates autophagic flux and melanosome 
pathways in oocytes, identify upstream signals activat-
ing TFEB/TFE3 and their downstream autophagy-related 
targets, and investigate whether TFEB/TFE3 directly 
control melanogenic enzymes or UVRAG-mediated 
lysosomal activity. These studies will illuminate the links 
between autophagy, lysosomal biogenesis, and pigmenta-
tion, advancing our understanding of oocyte physiology 
and cellular mechanisms.

Although TFE3 cannot regulate melanogenesis via 
the α-MSH signaling pathway [52], Tfe3a can restore 
melanophore development at a very low frequency in 
zebrafish [57]. Additionally, TFE3 interacts with p300, 
further participating in melanogenesis-related signaling 
pathways [58]. Studies have shown that Tfe3 can activate 
the expression of Tyr and Tyrp1 [59]. Therefore, over-
all, although Tfeb, Tfec, and Tfe3 may be involved in the 
regulation of oocyte melanogenesis, considering that 
Tfe3 has a higher expression level in Xenopus tropicalis 
oocytes compared to the very low levels of Tfeb and Tfec, 
and considering the evidence that Tfe3 regulates Tyr 
and Tyrp1 expression, we hypothesize that Tfe3, rather 
than Mitf, regulates melanogenesis-related gene expres-
sion during oogenesis in Xenopus tropicalis. This regula-
tion results in melanin deposition at the animal pole of 
the oocyte. Further experimental data elucidating the 

molecular mechanisms of melanin deposition in Xenopus 
tropicalis oocytes will enhance research in oogenesis and 
reproductive medicine.

Melanin synthesis is a complex and tightly regulated 
process involving key enzymes, such as tyrosinase, and 
modulation by signaling pathways and molecular mecha-
nisms [9, 11]. The melanogenesis mechanisms in Xeno-
pus tropicalis resemble those in other vertebrates, but 
species-specific differences, particularly in the MIT fam-
ily members. In mammals, birds, amphibians, and fish, 
the general framework of melanogenesis is conserved, 
but the functional roles of MIT family members differ. In 
mammals, MITF regulates melanocyte development and 
function, affecting both melanocyte survival and melanin 
synthesis. In birds, MITF regulates feather patterning, 
including iridescence, which is less relevant in mammals. 
Unlike the relatively static pigmentation in mammals, 
Xenopus tropicalis and fish are more sensitive to envi-
ronmental factors, with their melanogenesis mechanisms 
responding quickly to light and temperature changes. 
While MITF is a well-established regulator of melano-
genesis in mammals, in Xenopus tropicalis, both Mitf and 
other MIT family members, such as Tfeb and Tfec, may 
have overlapping or distinct roles in regulating pigmen-
tation, depending on species-specific cellular contexts. 
Understanding these differences provides insights into 
the evolution of pigmentation and the functional diver-
sity of transcription factors like MITF across species.

The Wnt and MAPK signaling pathways, along with 
non-coding RNAs (ncRNAs), are critical regulators [9, 
11, 12, 45]. ncRNAs, including microRNAs (miRNAs), 
long non-coding RNAs (lncRNAs), and circular RNAs 
(circRNAs), further fine-tune melanogenesis. miRNAs 
bind to the 3’-UTRs of target mRNAs, regulating trans-
lation or degradation [60, 61]. lncRNAs modulate gene 
expression and epigenetic changes, while circRNAs act 
as competitive endogenous RNAs (ceRNAs), sequester-
ing miRNAs or directly influencing transcription and 
translation. Thus, the Wnt and MAPK pathways regu-
late MiT/TFE transcription factors and its downstream 
targets, while ncRNAs refine these pathways, influenc-
ing melanogenesis. These mechanisms may also play a 
role in melanin synthesis in oocytes, requiring further 
investigation.

Transcriptomic data indicate that mitochondrial cloud 
formation is one of the distinctive features during oogen-
esis. The mitochondrial cloud is a crucial structure that 
regulates energy metabolism, mitochondrial dynam-
ics, and signaling during oocyte maturation. It plays a 
key role in mitochondrial biogenesis, ATP (adenosine 
triphosphate) production, and the clearance of dam-
aged mitochondria through mitophagy, all of which are 
essential for maintaining cellular energy balance during 
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oocyte maturation. Mitochondrial function, particularly 
ATP production and reactive oxygen species regulation, 
is linked to critical signaling pathways such as mTOR 
and MAPK, which control cell growth, metabolism, 
and development. For example, activation of the MAPK 
signaling pathway is vital for the completion of meiosis. 
Furthermore, the mitochondrial cloud interacts with the 
endoplasmic reticulum to modulate calcium signaling 
and regulate processes like protein synthesis and apop-
tosis. These pathways are especially important during 
oocyte maturation, as proper mitochondrial function 
and signaling are essential for successful fertilization and 
early embryonic development. Specifically, cox1, cox2, 
and cox3 encode subunits 1, 2, and 3 of cytochrome c 
oxidase (complex IV), respectively [62]. Subunits 1 and 
2 form the catalytic core of complex IV, with subunit 2 
transferring electrons from cytochrome c to the active 
center of subunit 1 [62, 63]. Subunit 3, though not part 
of the catalytic core, stabilizes the structure and function 
of complex IV [62, 63]. Cytochrome c oxidase, located 
on the inner mitochondrial membrane, is the terminal 
enzyme of the mitochondrial electron transport chain. 
Its primary function is to catalyze the transfer of elec-
trons from cytochrome c to oxygen, producing water 
and simultaneously pumping protons from the mito-
chondrial matrix into the intermembrane space [62, 
63]. This creates a transmembrane electrochemical gra-
dient (proton gradient) that drives ATP synthesis. The 
nd3 gene encodes subunit 3 of NADH dehydrogenase 
(complex I), the first complex in the mitochondrial elec-
tron transport chain [64]. Complex I transfers hydrogen 
atoms and electrons from NADH to coenzyme Q on the 
inner mitochondrial membrane [64]. This process also 
involves the pumping of protons from the mitochondrial 
matrix into the intermembrane space, contributing to the 
proton gradient for ATP synthesis [64]. Therefore, dur-
ing development to stage 3, Xenopus tropicalis oocytes 
undergo extensive mitochondrial biogenesis and ATP 
production, indicating a high demand for energy as they 
progress from stage 3 to mature oocytes. In vertebrates, 
the mitochondrial cloud (Balbiani body) is essential 
for oocyte development, although its precise functions 
remain unclear. It likely supports energy metabolism by 
aggregating mitochondria to ensure their proper distri-
bution and ATP production during oogenesis, enabling 
chromatin remodeling, cytoskeletal reorganization, and 
organelle biogenesis. The cloud also contributes to cell 
signaling, regulating calcium homeostasis, ROS signaling, 
and pathways such as AMPK (adenosine 5’-monophos-
phate-activated protein kinase) and mTOR. Its assembly 
may localize key signaling events for oocyte polariza-
tion, germ plasm localization, and follicular communi-
cation. Future research could utilize advanced imaging 

techniques (e.g., live-cell or super-resolution microscopy) 
and mitochondrial assays to investigate its dynamics. 
Omics approaches, including transcriptomics and pro-
teomics, may identify signaling molecules or enzymes 
enriched in the cloud. Functional studies in model organ-
isms (e.g., frogs, zebrafish, mice) could determine how 
disrupting cloud formation, through genetic knockouts 
or pharmacological inhibitors, impacts oocyte quality 
and development. Clinically, mitochondrial dysfunction 
in the cloud may contribute to oocyte aging, infertility, 
or impaired embryonic development. Therapies targeting 
mitochondrial function or reducing ROS damage could 
enhance outcomes in assisted reproduction.

Transcriptomic data also indicate that zona pellucida 
(ZP) proteins exhibit specific expression patterns during 
oogenesis, likely preparing for fertilization. Homology 
analysis of ZP proteins between humans and Xenopus 
tropicalis shows high conservation (Additional file 1: Fig.
S9-12), suggesting that studying Xenopus tropicalis ZP 
proteins may provide insights into human reproductive 
biology. The ZP primarily comprises three to four gly-
coproteins (ZP1, ZP2, ZP3, and ZP4 in certain species), 
each playing crucial roles in oocyte maturation and fer-
tilization [39–41]. ZP1 crosslinks ZP2 and ZP3, forming 
a stable three-dimensional network that ensures struc-
tural integrity. ZP2 facilitates sperm binding, enabling 
species-specific attachment before fertilization and pre-
venting polyspermy through ovastacin-mediated deg-
radation post-fertilization. ZP3 mediates initial sperm 
recognition, binding, and acrosome reaction induc-
tion via species-specific oligosaccharides interacting 
with sperm receptors like ADAM proteins and β−1,4-
galactosyltransferase. ZP4, functionally overlapping 
with ZP3, enhances sperm binding and selectively filters 
sperm by interacting with acrosomal receptors [39–41]. 
Collectively, ZP proteins ensure species specificity, 
structural integrity, and embryo development. However, 
research on Xenopus tropicalis ZP proteins remains lim-
ited. Further studies could deepen our understanding of 
reproductive biology and inform treatments for human 
infertility.

Conclusions
Here, we provide evidence that pigment deposition in 
Xenopus tropicalis oocytes is independent of the master 
melanocyte regulator Mitf. mitf⁻/⁻ frogs, which lack mel-
anocytes, exhibit significantly reduced expression of key 
melanogenesis genes, indicating a loss of Mitf activity. 
However, mitf⁻/⁻ oocytes still express tyr mRNA, enabling 
melanogenesis and melanin deposition at the animal 
pole. In contrast, tyr⁻/⁻ oocytes lack melanin deposi-
tion, confirming the essential role of Tyr. Thus, Xenopus 
tropicalis oocyte melanogenesis occurs independently of 
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Mitf, likely regulated by other MiT subfamily members 
controlling the expression of tyr, dct, and tyrp1 during 
oogenesis. Additionally, mitochondrial cloud formation 
represents a major molecular event in oocyte develop-
ment, along with the expression of zona pellucida pro-
teins and meiosis-related genes such as pcnt and tacc3. 
These findings suggest that further elucidation of the 
Tyr-dependent, Mitf-independent mechanisms of ani-
mal pole pigmentation will advance our understanding 
of melanogenesis and oocyte development. Moreover, 
Xenopus tropicalis oocytes provide a valuable model for 
studying the mitochondrial cloud, zona pellucida, meio-
sis, oogenesis, and reproductive medicine.

Methods
Xenopus tropicalis maintenance and husbandry
Adult Xenopus tropicalis frogs were obtained from Nasco 
(Fort Atkinson, WI, USA; http://​www.​enasco.​com). The 
maintenance and husbandry of the frogs, as well as the 
procurement of their oocytes, adhered to established 
methods [26, 65]. All experiments involving Xenopus 
tropicalis were approved by the Institutional Animal 
Care and Use Committee of the Southern University of 
Science and Technology.

The procurement of Xenopus tropicalis oocytes
The establishment of mitf−/− and tyr−/− Xenopus tropica-
lis lines has been reported in our previous studies [26]. 
The method for collecting oocytes from WT, mitf−/−, and 
tyr−/− Xenopus tropicalis was slightly modified from the 
protocol described in the literature [66]. First, healthy 
adult WT, mitf−/−, and tyr−/− Xenopus tropicalis were 
selected. To reduce stress, the frogs were anesthetized 
with 0.2% MS-222 (tricaine methanesulfonate) before 
the procedure. The abdomen was disinfected with 70% 
ethanol, and a small incision (approximately 1–2 cm) was 
made in the center of the abdomen, taking care not to cut 
too deeply to avoid damaging internal organs. The ovaries 
were carefully removed through the incision, and a por-
tion of the ovarian tissue was gently excised using scis-
sors or forceps. The excised ovarian tissue was placed in a 
dish containing cold 1 × MBS (modified Barth’s saline for 
Xenopus) solution to prevent damage to the oocytes. The 
ovarian tissue was then repeatedly washed in 1 × MBS 
solution to remove blood and debris. After washing, the 
ovarian tissue was transferred to 1 × MBS solution con-
taining 1.5  mg/mL collagenase and incubated at 25  °C 
for 1–5 h with gentle agitation to facilitate the release of 
oocytes from the ovarian tissue. The process was moni-
tored under a stereomicroscope to ensure that the fol-
licle cells were completely separated from the oocytes. 
Following incubation, the oocytes were washed multiple 
times with fresh 1 × MBS solution to remove residual 

collagenase and debris. The oocytes were then observed 
under a stereomicroscope, and oocytes at various devel-
opmental stages were selected.

Dual luciferase assay
Seed 293  T cells at 150,000 cells per well in a 24-well 
plate. After 12 h, transfect the cells with the PGL3 plas-
mid (firefly luciferase) and the Renilla luciferase con-
trol plasmid using appropriate transfection reagents. 
Forty-eight hours post-transfection, collect cell samples 
for luciferase activity measurement. Discard the super-
natant and add a suitable lysis buffer, incubating on ice 
for 10 min. Transfer 20 μL of the lysate to a new well for 
the assay. Prepare luciferase reaction solutions by dilut-
ing firefly luciferase substrate (50 ×) and Renilla lucif-
erase substrate (50 ×) with their respective buffers to 
1 × working solutions. Allow the solutions to equilibrate 
to room temperature. Add 100 μL of the firefly luciferase 
reaction solution to the lysate, mix gently, and measure 
firefly luciferase activity using a luminometer. Then, add 
100 μL of the Renilla luciferase reaction solution, mix 
gently, and measure Renilla luciferase activity. Samples 
were analyzed using the Yisheng Bio (11402ES60) kit. 
Protein sequences for Mitf, Tfe3, and Tfec in Xenopus 
tropicalis were obtained from the Uniprot database and 
DNA sequences from the NCBI database. The promoters 
of tyr and dct in Xenopus tropicalis are located 2000 bp 
upstream of the translation start site (TSS).

RNA‑seq library preparation and RNA‑seq analysis
Oocytes were collected from WT and mitf−/− adult frogs, 
with each group comprising two replicates. Oocytes were 
disrupted using a disposable syringe until completely 
lysed, and total RNA was extracted following the manu-
facturer’s instructions for the TransZol Up lysis reagent 
(ET111-01, TransGen Biotech). The extracted RNA sam-
ples were submitted to Novogene for RNA-seq library 
preparation and sequencing. RNA-seq analysis was con-
ducted by Wuhan Frasergen Information Co., Ltd. The 
previously published protocol guided the RNA-seq data 
analysis [67]. Briefly, SOAPnuke software (v2.1.0) was 
used to filter raw reads to obtain clean reads. Clean reads 
were aligned to the Xenopus tropicalis reference genome 
UCB_Xtro_10.0 using HISAT2 (https://​www.​ncbi.​nlm.​
nih.​gov/​datas​ets/​genome/​GCF_​00000​4195.4/). Bowtie2 
software then mapped the quality-controlled sequences 
to the reference transcriptome. RSEM analyzed the Bow-
tie2 alignment results to determine the number of reads 
mapped to each transcript and calculate FPKM (frag-
ments per kilobase per million bases) values. Differen-
tial expression analysis was performed using DESeq2. 
RNA-seq data has been publicly deposited to Genome 
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Sequence Archive (https://​ngdc.​cncb.​ac.​cn/​gsa/) with the 
accession number CRA017994.

Hematoxylin–eosin staining, transmission electron 
microscopy (TEM)
The samples underwent histological analysis, starting 
with fixation in FAS eyeball fixative (Servicebio, Wuhan, 
China) at room temperature for 24 h. The fixed samples 
were then dehydrated using graded ethanol (75%, 85%, 
95%, and 100%), followed by replacement with xylene 
and embedding in paraffin wax. Sections with a thickness 
of 6  μm were prepared from the embedded tissues and 
subsequently dewaxed in xylene. Rehydration was carried 
out using graded ethanol concentrations (100%, 95%, and 
70%) before staining with the hematoxylin–eosin staining 
kit (Baso, Zhuhai, China) and immunofluorescent stain-
ing. Hematoxylin–eosin-stained results were captured 
using an Olympus BX53 upright microscope (Olympus, 
Japan).

Our previously published protocol guided the TEM 
sample preparation [26]. Briefly, Xenopus tropicalis tissue 
samples, sized 1 mm × 1 mm, were fixed overnight at 4 °C 
in 2% glutaraldehyde. Oocytes were also fixed overnight 
at 4  °C in 2% glutaraldehyde. For ovarian membrane 
black spot samples, the black spots were dissected under 
a stereomicroscope and processed as a single electron 
microscopy sample for each frog. For oocyte samples, 
10 stage VI oocytes from a single frog were pooled and 
processed as one electron microscopy sample. Follow-
ing fixation, the samples underwent four 10-min washes 
with 10  mM PBS solution. Subsequently, the samples 
were fixed with 1% osmium tetroxide at room tempera-
ture for 3  h. The samples were then washed twice with 
10  mM PBS solution for 10  min each, followed by two 
washes with ddH2O for 10 min each. After rinsing with 
ddH2O, the samples were treated with a 2% uranyl ace-
tate solution at room temperature for 2  h or overnight 
at 4 °C. Following this, the samples were washed four or 
more times with ddH2O for 10 min each until the rinsed 
water was clear. Post-rinsing, the samples were dehy-
drated using a graded acetone series: 30% acetone once, 
50% acetone once, 75% acetone once, and 100% acetone 
twice, each for 10  min. Simultaneously with the gradi-
ent dehydration, epoxy resin (9.8  g), dodecenyl suc-
cinic anhydride (5.6  g), N-methylhexylamine (4.6  g), 
and 2,4,6-tris(dimethylaminomethyl)phenol (0.28  mL) 
were thoroughly mixed at room temperature using a 
rotary mixer for at least 4  h to prepare a 100% resin 
mixture. Then, at room temperature, the samples were 
treated with 25% resin–acetone once, 50% resin–acetone 
once, 75% resin–acetone once, and 100% resin once, 
each for 1.5–2 h. Following these steps, new 100% resin 
was added, and the samples were left overnight at 4  °C. 

Unused 100% resin was sealed with parafilm and stored 
at 4  °C for later use. The next day, the samples were 
embedded in new 100% resin. Subsequently, the embed-
ded samples were baked in a 60  °C oven for 2  days to 
complete the preparation of TEM samples for ultrathin 
sectioning. Finally, the prepared TEM samples were sent 
to Wuhan Servicebio Technology Co., Ltd. for ultrathin 
sectioning, TEM observation, and photography.
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Additional file 1: Supplementary Figure S1-S9. Supplementary Figure S1. 
Transcripts of human MITF (A) and mouse Mitf (B). For detailed informa-
tion, refer to NCBI. Supplementary Figure S2. In mitf-/- Xenopus tropicalis, 
the bHLHzip domain of the Mitf protein, is inactivated. A, the picture 
provides a schematic representation of the transcripts and related 
information of the mitfa gene locus in zebrafish and the mitf gene locus 
in Xenopus tropicalis. The red arrow indicates the penultimate exon, which 
is responsible for transcribing a common part of the transcripts from 
this gene locus. B and C, pictures display two different views of the 3D 
structure of the human MITF protein (encoded by transcript variant 4 of 
the human MITF gene locus, a master regulator of melanocyte develop-
ment). The yellow-highlighted regions show the conserved amino acid 
sequences between the Xenopus tropicalis Mitf protein and the human 
MITF protein. The red arrow points to the knockout site in the mitf-/- 
Xenopus tropicalis Mitf protein. ’N’ indicates the amino-terminal, and ’C’ 
indicates the carboxy-terminal. D and E, the figure illustrate the amino 
acid sequence alignment of feature 1 (DNA binding site) and feature 2 
(polypeptide binding site/dimer interface) of the bHLHzip domain among 
different vertebrate species. In D and E, red indicates high conservation 
and blue indicates low conservation. Hash-marks (#) in the top row of the 
multiple sequence alignment display indicate specific residues involved 
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in a conserved feature, such as a binding or catalytic site, that has been 
annotated on an NCBI-curated domain. The black arrows in A, D, and E 
indicate the knockout site of mitf-/- Xenopus tropicalis mitf. For detailed 
data analysis, refer to NCBI (https://www.ncbi.nlm.nih.gov/). Supplemen-
tary Figure S3. The transcriptomic comparison of dorsal (DS) and ventral 
(VS) skin samples from wild-type Xenopus tropicalis revealed significant 
overall differences in the expression of melanogenesis-related genes (P 
= 0.0139, paired t-test). Supplementary Figure S4. Differential expression 
of genes related to RPE cells and melanocytes in the eyes of WT and 
mitf-/- Xenopus tropicalis. Mcon denotes WT Xenopus tropicalis eye samples, 
while MKO denotes mitf-/- Xenopus tropicalis eye samples. Supplementary 
Figure S5. The number of black spots on the ovarian membrane was 
compared between adult WT and mitf-/- Xenopus tropicalis. Black spots 
were quantified within a 24 mm² area of the ovarian membrane using 
a stereomicroscope. Three frogs per genotype were analyzed, with two 
random areas sampled per frog. * indicates P < 0.05 (unpaired t-test). 
Supplementary Figure S6. A-C, Expression levels of tfeb,tyrp1, and dct 
mRNA during oocyte development in WT and mitf-/- Xenopus tropicalis. D, 
Comparison of amino acid sequences of human MITF-A, Xenopus tropicalis 
Mitf, and Xenopus tropicalis Tfe3 proteins. Protein sequence information 
was obtained from https://​www.​unipr​ot.​org/. Supplementary Figure S7. 
The DNA motifs bound by MiT family transcription factors were derived 
from JASPAR (http://jaspar.genereg.net/). Panels A-B, C-D, E-F, and G-H 
display the nucleotide frequency and motif sequences at different posi-
tions for Tfe3, Mitf, Tfeb, and Tfec, respectively. Supplementary Figure S8. 
The dorsal views of adult WT, mitf-knockout (mitf-/-), and mitf-/- rescue 
Xenopus tropicalis were compared. At least 100 frogs were analyzed for 
each group, except for the mitf-/- rescue. The scale bar represents 5 mm. 
Supplementary Figure S9-12. The homology of zona pellucida proteins 
between Xenopus tropicalis and human oocytes was compared using data 
from the UniProt database.

Additional file 2: Supplementary Table S1-S3. Supplementary Table S1. 
Gene expression profiles identified through bulk RNA-seq in the dorsal 
and ventral skin samples of WT (Mcon) and mitf-/- (MKO) Xenopus tropicalis. 
Supplementary Table S2. Gene expression profiles identified through bulk 
RNA-seq in the eye samples of wild-type WT (Mcon) and mitf-/- (MKO) 
Xenopus tropicalis. Supplementary Table S3. Gene expression profiles 
identified through bulk RNA-seq in the oocytes samples of wild-type WT 
(Mcon) and mitf-/- (MKO) Xenopus tropicalis.

Additional file 3: Supplementary Note. Transcription factor sequence 
information was obtained from the UniProt database, and DNA motif 
data were retrieved from the JASPAR database. The relevant results are 
presented in R-Table S1 to R-Table S4.
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