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Foxl2 (Forkhead box protein L2), a forkhead transcription factor, plays a pivotal role in 
the ovarian development of aquatic species. However, the biological function of Foxl2 in 
Cherax quadricarinatus remains underexplored. In this study, the full-length cDNA of 
Cq-Foxl2, comprising 2,325 bp, was characterized, with a 1,695 bp open reading frame 
(ORF) encoding a protein of 564 amino acids. Bioinformatics analysis revealed that the 
predicted amino acid sequence of Cq-Foxl2 contained a conserved forkhead box domain, 
exhibiting high homology with other crustaceans, particularly Procambarus clarkii. 
qRT-PCR analysis indicated that Cq-Foxl2 was predominantly expressed in the ovary, with 
minimal detection in other tissues. Expression levels of Cq-Foxl2 were abundant 
throughout different stages of ovarian development. Moreover, RNAi-mediated silencing 
of Cq-Foxl2 led to a significant reduction in the transcription of Cq-Dsx and a decrease in 
the gonadosomatic index of female C. quadricarinatus. These findings offer essential 
insights for further exploration of the role of Cq-Foxl2 in ovarian development. 

INTRODUCTION 

Cherax quadricarinatus, the Australian freshwater crayfish, 
is a significant freshwater commercial species, widely cul
tured in Southeast Asian countries such as Thailand, China, 
and Vietnam.1 The regulation of ovarian development re
mains a central topic in the study of economically impor
tant crustaceans. Previous studies have established that 
ovarian development in crustaceans is governed by steroid 
hormones, neuropeptides, neurotransmitters, and exoge
nous environmental factors.2,3 The ubiquitin-proteasome 
pathway (UPP),4 The cAMP-dependent protein kinase 
(PKA) pathway and the ecdysteroid receptor are also im
plicated in crustacean ovarian differentiation and devel
opment.5,6 Compared to other prawns, C. quadricarinatus 
produces fewer offspring, and the male-to-female in large-
scale breeding is approximately 3:1, highlighting the need 
for a greater proportion of females for successful breeding. 
Monosex culture could optimize breeding by ensuring a 
higher number of female C. quadricarinatus. Thus, a deeper 
understanding of ovarian development is essential for fur
ther enhancing breeding practices. 

Foxl2, a member of the FOX (forkhead box) family, plays 
a vital role in ovarian differentiation, development, and 
maintenance.7 In mammals, Foxl2 regulated ovarian devel
opment by inhibiting the expression of Sox9. Foxl2 is the 
first autosomal gene linked to premature ovarian failure 
in humans, with mutations in Foxl2 potentially leading to 
ovarian granulosa cell tumors. Knockout of Foxl2 in the 
ovaries of mature mice caused ovarian degeneration, which 
ultimately progressed to spermaries.7 Studies in fish have 
demonstrated significant sexual dimorphism in the expres
sion levels of Foxl2 in glands.8 Foxl2 in Rana rugosa func
tioned similarly to mammalian Foxl2 during early ovarian 
differentiation.9 The expression levels of Foxl2 exhibited a 
marked rise in stage II female oyster Crassostrea gigasrela
tives compared to males at the same stage or earlier stage.10 

As expected, the expression of Foxl2 peaked in prolifera
tive-stage ovaries of scallop Chlamys farreri, exhibiting a 
62-fold elevation compared to testes.11 

Recently, Foxl2 has been cloned in several crustacean 
species, and the functional study has received extensive at
tention as well. For instance, Foxl2 was first identified in 
the androgenic glands transcriptome of Macrobrachium nip
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ponense,12 and tissue distributions showed that testes had 
significantly higher expression levels of Mn-Foxl2 mRNA 
than other tissues.13,14 High levels of FoxL2 expression 
were also observed in the testes of Fenneropenaeus mer
guiensis, and knockdown of the FoxL2 gene significantly in
creased vitellogenin expression, indicating its involvement 
in regulating reproduction.15 In contrast, Foxl2 in Procam
barus clarkii is predominantly expressed in the ovaries, with 
minimal expression in the spermaries.16 Additionally, Foxl2 
in Eriocheir sinensis was highly expressed in both ovaries 
and thoracic ganglia, indicating its role in regulating ovar
ian development.17 In summary, all the above reports sug
gested that Foxl2 might promote both male and female sex
ual development in crustaceans. 

As known to us, understanding the sex-determination 
mechanism is the basis for sex-controlled breeding of 
aquatic species.18 Despite the fact that the crucial role of 
Foxl2 gene plays in regulating gonad development, the re
port of Cq-Foxl2 in C. quadricarinatus is still limited. In this 
study, the full-length cDNA sequence of Cq-Foxl2 was iden
tified from the redclaw crayfish, and its structure charac
teristics were analyzed. Then, the mRNA expression patter
ans of Cq-Foxl2 were investigated in various tissues and at 
different developmental stages of the juvenile and ovary. 
Furthermore, the RNAi experiment was applied to explore 
the role of the Foxl2 gene in the early sex differentiation of 
C. quadricarinatus. The results will help to understand the 
molecular mechanisms of sex differentiation and provide a 
strong theoretical basis for the development of unisexual 
breeding techniques. 

MATERIALS AND METHODS 

EXPERIMENTAL ANIMALS AND SAMPLE COLLECTION 

C. quadricarinatus (60.0 ± 0.5g, 14.5 ± 0.2cm) used in this 
study were sourced from a breeding farm at Zhejiang In
stitute of Freshwater Fisheries (Zhejiang province, China). 
All experimental individuals were maintained in circulating 
tanks at 28.1 ± 0.5 °C for temporary breeding. Ovaries, 
testes, hepatopancreas, muscles, intestines, and gills were 
separately dissected from three males and three females. 
Additionally, juveniles that cultured in the pool of a green
house were collected at different body length stages. Fi
nally, ovaries at different developmental periods (I, unde
veloped stage; II, developing stage with yellow follicle cell; 
III, developing stage with green follicle cell; IV, nearly ripe 
stage; V, ripe stage; VI, spent stage) were collected accord
ing to previously published criteria.19 All samples were im
mediately flash-frozen in liquid nitrogen and stored at - 80 
°C. 

CDNA SEQUENCE CLONING OF CQ-FOXL2 

Using the conserved region of Foxl2 from GenBank as a 
query, we searched for Foxl2 homologous genes in the tran
scriptome database of C. quadricarinatus, and identified an 
Expressed Sequence Tag (EST) containing the FOX protein 
domain. Two pairs of primers, 5’RACE-1 and 5’RACE-2, 

3’RACE-1 and 3’RACE-2 (Table 1 ), were designed based on 
transcriptome data from the sexual glands of C. quadricari
natus. 3’-RACE and 5’-RACE PCRs were performed using the 
SMART™ RACE cDNA Amplification Kit (Clontech, USA) 
following the manufacturer’s instructions. The PCR pro
gram: 5 cycles of 30 s, 94 °C; 2 min, 72 °C. 5 cycles of 30 
s, 94 °C; 30 s, 68 °C; 2 min, 72 °C. 25 cycles of 30 s, 94 °C; 
30 s, 63 °C; 3 min, 72 °C. 7 min, 72 °C. PCR products were 
detected by 1.5% agarose gel electrophoresis and purified 
using the Gel Extraction Kit (QIAGEN, Venlo). The target 
bands were cloned into the pMD18-T vector and sequenced. 
The PCR program was under the following conditions: 5 cy
cles at 94 °C for 30 s, 72 °C for 2 min; 5 cycles at 94 °C for 30 
s, 68 °C for 30 s, 72 °C for 2 min; and 25 cycles at 94 °C for 
30 s, 63 °C for 30 s, 72 °C for 3 min, followed by an exten
sion at 72 °C for 7 min. PCR products were analyzed by 1.5% 
agarose gel electrophoresis, purified using the Gel Extrac
tion Kit, cloned into the pMD18-T vector, and sequenced. 

SEQUENCE ANALYSIS 

The open reading frame (ORF) and amino acid sequence 
were predicted using online software 
(http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi), and sec
ondary structure analysis was conducted using GOR4 
(http://www.expasy.org/). BLAST searches 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) were performed to 
identify homologous genes from different species, includ
ing P. clarkii (KR135174.1), Eriocheir sinensis (KF806733.1), 
Macrobrachium nipponense (KM821275.1), Hyalella azteca 
(XM_018169860.1), Danio rerio (NM_001045252.2), Larim
ichthys crocea (XM_010731397.3), Scophthalmus maximus 
(XP_035502153.1), Clupea harengus (XP_031416120.1), 
Salmo salar (XP_014018845.1), Fundulus heteroclitus 
(XP_012718687.2) Oncorhynchus mykiss (NP_001117957.1) 
and Lepisosteus oculatus (XP_006637658.1). 

PHYLOGENETIC ANALYSIS 

A multiple sequence alignment was conducted using the 
ClustalW algorithm in MEGA5.05 software, and a phylo
genetic tree was constructed using the Neighbor-Joining 
method. All sequences were retrieved from NCBI 
(https://www.ncbi.nlm.nih.gov/). 

RNA EXTRACTION AND REVERSE TRANSCRIPTION 

Total RNA from all samples were extracted using TRIzol 
Reagent (Invitrogen, USA) according to the manufacturer’s 
instructions. To eliminate genomic DNA contamination, all 
RNA samples were treated with RNase-free DNase I. RNA 
concentration was quantified using a Nanodrop 2000 
(Thermo Fisher Scientific, USA), and RNA integrity was as
sessed via 1% agarose gel electrophoresis. After dilution 
to 100 ng/μL, first-strand cDNA was synthesized using the 
PrimeScriptTM RT Master Mix reagent Kit (Takara Bio, 
Japan). The cDNA was stored at - 20 °C for future use. 
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Table 1. Sequences of primers used in this study.        

Primer name Sequences (5'-3') purpose 

5'RACE-1 TGTGGTGTGGGGGTTGCGTAGTGGTAG Cloning of Cq-Fox12 cDNA 

5'RACE-2 GGGAGGAGAGAGTGGAGGTCGGTGTAG Cloning of Cq-Fox12 cDNA 

3'RACE-1 CCAACGGCAGTAAAAAGGAAGAGAACA Cloning of Cq-Fox12 cDNA 

3'RACE-2 TTCCCTTCTACGCCCAGCAAAACGCCA Cloning of Cq-Fox12 cDNA 

Cq-18S-F CTGAGAAACGGCTACCACATC qRT-PCR 

Cq-18S-R GCCGGGAGTGGGTAATTT qRT-PCR 

Cq-Fox12-F GCGGTGGCAAGGGCAACTAC qRT-PCR 

Cq-Fox12-R CGTAGGCGTGTCGGTACATATTGG qRT-PCR 

Cq-dsRNA-Fox12-F TAATACGACTCACTATAGGGGGTCATACGA GAAATGCTAT dsRNA synthesis 

Cq-dsRNA-Fox12-R TAATACGACTCACTATAGGGTTCCATCCCTG CTTCTCCTT dsRNA synthesis 

EXPRESSION PATTERN OF CQ-FOXL2 MRNA 

Quantitative Real-time PCR (qRT-PCR) was carried out to 
measure the expression levels of Cq-Foxl2 in a LightCycler® 

480 System (Roche, Switzerland) using SYBR PreMix Ex 
TaqTMⅡ (Takara, Japan). The Cq-18S rRNA (Table 1) was 
used as an internal control gene following the program de
scribed below: 98 °C for 3 min; 40 cycles of 95 °C for 10 s, 
and 60 °C for 20 s. Three replicates were performed for each 
sample, and the average of the three replicates was calcu
lated using the -2-ΔΔCt method. 

All data were calculated as means±S.D. and evaluated by 
one-way ANOVA. Significance analysis was performed us
ing SPSS 19.0 software (*P<0.05, ** P<0.01, ***P< 0.001). 

TARGET-SILENCING CQ-FOXL2 GENE BY RNA 
INTERFERENCE 

DNA fragments of the Cq-Foxl2 (350 bp) and enhanced 
green fluorescent protein gene (eGFP, 359 bp) were first 
cloned into the vector pUC57. Then, the recombinant plas
mids were extracted and used as templates for dsRNA (dou
ble-stranded RNA) synthesis with a pair of specific primers 
containing T7 promoters (Table 1). Cq-Foxl2-dsRNA and 
EGFP-dsRNA (used as control) were synthesized using a 
TranscriptAid T7 High Yield Transcription kit (Novozan, 
Nanjing). The reaction system was carried out in a final vol
ume of 20 μL, containing 2 μL T7 Reaction Buffer, 2 μL 
ATP Solution, 2 μL CTP Solution, 2 μL GTP Solution, 2 μL 
UTP Solution, 2 μL T7 Enzyme Mix, and 1 μg of DNA tem
plates. The reaction was incubated at 37 °C for 16 h. The 
integrity, purity, and concentration of the resulting dsRNA 
were evaluated by agarose gel electrophoresis and Nan
odrop2000. For a short silencing experiment, undifferen
tiated juvenile crayfish (an average weight of 2 g and av
erage body length of 2 cm) were selected and classified 
into two groups: Cq-Foxl2 dsRNA-injected (n=15) and EGFP 
dsRNA-injected (n=15). Each individual was intramuscu
larly injected with 5 μg/g of either Cq-Foxl2-dsRNA or Cq-
eGFP-dsRNA. For checking the RNAi effect, cephalotho
raxes of dsRNA-injected individuals were collected two 
weeks after injection, and qRT-PCR was performed to inves
tigate the expression level of Cq-Foxl2 and Cq-Dsx. 

RESULTS 

CDNA SEQUENCE ANALYSIS OF CQ-FOXL2 

Cq-Foxl2 cDNA sequence was assembled using 5’-RACE, 3’-
RACE and RT-PCR techniques. The nucleotide and deduced 
amino acid sequences are presented in Figure 1a . The full-
length cDNA sequence of Cq-Foxl2 comprised 2,325 nu
cleotides, including a 630 bp 5’-untranslated region (UTR), 
a 1,515 bp 3’-UTR, and an open reading frame of 1,695 
bp encoding a protein of 564 amino acids (Figure 1 ). Sec
ondary structure prediction revealed a typical forkhead box 
domain located between resideues 250-345 (Figure 1b ). 

MULTIPLE SEQUENCE ALIGNMENT AND PHYLOGENETIC 
ANALYSIS OF CQ-FOXL2 

Foxl2 amino acid sequences from 18 species, including 
fishes, mammals, and crustaceans, were retrieved from the 
NCBI database for multiple sequence alignment. These 
alignments demonstrated species-specific variations in the 
Foxl2 amino acid sequence length, with fish Foxl2 being 
shorter than that of crustaceans and mammals (Figure 2 ). 
Despite this variation, all 19 species displayed the charac
teristic conserved forkhead box domain. The results of the 
multiple amino acid comparison analysis showed that the 
Cq-Foxl2 protein had a high similarity to that of the fol
lowing species: Procambarus clarkii (KR135174.1, 70.12%), 
E. sinensis (KF806733.1, 41.17%), Clupea harengus 
(XP_031416120.1, 23.81%) and Larimichthys crocea 
(XM_010731397.3, 20.52%). The most conserved region of 
Foxl2 across fish, crustaceans, and mammals was within the 
forkhead box domain. A phylogenetic tree of Foxl2 was con
structed using MEGA 5.05 software based on the multiple 
sequence alignment. The result revealed that the phyloge
netic tree was divided into two branches, Foxl2 proteins 
from crustaceans were clustered into one clade, and others 
were clustered into another (Figure 3 ). 
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Figure 1. (a) Nucleotide and deduced amino acid sequences of         Cq-Foxl2. An open reading frame of 1695 bp         
encoding a protein of 564 amino acids residues is in blue background, (b) Schematic diagrams of the Cq-Foxl2                   
protein secondary structural domain.     

EXPRESSION PATTERN OF CQ-FOXL2 IN C. 
QUADRICARINATUS 

qRT-PCR analysis of Cq-Foxl2 expression in various tissues 
revealed high expression in the ovary, minimal expression 
in the testes, and no detectable expression in muscle, gill, 
intestine, or hepatopancreas (Figure 4a). At different devel
opmental stages of juvenile crayfish, we detected the mRNA 
expression abundance of Cq-Foxl2 in a body length of 2 
cm to 10 cm, and its expression was invariably higher in 
the female than in the male (Figure 4b). Additionally, Foxl2 
mRNA was widely expressed in all examined ovarian devel

opment stages, but displayed a sharp decrease to minimal 
levels at stage VI (Figure 4c). 

EFFECT OF CQ-FOXL2 DSRNA INJECTION ON THE 
EXPRESSION LEVELS OF CQ-DSX 

To further explore the function of Cq-Foxl2, RNA interfer
ence silencing was employed via dsRNA injection into un
differentiated crayfish. The results revealed that, compared 
to the Cq-dsRNA-eGFP injection group, both Cq-Dsx and 
Cq-Foxl2 expression levels were significantly suppressed 
following Cq-Foxl2-dsRNA injection (Figure 5a). Addition
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Figure 2. Multiple alignment of Foxl2 amino acid sequences between         C. quadricarinatus   and 18 other species.     
Dashes indicate missing amino acids. The conserved amino acids are color-coded Amino acids are presented in                 
conventional single-letter code and numbered on the left side of the sequences.             
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Figure 3. Phylogenetic analysis of Foxl2 amino acid       
sequences using MEGA 5.05 with neighbour-joining       
method. Bootstrap values are shown in the nodes.         
Branch lengths are proportional to sequence       
divergence. The redclaw crayfish Foxl2 is marked with         
the triangle.   

ally, a comparison of gonadal indices between the two 
groups revealed a significant decrease in the gonadal index 
following Cq-Foxl2-dsRNA injection compared to the Cq-
eGFP-dsRNA injection group (Figure 5b). 

DISCUSSION 

Foxl2 functions have been extensively studied in verte
brates,7,20,21 but research in crustaceans remains limited. 
In this study, a 2,325 bp Cq-Foxl2 cDNA, with an ORF of 
1,695 bp encoding 564 amino acids, was isolated and se
quenced using rapid amplification of cDNA ends method. 
Cq-Foxl2 was found to contain a typical forkhead box of ap
proximately 100 amino acids, similar to other forkhead box 
family members. While Foxl2 was conserved across many 
species, the amino acid sequence length varies among 
species. Multiple sequence alignments and phylogenetic 
analysis revealed that the Cq-Foxl2 protein was genetically 
closer to that of crustaceans than to mammals and fish. No
tably, the Cq-Foxl2 sequence exhibited the highest identity 
with the orthologue from P. clarkii, which suggested evolu
tionary conservation of Foxl2 protein. 
Foxl2 was first cloned and identified in mammals as a key 

factor in ovarian differentiation.20 Previous studies showed 
that Foxl2 was highly expressed in the ovary and minimally 
expressed in the testis of adult mice, indicating its critical 
role in ovarian development.7 Additionally, Foxl2 was 
highly expressed in the ovaries of most fish, similar to 
mammals, with a sexual dimorphismic expression pat
tern.22,23 These findings aligned with our results where Cq-
Foxl2 expression was significantly higher in the ovary than 
in the testis, also exhibiting sexual dimorphism. Inversely, 

Figure 4. Expression profiles of    Cq-Foxl2  gene in   C.  
quadricarinatus. (a) The expression pattern of       Cq-Foxl2  
in various tissues. Mu muslce, Gil gill, Int intestine,          
Hep hepatopancreas, Gon testis and ovary. (b) The         
expression profile of    Cq-Foxl2  during juvenile growth.    
BL body length, ♂ indicates male crayfish, ♀ indicates          
female crayfish. (c) The expression level of        Cq-Foxl2  at  
different ovarian developmental stages. I undeveloped       
stage, II developing stage with yellow follicle cell, III          
developing stage with green follicle cell, IV nearly ripe          
stage, V ripe stage, VI spent stage. Significant         
differences are represented by lowercase, respectively       
(P  < 0.05). Groups sharing the same letter codes         
indicate no significant difference (    P  > 0.05); groups    
with different letter codes show a significant difference         
(P  <0.05).  18S rRNA   is used as a reference gene.       

studies on F. merguiensis,15 M. rosenbergii,24 and M. nip
ponense14 reported higher expression of Foxl2 in the testis 
compared to the ovary. These results suggested that Foxl2 
from crustaceans might produce the functional difference 
with mammalian and fish species due to a long evolution
ary relationship, which played regulatory role in both males 
and females. Previous studies found that Foxl2 mRNA was 
widely expressed in all detected tissues,22,25 while in cur
rent study, the expression level of Cq-Foxl2 was restricted to 
the gonads, implying Foxl2 in C. quadricarinatus was a go
nad-specific gene. 

Furthermore, examining the expression of Cq-Foxl2 at 
different developmental stages of juvenile crayfish revealed 
that Cq-Foxl2 was gradually expressed in a body length 
of 2 cm to 10 cm. These findings revealed that Cq-Foxl2 
played an essential role in early gonadal differentiation 
in C. quadricarinatus, and a body length of 2 cm might 
be a sex-sensitive period. Previous studies on Coilia nasus 
demonstrated that Foxl2 expression began early in ovarian 
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Figure 5. Effect on gene expression and gonadosomatic       
index following injection with     Cq-Foxl2  dsRNA. (a)   
Relative expression level of     Cq-dsx  and  Cq-Foxl2  after  
injection with dsRNA. (b) Comparative analysis of        
gonadosomatic index after RNA interference. ds-eGFP,       
treated with eGFP dsRNA injection and used as RNAi          
control; ds-CqFoxl2, treated with     Cq-Foxl2  dsRNA  
injection. Results are expressed as mean ± SEM, and          
significance of comparison is defined as       P  < 0.05 (*)    
and  P  < 0.001 (***) by Student’s t tests.        

development, gradually increasing as the development of 
ovary, and then decreasing in the later stage of ovarian 
maturation.21 Research on Scatophagus argus found that 
Foxl2 expression in the testis peaked initially, followed by a 
decline to a low or undetectable level.26 Our results showed 
that Cq-Foxl2 expression increased progressively from stage 
I to stage V, reaching its peak at stage V, followed by a 
significant decrease at stage VI, which was consistent with 
these studies, showing temporal and spatial differences in 
Cq-Foxl2 expression during ovarian development. This ex
pression pattern suggests that Cq-Foxl2 might play a role in 
promoting oocyte growth and maturation in the ovary. 

Studies in mice showed that Foxl2 knockout resulted in 
the ovary transforming into the testicular-like structure.27 

Similarly, the simultaneous deletion of Foxl2a and Foxl2b 
in zebrafish successfully induced the transformation of fe
males into phenotypic males.8 At present, the explicit 
mechanisms underlying sex differentiation and determina
tion of Foxl2 regulation remains unclear in crustaceans. It 
has been proven that ovarian development in crustaceans 
is characterized by the rapid production of egg yolk protein 
in a process called vitellogenesis.28 As already mentioned, 
Foxl2 negatively affected the vitellogenin synthesis at the 
mature stage of the ovary in E. sinensis.15 Besides, previous 
studies revealed that Cq-Foxl2 was involved in several sig
nal pathways related to ovarian development, including 
ovarian steroid synthesis, estrogen signaling pathway, 
oocyte meiosis, and progestin-mediated oocyte matura
tion.29 Moreover, in our previous study, Cq-Dsx was found 
to play essential role in the female ovarian development/
differentiation of the redclaw crayfish,30 which pointed us 
in the direction to further explore the interaction relation
ship between Cq-Foxl2 and Cq-Dsx. As expected, substantial 
change was observed in the expression level of down-regu

lated in Cq-Dsx after treatment with Cq-Foxl2 dsRNA injec
tion, meanwhile resulting in a significant reduction in the 
ovarian gonadal index. These results strongly suggest that 
Cq-Foxl2 represented a positive effect on the maintenance 
of ovarian function and development by regulating Cq-Dsx 
expression in the redclaw crayfish. 

In conclusion, this study reported the characterization 
of Cq-Foxl2 in the redclaw crayfish. Tissues distribution 
found that Cq-Foxl2 expression was restricted to the ovary 
and testis with a significant sexually dimorphic expression 
pattern. In addition, gene expression analysis at different 
stages of juveniles and ovarian development revealed its 
key role in early gonadal differentiation and ovarian func
tional maintenance. Moreover, RNAi assay further demon
strated that Cq-Foxl2 had a positive regulatory effect on 
ovarian development by regulating Cq-Dsx expression. 
Overall, these findings provided valuable insights for fur
ther investigation into the mechanism of crustacean ovar
ian development. 
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