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The redclaw crayfish is sexually dimorphic, with males preferring females in terms
of growth rate and size. Currently, the molecular mechanism of sexual
dimorphism is not well understood in crustaceans, and studies on the joint
analysis of the gonadal metabolome and transcriptome of male and female
individuals of redclaw crayfish are limited. In this study, we found that there were
differences in relevant metabolites and metabolic pathways between intersex
and normal individuals, including metabolites such as testosterone glucuronide,
cortisol, pregnenolone sulfate, and estrone glucuronide, as well as steroid
hormone synthesis pathways, lipid metabolism pathways, amino acid
metabolism, and other metabolic pathways. The joint analysis of metabolome
and transcriptome identified differential genes such as cyp3a40, cypl8al,
hsd17b12b, and cypl9a, and co-enriched pathways such as insulin signaling
pathway, TGF-f signaling pathway, and FoxO signaling pathway, indicating that
they may play a significant role in sex differentiation of redclaw crayfish. Our
results provide a reference for the molecular mechanism of gonadal
development between male and female individuals of redclaw crayfish.
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1 Introduction

The redclaw crayfish (Cherax quadricarinatus), generally known as the Australian red
crayfish, is one of the most economically valuable freshwater crustaceans in the world
(Ghanawi and Saoud, 2012; Zheng et al., 2019). Originally from the ephemeral catchments
of the Gulf of Carpentaria in northern Australia, this species is more easily adapted to
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freshwater than marine environments (Nguyen et al., 2016; Zheng
et al., 2020). With the ability to survive in temperatures ranging 10°
C-30°C and salinities of 0.3 ppt-20 ppt, the redclaw crayfish is
considered a promising and attractive species for freshwater
aquaculture (Garcia-Guerrero et al, 2003). The aquaculture of
redclaw crayfish is steadily growing into a successful industry in
several tropical and subtropical countries worldwide (Rodgers et al.,
2006). In China, the species was initially introduced in the early
1990s and has the potential to become a significant
agricultural commodity.

In giant freshwater prawn (Macrobrachium rosenbergii) and
redclaw crayfish, male individuals are superior to female individuals
in terms of size and growth rate. Intersexuality appears to occur
frequently in gonochoristic crustaceans and has been reported in
several crayfish species (Parnes et al., 2003). It has been observed
that intersexual individuals are present in redclaw crayfish, which
may have both female and male genitalia and gonads that may
contain both testicular and ovarian tissue, or testicular tissue
(Bachtrog et al., 2014).

With the continuous development of high-throughput
sequencing technology, based on this experiment, the
transcriptome analysis of the gonads of intersexual redclaw
crayfish has screened some sex-related genes and pathways such
as foxI2 and dmrt (Nong et al., 2024). Crustacean omics have been
continuously excavated, but there are few reports on intersex
individuals. Zhang et al. reported a case of intersex individuals of
Procambarus clarkii, which was described and preliminarily
discussed (Zhang et al., 2015). A study has analyzed the
characteristics of gonad transcriptome of male and female
individuals of redclaw crayfish and had a preliminary
understanding of the differences between male and female
individuals (Li et al., 2023).

With the advancement of detection technology and
bioinformatics, metabolomics is widely used in gene function
elucidation (Denkert et al., 2006), nutrition (Astarita and
Langridge, 2013), stress analysis (Tuffnail et al., 2009), and other
fields. Studies on redclaw crayfish have mainly focused on the
transcriptome and genomics, with less on the metabolome. These
studies have been largely confined to the analysis of Vibrio infection
and detection of hepatopancreas, with no reports of gonadal
correlation in intersex individuals. However, metabolomic
techniques have been employed to study ovarian development in
other aquatic organisms, such as Coilia nasus (Japanese grenadier
anchovy) (Xu et al., 2016) and Megalobrama amblycephala (blunt
snout bream) (Zhou et al,, 2017). These studies confirmed the
applicability of metabolomics in describing ovarian development in
aquatic organisms. Joint metabolomic and transcriptomic analyses
have been studied in some fish nutritional and sexual dimorphism
studies (Prisingkorn et al., 2017; Qiao et al., 2016).

As the study progressed, the researchers concluded that changes
in the concentration of sex hormones were related to ovarian
development, as 17B-estradiol and progesterone could only be
detected in the mature ovaries of the Homarus americanus
(Couch et al., 1987). Meanwhile, hemolymph metabolomic
studies of Cherax tenuimanus showed significant differences in
metabolites between female and male crayfish due to differences
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in reproductive activity or life history (Lette et al., 2020). In
addition, metabolomic analyses of bait composition and
nutritional structure of Trichiurus japonicus at different stages of
ovarian development revealed that lipid molecules and amino acids
were the primary metabolites that differed between striped bass
ovaries at different developmental stages (Feng, 2023), which
suggested that these metabolites may play an important role in
the development of fish ovaries. However, there is a paucity of
studies related to the gonadal metabolome in intersex individuals of
the redclaw crayfish.

To explore the differences in phenotype and gonadal anatomy
between intersexual redclaw crayfish and normal redclaw crayfish, we
combined the gonadal metabolome, and the results of previous gonadal
transcriptome (Nong et al., 2024) to screen the differential genes and
differential metabolites of sex differentiation and development
regulation between intersexual and normal redclaw crayfish, so as to
supplement the omics research of intersexual redclaw crayfish.

2 Material methods

2.1 Ethics statement

All experimental protocols in this study were approved by the
Animal Research and Ethics Committee of Guangdong Ocean
University (NIH Pub. No. 85-23, revised 1996). This study does
not involve endangered or protected species.

2.2 Experimental shrimps and tissues

The Cherax quadricarinatus (three female ovaries as M, three
male testes as FA, three right and left female, left male gonopores
intersexual gonads as TB, and three right and left female, right male
gonopores intersexual gonads as TA) were collected from the
Hengxing shrimp farm in Zhanjiang city, Guangdong, China. No
specific permissions were required for the sampling locations and
activities, and the studies did not involve endangered or protected
species and locations. The conditions are as follows: freshwater at
natural water temperature transient in the workshop pool, water
depth 30 cm-35 cm, continuous daily oxygenation, daily feeding bait
for 17:00 (Guangdong Hengxing brand ordinary shrimp pellet feed),
according to a certain time the shrimp sucked off the feces. Change of
1/3 water was carried out. The samples were collected from October
2022 to April 2023, a total of 200 intersexual individuals of males and
females, seven different types and statistical ratios. The normal female
and male shrimp gonads were taken as control and stored at —80°C
until transcriptomic and metabolomic analyses.

2.3 Analysis of metabolomic data
2.3.1 Metabolite extraction and liquid
chromatography-mass spectrometry analysis

The samples were thawed on ice and minced, and 20 mg (+ 1
mg) was weighed into the corresponding centrifuge tubes and
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homogenized for 20 s in a ball mill (30 Hz). After centrifugation at
3,000 r/min for 30 s at 4°C, 400 UL of 70% methanol internal
standard extract was added, followed by 5 min of shaking (1,500 r/
min) and 15 min in an ice bath. After centrifugation at 12,000 r/min
for 10 min at 4°C, 300 uL of supernatant was transferred to the
appropriate centrifuge tube and then placed at —20°C for 30 min.
Finally, after centrifugation at 12,000 r/min for 3 min at 4°C, 200 puL
of supernatant was transferred to the appropriate injection bottle
for analysis.

In this paper, an ultra-high-performance liquid
chromatography (UHPLC) LC-30A (Shimadzu, Japan) was
applied, and each sample was chromatographed on a Waters
ACQUITY Premier HSS T3 Column 1.8 pm, 2.1 mm*100 mm
liquid chromatography column for the chromatographic separation
of the target compounds. The separation was performed on a
Waters ACQUITY Premier HSS T3 Column 1.8 pm, 2.1 mm*100
mm. The conditions were as follows: mobile phase A, 0.1% formic
acid/water; mobile phase B, 0.1% formic acid/acetonitrile;
instrumental column temperature, 40°C; flow rate, 0.4 mL/min;
injection volume, 4 pL. Mass spectrometry (MS) analysis was
performed on a TripleTOF 6600+ High Resolution Mass
Spectrometer (Foster City, CA, USA).

2.3.2 Data processing

Principal component analysis (PCA) and orthogonal projection
to latent structure discriminant analysis (OPLS-DA) were
performed using multivariate statistical analyses to discriminate
the accuracy and validity of the data.

2.3.3 Differential metabolites selected

For two-group analysis, differential metabolites were
determined by VIP (VIP > 1) and P-value (P-value < 0.05,
Student’s t-test). VIP values were extracted from OPLS-DA
results, which also contain score plots and permutation plots, and
were generated using the R package MetaboAnalystR. The data
were log transformed (Log,FC) and mean centered before OPLS-
DA. In order to avoid overfitting, a permutation test (200
permutations) was performed.

2.3.4 Kyoto Encyclopedia of Genes and Genomes
annotation and enrichment analysis

The detected metabolites were labeled by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, and the
labeled metabolites were mapped to the KEGG Pathway database,
and then the pathways of metabolite enrichment with significant
regulatory effects were analyzed. The significance was determined
by the P-value of the hypergeometric test.

2.4 Differential transcript and differential
metabolite KEGG co-enrichment analysis

Based on the KEGG database, the differential genes and
differential metabolites of the same comparative groups were
simultaneously mapped onto KEGG pathway maps for
significance analysis, and the correlation was analyzed with the
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significant condition of P-value<0.05. The results were analyzed for
correlation. Based on the results of KEGG enrichment analysis of
differential metabolites and differential genes, the KEGG pathways
jointly enriched by the two histologies were found and analyzed,
and the related transcript and metabolite regulatory network maps
were constructed.

3 Results

3.1 Gonadal metabolic profiling of normal
and intersex redclaw crayfish

In order to analyze the differences in the variation of
metabolites in different experimental groups, the scatter plots of
PCA scores of the liquid chromatography-mass spectrometry (LC-
MS) metabolic profiles of the control normal male spermathecae
FA, normal female ovaries M, and the experimental groups of the
intersexual gonads TA, intersexual gonads TB, showed that all the
samples appeared in ellipses of 95% confidence intervals and that in
the positive-negative ion model FA vs. TA, M vs. TA, FA vs. TB, and
M vs. TB data points were separated in spatial distribution,
indicating that there were differences in metabolic patterns
between the two groups and between the two groups (Figures 1A-
D). The R2X, R2Y, and Q2 of the OPLS-DA model for FA vs. TA, M
vs. TA, FA vs. TB, and M vs. TB were 0.421, 0.99, and 0.827,
respectively, 0.469, 0.994, and 0.879, respectively, and 0.469, 0.994,
and 0.879, respectively. 0.533, 0.991, 0.822,0.618, 0.993, and 0.943
(Figures 2A-D) are used to discriminate the stability of the models.
The R2 of FA vs. TA and M vs. TA is less than 0.5, indicating that
the models are less stable; the R2 and Q2 of FA vs. TB and M vs. TB
are both greater than 0.5, indicating that the models of these two
groups are relatively stable, and the closer the value is to 1, the closer
the value is to 1, and the better the model is.

3.2 Identification and screening of
differential metabolites

In order to more clearly show the changes of metabolites in
difterent groups, we used non-targeted metabolomics to identify the
metabolites of the samples. A total of 3,857 metabolites were
screened in the FA, M, TA, and TB groups. Metabolites with VIP
> 1 and P < 0.05 were selected from the above metabolites as
significantly different metabolites. A total of 673 differential
metabolites were screened in TA vs. FA, of which 205 metabolites
were upregulated and 467 metabolites were downregulated
(Figure 3A). A total of 1,220 differential metabolites were
screened in TA vs. M, of which 625 metabolites were upregulated
and 595 metabolites were downregulated (Figure 3B). A total of 877
metabolites were screened in TB vs. FA, of which 283 metabolites
were upregulated and 594 metabolites were downregulated
(Figure 3C). A total of 1,498 differential metabolites were
screened in TA vs. M, including 639 upregulated metabolites and
850 downregulated metabolites (Figure 3D). Hierarchical cluster
analysis of the differential metabolites showed that the trends of
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FIGURE 1

Score plots of PCA between gonads of intersex individuals and normal indi

viduals of the redclaw crayfish. (A, B) represent PCA plots between the TB

vs. FA group and with the TB vs. M group, and (C, D) represent PCA plots between the TA vs. FA group and the TA vs. M group. Each PCA plot
corresponds to a different grouping. PC1 denotes the first principal component, PC2 denotes the second principal component, and percentage

denotes the percentage of variance explained by the principal component

for the dataset; each point in the plot denotes a sample, and samples in

the same group are denoted by using the same color. Group denotes the grouping.

variation among different biological replicates within the groups
were relatively consistent, whereas significant differences appeared
between the groups. In summary, the results from cluster analysis
and principal component analysis showed that there were obvious
differences in metabolites among different groups.

3.3 Pathway analysis of differential gonadal
metabolites in normal redclaw crayfish and
intersex individuals of both sexes

The different metabolite data were imported into the KEGG
database and the MetPA database for analysis and screened for
relevant differential metabolic pathways. To investigate the
potential differences between metabolic pathways in normal and
intersex individuals, we further annotated KEGG pathways for
significantly different metabolites in the four groups and generated
KEGG difference enrichment bubble maps to demonstrate the
enriched metabolic pathways (Figures 4A-D). The study showed
that there were 121 differential metabolic pathways in the TA vs. FA
group; 152 differential metabolic pathways in the TA vs. M group;
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129 difterential metabolic pathways in the TB vs. FA group; and 146
differential metabolic pathways in the TA vs. M group.

All pathways were ranked, and the top 20 pathways in terms of
pathway ranking were listed (Figures 5A-D). Pathways were most
abundant in TA vs. M and least abundant in TA vs. FA. There were
121 differential enrichment pathways in TA vs. FA, including
vitamin B6 metabolism, sulfur metabolism, cysteine and
methionine metabolism, purine metabolism, D-amino acid
metabolism, and neuroactive ligand-receptor interaction. There
were 152 differential enrichment pathways in TA vs. M, including
D-amino acid metabolism, butanoate metabolism, protein digestion
and absorption, mineral absorption, phenylalanine metabolism, and
aminoacyl-tRNA biosynthesis. There were 129 differential
enrichment pathways in TB vs. FA, including cysteine and
methionine metabolism, D-amino acid metabolism, glutathione
metabolism, protein digestion and absorption, antifolate
resistance, and purine metabolism. There were 146 differential
enrichment pathways in TB vs. M, including protein digestion
and absorption, D-amino acid metabolism, ABC transporters,
aminoacyl-tRNA biosynthesis, galactose metabolism, and

mineral absorption.

frontiersin.org


https://doi.org/10.3389/fmars.2024.1506646
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

He et al.

Scores OPLS-DA Plot

O
Group
«TB
- FA
~10
-40 20, 0 20
T score[1] ( 25.3% )
TB vs FA
Scores OPLS-DA Plot
=50.
®
]
T
8
- Group
EL «TA
g -FA
2
£
S
-50
20 Tscorel1](20%) 2
TA vs FA

FIGURE 2

10.3389/fmars.2024.1506646

Scores OPLS-DA Plot

00

50

Orthogonal T score[1] (27.1% )

Group
«TB
M
-50.
-100
0 5 ] 35
T score[1] ( 34.8% )
TBvs M
Scores OPLS-DA Plot

=7

L

3

:_': 15

3

§ Group

o < TA

e Y

S

g

£

(¢}

-50

T score[1] (32.1% ) »

TA vs M
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explanation of the component for the dataset.

For these four comparisons (TA vs. FA, TA vs. M, TB vs. FA, TB
vs. M), there were 17 significantly different pathways (P < 0.05). In
the comparison of TA vs. FA, four pathways were significant:
vitamin B6 metabolism; sulfur metabolism; cysteine and
methionine metabolism; purine metabolism. For TA vs. M, 10
pathways are significant: D-amino acid metabolism; butanoate
metabolism; protein digestion and absorption; mineral
absorption; phenylalanine metabolism; aminoacyl-tRNA
biosynthesis; central carbon metabolism in cancer; nucleotide
metabolism alanine; aspartate and glutamate metabolism; beta-
alanine metabolism. For TB vs. FA, there were eight significant
pathways (P < 0.05): cysteine and methionine metabolism; D-
amino acid metabolism; glutathione metabolism; protein
digestion and absorption; antifolate resistance; purine metabolism;
aminoacyl-tRNA biosynthesis; ABC transporters. There are four
significant pathways in TB vs. M: protein digestion and absorption;
D-amino acid metabolism; ABC transporters; aminoacyl-tRNA
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biosynthesis (Table 1). In the comparisons of TA vs. FA, and TA
vs. M, the metabolic pathways of significant differences were
different, and in the comparisons of TB vs. FA, TB vs. M, the
aminoacyl-tRNA biosynthesis, protein digestion and absorption, D-
amino acid metabolism, and the ABC transporters pathways were
common to them, whereas antifolate resistance, glutathione
metabolism, cysteine and methionine metabolism, and purine
metabolism, which were significantly different pathways, were TB
vs. FA-specific.

3.4 Combined transcriptomic and
metabolomic analyses
3.4.1 Joint analysis of sample information

In the comparison between the metabolic group and the
transcriptome, there were four groups of comparisons (Table 2).
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Correlation analysis was performed on these four groups of
comparisons. The specific samples and grouping information are
as follows.

3.4.2 Differential genes and differential
metabolites KEGG enrichment bar chart

Combined metabolomics and transcriptomics analyses
(Figure 6) showed that the differential genes and metabolites in
the TA vs. M group, which were mainly enriched in the front-
ranking group, were enriched in pathways related to steroid
hormones and lipid metabolism, including lysosome, platelet
activation, regulation of lipolysis in adipocytes; cortisol synthesis
and secretion, ovarian steroidogenesis, cGMP-PKG signaling
pathway, and estrogen signaling pathway. The main enrichment
in TA vs. FA was amino acid metabolism, tyrosine metabolism,
glutathione metabolism, drug metabolism-cytochrome P450,
phenylalanine, tyrosine and tryptophan biosynthesis, folate
biosynthesis, glycerophospholipid metabolism, metabolic
pathways, PPAR signaling pathway, galactose metabolism,
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phenylalanine metabolism, and thyroid hormone synthesis. In TB
vs. FA, the main enrichments were mainly in amino acid
metabolism and lipid metabolism, including tyrosine metabolism;
phenylalanine, tyrosine, and tryptophan biosynthesis; FoxO
signaling pathway; AMPK signaling pathway; metabolic pathways;
sphingolipid signaling pathway; phospholipase D signaling
pathway; and D-amino acid metabolism. The major enrichments
in TB vs. M were mainly steroid hormones. The major enrichment
in TB vs. M was mainly steroid hormones and lipid substitutes,
including lysosome, thiamine metabolism, sphingolipid
metabolism, ether lipid metabolism, protein digestion and
absorption, thyroid hormone signaling pathway, D-amino acid
metabolism, hormone signaling pathway, cortisol synthesis and
secretion, sphingolipid signaling pathway, pyrimidine metabolism,
insulin resistance, and tyrosine metabolism. The pathways that
ranked first from the transcriptome and metabolome were mainly
steroid metabolism pathway, lipid metabolism, and amino acid
metabolism, suggesting that these related pathways may be related
to gonadal development.
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3.4.3 Combined transcript and metabolite
analysis of regulatory networks

Transcriptome and metabolome analyses were used to screen
KEGG pathways associated with sex from co-enriched pathways,
including ovarian steroidogenesis, estrogen signaling pathway, FoxO
signaling pathway, glycerolipid metabolism, and fatty acid metabolism
pathway. Based on the biological functions of these pathways, the
differentially expressed genes and metabolites of these pathways were
mapped onto the KEGG pathway map, suggesting that they may play
a regulatory role in gonadal development of the redclaw crayfish, and a
putative regulatory network was constructed (Figure 7).

4 Discussion

In this study, we analyzed the transcriptome and metabolome of
intersex redclaw crayfish and found that intersex individuals differed
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from normal individuals in relevant transcripts and metabolites,
including metabolites such as testosterone glucosinolate, cortisol,
pregnenolone sulfate, estrone glucosinolate, steroid hormone
synthesis pathway, estrogen signaling pathway, steroid hormone
synthesis, and lipid metabolism related to the development of the
gonads. At the same time, the expression of cypl8al, cyp49al, cyp19a,
hsd17b12b, and other genes in the transcriptome may lead to differences
in the gonads of intersex individuals and normal individuals.

Recent research has revealed that steroid hormones are not
limited to traditional endocrine glands but are also found in tissues
like the brain, liver, and adipose tissue. These hormones are
significant in sexual development and function in a paracrine or
autocrine manner (Beitel et al., 2014; Gennotte et al., 2017; Li et al.,
2015; Senthilkumaran, 2015; Tokarz et al., 2015). In sclerotia,
gonadotropin-I stimulation prompts the ovaries or spermathecae
to synthesize the steroidal precursor pregnenolone from cholesterol,
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Enrichment analysis of metabolic pathways for significant differences between gonads of intersex individuals and normal individuals of the redclaw
crayfish In the figure, (A-D) indicates the top 20 metabolic pathways enriched in TA vs. FA, TA vs. M, TB vs. M, and TB vs. M groups; each dot
represents a metabolic pathway, the vertical axis indicates the pathway, the horizontal axis indicates the rate of enrichment, and the size of the dots
indicates the amount of the number of different metabolites. The colors indicate the significance of enrichment, i.e., P-value, and the darker red
color indicates the significance of enrichment, whereas the color of the right hand side indicates the P-value.

resulting in the production of luteinizing hormone, 17-
hydroxyprogesterone, androstenedione, and testosterone in a
continuous sequence (Devlin and Nagahama, 2002). At the same
time, during vitellogenesis, aromatase converts some of the available
testosterone into estradiol-178 (E2). As the ovary gradually
matures, the pituitary gland turns to synthesize gonadotropin-II,
resulting in an increase in testosterone and estradiol-17f
(E2) synthesis, whereas progesterone secretion promotes ovarian
maturation (Kime and Scott, 1993; Pankhurst and Thomas, 1998).
Our study screened the differential expression of steroid
synthesis metabolites such as pregnenolone sulfate, estrone
glucuronide, and testosterone glucuronide, indicating that the
phenotypic differences between male and female individuals
and normal individuals are related, indicating that the steroid
hormone pathway may play a role in gonadal differentiation
and development.

Steroid hormones are regulated in synthesis and metabolism by
two classes of enzymes, cytochrome P45 (CYP) and hydroxysteroid
dehydrogenase (HSD) (Hilborn et al., 2017; Uno et al,, 2012). A
range of CYP enzymes have been shown to play an important role
in the synthesis of steroid hormones in adrenal, gonadal, and
peripheral tissues (Jefcoate et al., 1992; Waxman et al.,, 1991). In
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the combined analysis of metabolome and transcriptome, the key
signaling pathways—ovarian steroid and estrogen signaling
pathways—were located. Among them, genes such as cypl8al,
cyp40, and hsd17b12b showed significant differences. cypIl8al and
cyp49al were significantly different between the normal individual
ovary and the intersex individual control group, but there was no
significant difference between the normal individual male and the
intersex individual. This suggests that they may be involved in the
process of ovarian development. Related cyp family genes have been
shown to be involved in sex determination. For example, cyp19a is
responsible for aromatizing androgens to estrogens in Danio rerio
and Oreochromis niloticus (Li et al., 2019; Trant et al., 2001; van Nes
and Andersen, 2006; Yin et al.,, 2017; Zhang et al,, 2017). In the
gonads of clupeoid fishes, the expression of hsd17b12b was found to
be higher in the ovaries compared with the spermathecae and in
intersex individuals (Nyuji et al,, 2020). Similar results were
obtained in the present study, with higher expression of
hsd17b12b in the ovary than in hermaphroditic individuals and
spermatozoa, although a more in-depth study to validate the
experiment was not conducted, which provides preliminary
evidence that hsd17b12b expression affects the development of the
ovary in the redclaw crayfish.
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Association analysis of the KEGG pathway for differential genes and differential metabolites in normal and intersex individuals of the red crayfish.
Figures (A, B) represent KEGG pathway association analysis plots of differential genes and differential metabolites between TB and FA groups and
between TB and M groups, and Figures (C, D) represent KEGG pathway association analysis plots of differential genes and differential metabolites
between TA and FA groups and between TA and M groups. The horizontal coordinate is the ratio (Ratio) of the differential metabolites or differential
genes enriched in the pathway to the number of metabolites or genes annotated in the pathway, and the vertical coordinate is the KEGG pathway
co-enriched by metabolome-transcriptome. count: the number of metabolites or genes enriched in the pathway.

Cortisol is the main glucocorticoid in scleractinian fish and the
hormone most directly associated with stress (Geffroy and
Douhard, 2019; Solomon-Lane et al., 2013). Cortisol has been
recognized as a potential key mediator between environmental
factors and sex reversal, associated with sex determination (Nozu
and Nakamura, 2015; Solomon-Lane et al., 2013). Previous research
has suggested that 11-deoxycorticosterone in the ovary could act as
a regulatory hormone, stimulating oocyte maturation and ovulation
(Diaz and Piferrer, 2015). 21-Deoxycortisol is a steroid hormone
secreted by the adrenal gland. In this study, it was found that this
metabolite showed significant differences between TA vs. M and TB
vs. M groups. Its expression was the highest in the ovary of normal
individuals, followed by intersex individuals, and the expression of
males was almost minimal, indicating that its expression changes
were related to ovarian development. Similarly, cortisol plays an
important role in a variety of female fish, including Paralichthys
olivaceus, Paralichthys lethostigma, Odontesthes bonariensis, and
Oryzias latipes (Hayashi et al, 2010). The metabolism of 170
hydroxypregnenolone is different in TA vs. M and TB vs. M, and the
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expression of 170-hydroxypregnenolone in the ovary of normal
individuals is higher than that of intersex individuals. In addition,
cortisol can promote female sex change in Halichoeres trimaculatus
and Parapercis cylindrica cylindrica, and histological sex change can
be observed. This indicates that the stagnation of ovarian
development in intersex individuals is related to the metabolic
levels of these key metabolites (Frisch et al., 2007; Nozu and
Nakamura, 2015).

Amino acids are essential building blocks in all living
organisms, forming the basis of peptides and proteins. They play
crucial roles in various biological functions like growth,
reproduction, and immunity (Viant et al, 2003). This study
found that there were significant differences in metabolites
associated with specific amino acids (such as phenylalanine,
lysine, L-glutamic acid, L-proline, and L-D-phenylalanine).
Related studies have shown that the metabolism of amino acids
such as phenylalanine can significantly affect the growth and
survival of marine invertebrates and is also affected by gender
(Taboada et al.,, 2003). The present study showed that L-
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TABLE 1 Metabolic pathways of significant gonadal differentiators in
intersex and normal individuals of the red crayfish.

Group KEGG pathway P-value
TA vs FA Vitamin B6 metabolism 0.00
Sulfur metabolism 0.02
Cysteine and methionine metabolism = 0.03
Purine metabolism 0.05
TA vs M D-Amino acid metabolism 0.00
Butanoate metabolism 0.00
Protein digestion and absorption 0.02
Mineral absorption 0.02
Phenylalanine metabolism 0.02
Aminoacyl-tRNA biosynthesis 0.03
Central carbon metabolism in cancer 0.04
Nucleotide metabolism 0.04
Alanine, aspartate and 0.05
glutamate metabolism
Beta-alanine metabolism 0.05
TB vs. FA Cysteine and methionine metabolism  0.0015
D-Amino acid metabolism 0.0015
Glutathione metabolism 0.0053
Protein digestion and absorption 0.0164
Antifolate resistance 0.0176
Purine metabolism 0.0249
Aminoacyl-tRNA biosynthesis 0.0393
ABC transporters 0.0420
TB vs. M Protein digestion and absorption 0.0036
D-Amino acid metabolism 0.0048
ABC transporters 0.0176
Aminoacyl-tRNA biosynthesis 0.0363

phenylalanine and D-phenylalanine were significantly upregulated
in the TB vs. M group of metabolites and significantly
downregulated in the TB vs. FA group of metabolites. Similarly,
the metabolic trends of L-glutamate, L-proline, and L-D-
phenylalanine were the same as those of L-phenylalanine and D-
phenylalanine. The results were consistent with the downregulation
of amino acids of lysine differentially expressed proteins such as L-
proline, L-glutamine, and L-aspartic acid in the differential
metabolites of sea urchin gonads (Cai et al., 2023), indicating that
amino acid-related metabolites have an important effect on gonad
development. Lysine is a signaling molecule that regulates the
body’s endocrine, intermediate metabolism, and reproductive and
immune responses (Wu et al., 2014). Recently, many fish studies
have also emphasized the effect of lysine on the growth performance
of fish (Khan and Abidi, 2011; Lansard et al., 2011). In this study, L-
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lysine was significantly upregulated in TA vs. M and TB vs. M, but
there was no significant difference in TA vs. FA and TB vs. FA. The
above studies further indicate that metabolites in the amino acid
metabolic pathway play an important role in the male and female
differentiation of redclaw claw crayfish.

Lipid digestion and decomposition not only provide energy for
gonadal development but also participate in the process of
reproductive endocrine regulation (Arukwe, 2008; Jiang et al,
2009). In this study, metabolites related to unsaturated fatty acid
metabolic pathways were significantly enriched, namely, linoleic
acid, y-linolenic acid, oleic acid, eicosapentaenoic acid, y-linolenic
acid, and other metabolites. Fatty acids are the main components of
oocytes, and their release can be used as lipid energy reserves for
oocytes and early embryos (Sturmey et al., 2009). In mammals, oleic
acid has a positive effect on oocyte maturation and can overcome
the adverse effects of other major saturated fatty acids (McKeegan
and Sturmey, 2011). In the study of the ovarian metabolome of
Macrobrachium nipponense, oleic acid increased in the first to fifth
stages, whereas linoleic acid increased first and then decreased
(fourth and fifth decreased) (Zhang et al., 2020). In this study,
oleic acid and linoleic acid, as differential metabolites, were
expressed more highly in the ovaries of normal individuals than
in the intersex individuals and the testis of normal individuals,
indicating that fatty acids may promote the gonadal development of
redclaw crayfish and the stagnation of intersex individual
development is related to fatty acid metabolism. Studies have
shown that various fatty acids, such as eicosapentaenoic acid,
docosahexaenoic acid, arachidonic acid, and sterols, are closely
associated with gonadal development (Nhan et al., 2020; Soudant
et al.,, 1996; Xu et al., 2017). Lipid and eicosanoid lipid metabolites
have also been reported to be present at high concentrations in the
gonadal tissues of crustaceans (Coffa and Hill, 2000; Lubet et al.,
1986). In this study, the metabolites of y-linolenic acid and
eicosapentaenoic acid were significantly different in TA vs. M, but
not in TA vs. FA, and their expression levels in the ovaries of
normal individuals were higher than those of intersexual
individuals. In addition, during the reproduction of mussels
(Mytilus galloprovincialis), the total lipid content of the female
outer membrane is twice that of the male (Lubet et al., 1986). In
crabs, lipids can be transported from the hepatopancreas to the
gonads through transporters and key fatty acid transferases
(Ghazali et al., 2017; Li et al.,, 2011; Wen et al., 2001). The related
fatty acid metabolites screened in this study were consistent with the
changing trend in the existing research results, indicating that the
ovarian development of redclaw crayfish was closely related to fatty
acid metabolism.

In the transcriptome and metabolome co-enrichment pathway,
the insulin signaling pathway and TGF-f signaling pathway in
conjunction with the pathways such as FoxO signaling also play a
role in the combination (Koutsoulidou et al., 2011; Ogg et al., 1997).
Studies have shown that in the Scatophagus argus, the FoxO
signaling pathway may be involved in the regulation of ovarian
maturation (Wang et al,, 2021). Insulin regulates ovarian
maturation by interacting with the insulin receptor (IR). Insulin
plays various physiological regulatory roles by binding to the insulin
receptor (IR). Upon binding to a ligand, the insulin receptor
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TABLE 2 Information on the grouping of transcriptome and
metabolome samples of red crayfish intersex individuals and
normal individuals.

Meta sample  Meta group Tran sample Tran group

FAl FA F1 F
FA2 FA F2 F
FA3 FA F3 F
M1 M1 M
M2 M2 M
M3 M3 M
TB1 TB T1 T
TB2 TB T2 T
TB3 TB T3 T
TA1 TA TA1 TA
TA2 TA TA2 TA
TA3 TA TA3 TA

undergoes a conformational change and then activates a variety of
cellular substrates for signaling, including insulin receptor substrate
(insulin receptor substrate, IRS) (Dupont and Scaramuzzi, 2016). At
the same time, the IRS acts on the regulatory subunit of regulatory
subunit of PI3K, which activates the catalytic subunit of PI3K
(Wijesekara et al, 2005). In this study, we found that the irsl
gene of insulin receptor substrate 1 (Irsl) in the gonads of redclaw
crayfish increased in expression after stimulation with Igfl, similar
to the results of the mouse study, and the lack of the Irsl protein
may lead to impaired reproductive function (Wijesekara et al,
2005). In addition, the action of igfl also affects the expression
level of pik3ca gene in the gonads of redclaw crayfish, and the
differential expressions of ADP metabolites and irsI and pik3ca
genes are co-enriched in the FoxO signaling pathway. The TGF-8
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FIGURE 7

Enrichment maps of gonadal differential genes and metabolites in intersexual and normal individuals of the redclaw crayfish.

downward adjustments and red represents upward adjustments.
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signaling pathway controls a variety of cellular processes during
animal embryonic development, including cell recognition,
proliferation, differentiation, apoptosis, and developmental fate
(Shi and Massague, 2003; Ten Dijke et al., 2002). In
Macrobrachium rosenbergii and Pelodiscus sinensis, the insulin
signaling pathway and TGF-f signaling pathway are related to
ovarian development and maturation, and smad4, as a female-
specific gene and female-related gene, has been confirmed in
Pelodiscus sinensis (Jiang et al., 2019; Zhou et al., 2023). This is
consistent with the upregulated expression of smad4 in the pathway
in this study. At the same time, the enrichment of glucolipid
metabolism was obtained in KEGG analysis. In Penaeus
vannamei, the metabolic level of glucolipid metabolism affects its
growth (Wu et al,, 2022), indicating that these pathways may play a
regulatory role in the gonads of Cherax quadricarinatus.

5 Conclusion

In this study, metabolic pathways and metabolites that may be
related to sex differentiation and gonadal development of the
redclaw crayfish were screened out through the joint analysis of
metabolomic and transcriptomic results. This study supplements
the research gap of gonad metabolomics and joint analysis in
intersex redclaw crayfish and lays a theoretical foundation for the
study of sex development mechanism in intersex redclaw crayfish.
Due to the small number of samples and limited basic research, this
paper mainly analyzes and demonstrates the discrepancy of the
overall data, and the next step is to analyze, identify, and validate the
relevant metabolic pathways or specific genes in depth. Meanwhile,
the study of the relationship between sex differentiation and related
genes of redclaw crayfish can help to improve the efficiency of
breeding production and provide a strong theoretical basis for the
study of artificially induced sex reversal of redclaw crayfish and the
development of unisexual breeding technology.
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