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Portunus trituberculatus is one of the main mariculture crabs of high economic
value. To identify genes involved in sex determination, we first performed sex-specific
transcriptome sequencing at six larval development stages using a DNA/RNA co-
extraction method. A total of 907,952,938 and 828,774,880 reads were obtained from
female and male crabs, respectively. 2,379 differentially expressed genes (DEGs) were
found between females and males, and were mainly enriched in DNA replication, folate
biosynthesis, and retinol metabolism pathways. Furthermore, transcription patterns of
genes in the sex-determining region (SD) were analyzed based on the transcriptome
data, and one Dmrt gene (PtDMY) was found to be exclusively expressed in males
during early developmental stages. Notably, some known sex-related genes, including
IAG, Dmrt11E, DmrtB1, and DmrtC2 were significantly down-regulated after knocking
down PtDMY. Our results suggested that PIDMY is involved in sex determination and
may be one of the key upstream regulators of the sex determination pathway. In addition,
the massive volume of transcriptome data obtained in this study provided an important
basis for the systematic study of sex determination mechanisms in P trituberculatus.

Keywords: Portunus trituberculatus, transcriptome, sex-determining, Dmrt, PtDMY

INTRODUCTION

Crustaceans are the second largest class of arthropods (Alwi et al., 2015). There are multiple sex
determination systems in crustaceans that have been identified by karyotype analyses, including
XY/ZW systems (Cui et al., 2015; Fang et al., 2020). It is an important material to study the evolution
of sex staining and the mechanisms of sex determination (Torrecilla et al., 2017; Toyota et al.,
2021). In recent years, with the development of sequencing technologies, sex-related quantitative
trait locus (QTL) have been mapped and sex markers have been identified in many crustaceans of
economic significance, including Litopenaeus vannamei, Eriocheir sinensis, Scylla paramamosain,
and Exopalaemon carinicauda (Cui et al., 2015; Yu et al., 2015; Shi et al., 2018; Fang et al., 2020;
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Lvetal, 2020a). Multiple studies have contributed to the
identification of sex determination genes and have helped clarify
the mechanisms of sex determination in crustaceans.

Sex-determining genes, such as sex-determining region
of Y-chromosome (Sry) and double-sex and mab-3 related
transcription factor (Dmrt), have been identified in mammals,
fish, birds, and reptiles (Masaru et al, 2002; Prokop et al.,
2020; Han et al.,, 2021; Naoki and Makoto, 2021). Most sex-
determining genes are transcription factors located on the sex
chromosomes. For example, Dmrt in Oryzias latipes is located on
the Y chromosome (Feng et al., 2021), and Dmrt in Xenopus laevis
is located on the W chromosome (Yoshimoto et al., 2008).

Studies have shown that the androgenic gland (AG) is an
important organ for sex determination, and the Insulin-like
androgenic gland hormone (IAG) secreted by the AG is necessary
for male genesis (Sun and Li, 2021). Notably, the knockdown of
IAG can lead to sex reversal in Macrobrachium rosenbergii (Lezer
et al., 2015). Recently, a Y-linked Dmrt was also identified in
Sagmariasus verreauxi (Chandler et al., 2017), which shed new
light on the prevalence of Dmrt genes as master sex-determinants
in crustaceans. However, studies on sex determination genes in
crustaceans are relatively backward, and the regulatory networks
of sex determination are not clear, thus, limiting the identification
of the mechanisms of sex determination in crustaceans.

P. trituberculatus, known as the swimming crab, is the main
mariculture crab in China with important economic value and
an annual production of ~100,000 tons. The growth traits of
P. trituberculatus are significantly different between males and
females, and therefore, it is of great economic significance to
detail the mechanisms of sex determination and establish sex-
control technologies. We located the sex QTL and identified sex
markers in P. trituberculatus (Lv et al., 2018), and established
sex identification technologies based those markers (Zhang
et al, 2021). We also confirmed the XY sex determination
system in P. trituberculatus according to the differences in sex
markers between males and females. However, due to the lack of
genomic information, unambiguous sex-determining genes have
not been identified.

In this study, we first performed sex-specific transcriptome
sequencing of six larval development stages using a DNA/RNA
co-extraction method. Through comparative transcriptome
analyses, DEGs between males and females were identified and
enriched. In addition, we analyzed the transcription patterns
of genes in the SD during the early development stages and
identified a key candidate gene for sex determination. Our results
contribute to the interpretation of sex determination mechanisms
in P. trituberculatus.

MATERIALS AND METHODS

Experimental Materials

P. trituberculatus used in this study was cultured in Changyi
Haifeng Aquaculture Co., Ltd., Weifang City, Shandong
Province, China. There are 12 developmental stages from
embryonic development to adult crab (Figure 1), including
the fertilized egg (multicellular stage, Mc; blastula stage, B;

gastrulation stage, G; egg-nauplius stage, En; Egg-zoea stage, Ez),
zoea (zoea 1, Z1; zoea 2, Z2; zoea 3, Z3; zoea 4, Z4), megalopa
(M), and juvenile crab (juvenile crab 1, J1; juvenile crab 2, J2).
Samples at each stage were separately picked and placed into
RNase-free centrifuge tubes (more than nine individuals per tube
and three biological replicates for each period) and immediately
placed into liquid nitrogen. Samples were then used to prepare
cDNA for qRT-PCR. An additional sample was collected during
Z2-]J2 (more than 30 individuals per stage), and was immediately
soaked in absolute ethanol and placed in liquid nitrogen. Samples
were then used for DNA/RNA co-extraction of each individual.

DNA/RNA Co-extraction and Sex

Identification

Individual DNA and RNA were extracted simultaneously using
the SteadyPure Universal RNA Extraction kit (Accurate Biology,
Hunan). The DNA has been tested by agarose gel electrophoresis
to determine the fragment size. And the OD of DNA was
measured by uv spectrophotometer, the OD260/0OD280 was
about 1.8. DNA was used for sex identification using previously
established sex identification methods (Zhang et al, 2021).
RNA integrity was assessed using the RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies,
CA, United States).

Library Construction and Transcriptome
Sequencing

After sex identification, the RNA of three or four individuals of
the same sex were mixed into one sample, and three parallel
biological samples were prepared for males and females at each
developmental stage. To select cDNA fragments that were 370-
420 bp in length, the library fragments were purified using the
AMPure XP system (Beckman Coulter, Beverly, United States).
Clustering of the index-coded samples was performed on a cBot
Cluster Generation System using the TruSeq PE Cluster Kit, v3-
cBot-HS (Illumina), according to the manufacturer’s instructions.
Following cluster generation, the libraries were sequenced on
an Illumina Novaseq platform with 150 bp paired-end read
datasets generated.

Quality Control

Clean data were obtained by removing low quality reads, and
reads containing adapters and ploy-N sequences. The Q20, Q30,
and GC contents of the clean data were calculated. The index
of the reference genome was built using Hisat2 v2.0.5, and
paired-end clean reads were aligned to the reference genome
using Hisat2 v2.0.5.

Quantification of Gene Transcription

The mapped reads of each sample were assembled using StringTie
(v1.3.3b) (Pertea et al., 2016) in a reference-based approach.
FeatureCounts v1.5.0-p3 was used to count the number of reads
mapped to each gene. The fragments per kilobase of transcript
sequence per million base pairs sequenced (FPKM) of each gene
was then calculated based on the length of the gene and read
counts mapped to the gene. The FPKM considers the effect
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FIGURE 1 | Life cycle of P, trituberculatus. Fertilized egg (Multicellular stage, Mc; Blastula stage, B; Gastrulation stage, G; Egg-nauplius stage, En; Egg-zoea stage,
Ez), Zoea (Zoea 1, Z1; Zoea 2, Z2; Zoea 3, Z3; Zoea 4, Z4), Megalopa (M), and Juvenile crab (Juvenile crab 1, J1; Juvenile crab 2, J2). The periods marked with a “*”

Zoea
(Z1-74) *

TABLE 1 | Transcriptome sequencing information.

Sample Clean reads Clean bases Q20 Q30 GC content (%) Mapping ratio (%)
Z2F 42,328,194 6.35G 91.86 86.60 45.23 68.25
Z2M 44,638,673 6.70G 91.55 86.10 44.68 67.95
Z3F 44,641,363 6.70G 97.47 93.15 45.02 89.02
Z3M 45,070,905 6.76G 97.29 92.71 45.07 88.83
Z4F 43,623,357 6.54G 97.33 92.68 43.78 86.10
Z4M 43,147,598 6.47G 97.29 92.75 45.19 85.51
MF 36,959,767 5.54G 97.183 92.38 43.86 87.14
MM 37,283,173 5.59G 97.46 93.19 43.64 86.15
J1F 46,226,500 6.93G 97.17 92.45 42.68 87.76
J1M 44,484,038 6.68G 97.25 92.62 42.25 87.75
J2F 88,871,798 13.33G 97.21 92.33 38.01 87.78
JoM 61,633,906 9.25G 97.25 92.45 38.95 88.42

of the sequencing depth and gene length for the read counts
at the same time.

Differential Transcription Analysis

Differential gene transcription analyses of males and females were
performed using the DESeq2 R package (1.20.0) (Love et al.,
2014). DESeq2 provides statistical routines to determine the
differential transcription of digital gene transcription data using

a model based on a negative binomial distribution. Genes with
an adjusted p-value < 0.05 and a | log2FoldChange| > 1.0 were
considered differentially expressed.

Quantitative Real-Time PCR

Primers were designed using Primer 5.0 software (Li et al., 2020).
The volume of the qRT-PCR was 10 pl, containing 5 uL of
2 x SYBR Master Mix (RR420A, Takara Bio, Japan), 0.2 pL
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FIGURE 2 | Differential gene transcription analyses in the early stages of growth.

J1FvsJIM J2Fvs)2M

25

20

15

-Logl10(Pvalue)
)

FIGURE 3 | GO enrichment analyses of significantly differentially expressed genes.

21.30

4794.404.304.14 4.14

&, qf \\”@“f&. \f&” I
f fé\ 6‘;@4}0 é&i&‘éﬁ*‘f&f
f@ {gf-f;&if:;ﬁ e}é}&’

Frontiers in Marine Science | www.frontiersin.org

January 2022 | Volume 8 | Article 811052



https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Zhang et al.

Discovery of Sex-Determining Genes in Crabs

Other glycan degradation R 0.72
Toll and Imd signaling pathway Jessssssd 0.73
Purine metabolism EO.B
Amino sugar and nucleotide sugar metaboli: 0.82
Ph E : 0.87
Proteasome 0.98
Pentose and glucuronate interconversions s 1.06
Starch and sucrose metaboli: d 1.11
Base excision repair d 117
Drug metabolism - other enzymes 119
Tyrosine metabolis d 1.30
Ly d 131
Insect hormone biosynthesis 1.37
Folate biosynthesi: d 1.44
Thiamine metabol, d 1.45
Ascorbate and aldarate metabolism d 154
Sphingolipid metaboli 4 1.64
Neuroactive ligand-receptor interaction d 237
Retinol metabolism i 2.72
DNA replication 4.70
0 1 2 3 4 5
-Logl0(Pvalue)
FIGURE 4 | KEGG enrichment analyses of significantly differentially expressed genes.
3.00
0.00 0.20 048 0.27 0.00 . 0.00 0.37 0.46 041 013 0.05 evm.TU.Contig153.19 500
1.00
0.00
135.94 8.68 057 1.14 94.83 582 157.73 3.30 261 19.97 ‘ 4.06 evm.TU.Contig153.26 1.00
-2.00
3.00
. 6.73 0.1 0.00 480 012 . 326 0.46 091 8.90 0.04 evm.TU.Contig153.27
074 0.00 0.00 0.00 0.09 0.00 . 260 083 1.99 128 200 evm.TU.Contig153.28
0.40 0.00 0.00 0.00 0.00 0.00 ‘ 1.23 1.80 288 167 191 eym_TUvC()nt|g153v40
L] 0.00 0.00 0.00 0.00 0.00 0.00 092 1.02 085 077 0.60 1.10 evm.TU.Contig475.13
— 1152 8.19 . 438 3.63 7.10 ‘:ﬂ:@ 752 17 418 453 10.62 evm.TU.Contig153.7
— 0.89 296 045 0.60 1.80 134 165 281 1.18 054 1.09 ‘ evm.TU.Contig475.4
N T A
FIGURE 5 | Heat map of DEGs in Contig153 and Contig475.

of each primer and ROX Reference Dye II, 1 pL of cDNA
template, and 3.4 pl of RNase free dH,O. qRT-PCR was carried
out in a FAST-7500 system (ABI-7500, Thermo Fisher Scientific,
Singapore) with the following parameters: 95°C for 30 s; 40 cycles
of 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s. The relative
quantification of QRT-PCR data was calculated using the 272 4
Ct method (Livak and Schmittgen, 2001).

RNA Interference

Z1 stage is the first period when eggs hatch into larvae,
and the expression of PtDMY was relatively high in the

Z1 stage. Therefore, Z1 stage samples were used for RNAI.
The PtDMY gene sequence was sent to Shanghai Sangon
Biology Co., Ltd. for primer design and preparation of
RNAi reagents (G3-Sense, GCGCAUCCAUACUAACAAATT;
G3-Antisense, ~ UUUGUUAGUAUGGAUGCGCTT;  NC-
Sense, UUCUCCGAACGUGUCACGUTT; NC-Antisense,
ACGUGACACGUUCGGAGAATT). RNAi was performed
by feeding Rotifers soaked in RNAi reagent to crabs. The
concentration of RNAi reagent for soaking was 3.3 pg/mL,
and feeding was initiated after soaking for 2-3 h. The Rotifers
were fed 3 times per day. Crabs at Z1 stage were sampled after
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FIGURE 6 | gRT-PCR of PtDMY at different developmental stages. Fertilized egg (Multicellular stage, Mc; Blastula stage, B; Gastrulation stage, G; Egg-nauplius
stage, En; Egg-zoea stage, Ez), Zoea (Zoea 1, Z1; Zoea 2, Z2; Zoea 3, Z3; Zoea 4, Z4), Megalopa (M), and Juvenile crab (Juvenile crab 1, J1; Juvenile crab 2, J2).
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feeding for 48 h. RNA extraction and reverse transcription were
performed on the collected samples, and the effect of RNAi was
detected using qRT-PCR.

RESULTS

Transcriptome Sequencing

Male and female samples from six developmental stages were
sequenced on an Illumina platform and 86.84 Gb of clean bases
were produced. In total, 907,952,938 and 828,774,880 reads were
obtained from females and males, respectively. The mean values
of Q20 and Q30 were 96.355 and 91.6175, respectively. The
average percentage of genome mapping was 84.21% (Table 1).
The raw data were deposited in the Short Read Archive of the
National Center for Biotechnology Information (NCBI) with
accession number PRJNA631920.

Differentially Expressed Genes Analysis

Through comparative analyses, a total of 2,379 significant
DEGs were found between females and males (p-value < 0.05
and | log2FoldChange| > 1.0). The number of DEGs were
highest in the Z4 and ]2 periods, accounting for 20.22 and
33.12%, respectively (Figure 2). Gene Ontology (GO) enrichment
analyses showed that chitin metabolic and glucosamine-
containing compounds metabolic, among others, were the most
significantly enriched (Figure 3). Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses revealed that 20
pathways were enriched. The pathways for DNA replication,

14
1.2
a

1.0
o 038
x b

06

0.4

0.2 c

0.0

K48h NC48h G348h

FIGURE 7 | gRT-PCR of PtDMY following 48 h of RNAI. K48, Blank control
without any treatment; NC48, Inject a meaningless chain; G3, Inject
interference to knock down the PtDMY. Means with different letters are
significantly different (P < 0.05).

retinol metabolism, and neuroactive ligand-receptor interactions
were the most significantly enriched (Figure 4).

Transcription Patterns of Genes in the
Sex-Determining Region

In our previous study, we located the SD region on two
contigs in P. trituberculatus (Lv et al, 2020b). Based on
the genomic annotations, 41 genes were found in the SD
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(Supplementary Table 2), among which, eight genes were
significantly differentially expressed between females and males.
Further analyses showed that the transcription of three genes in
males was significantly higher than that in females at all stages
of development (Figure 5). In particular, Contig 475.13 was
expressed almost exclusively in males, and belonged to the Dmrt
family (named PtDMY).

Expression Analysis of PtDMY

To further clarify the expression pattern of PtDMY in early
development, qRT-PCR was performed using samples from
12 developmental periods from fertilized egg to juvenile crab,
including Z1-J2 which were sex-specific. The results showed that
PtDMY was almost undetectable in early embryonic development
(Mc-G) and was up-regulated from the En phase to a peak at
the Ez-Z1, before being down-regulated. It is worth noting that
the expression of PtDMY in Z1-J2 was only detected in males,
with almost no expression in females. Thus, those results were
consistent with the transcriptome results (Figure 6).

RNAi for PtDMY

In this study, we successfully knocked down the expression
of PtDMY in zoea larva after 48 h of RNAi (Figure 7).

Furthermore, we analyzed the expression of known sex-related
genes after PtDMY knockdown, including IAG, Dmrt, and
SPATA. The results showed that most genes were significantly
down-regulated, among which, JAG decreased by 78.48% and
Dmrt decreased by an average of 66.49% (Figure 8).

DISCUSSION

Sex determination and differentiation are among the most
interesting topics in biology, however, such processes
remain unclear for most crustaceans (Wang et al, 2021).
P. trituberculatus is one of the main mariculture crabs worldwide,
with high economic value and differences in values between
males and females. Thus, the identification of sex determination
mechanisms in P. trituberculatus will facilitate sex control
technologies for monosex breeding during production.

Sex determination in crustaceans generally occurs during
early developmental stages (Aflalo et al., 2006). Therefore, sex-
specific transcriptome sequencing at early developmental stage
will provide the necessary information for the identification of
genes related to sex determination. In fact, the sex determining
genes in the silkworm moth, Bombyx mori, have been successfully
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identified using this approach (Takashi et al., 2014). Beside,
DEGs between female and male L. vannamei at the Z1 stage
have also been obtained using transcriptome sequencing (Wang
et al., 2021). However, there have been no reports on sex-specific
transcriptome sequencing at that early developmental stage in
crabs, and thus, research on genetic sex markers is currently
lacking. For the first time, this study sequenced and analyzed
the sex-specific transcriptomes of crabs at early developmental
stages. Compared to previous work in shrimp (Wang et al., 2021),
our study included six developmental stages and obtained more
sequencing data (272 G), which allowed us to identify sex-related
genes more robustly.

A total of 2,379 DEGs were identified between female and
male transcriptomes from Z2 to J2, and suggested that many
genes may be involved in sex determination or differentiation.
GO enrichment results showed that genes involved in chitin
metabolic processes (GO:0006030), glucosamine-containing
compound metabolic processes (GO:1901071), and amino sugar
metabolic processes (GO:0006040) were the most significantly
enriched in biological process (BP), which were related to
molting, development, and growth (Kimura et al., 2008; Rocha
etal., 2012). Crustacean growth requires molting, and the growth
rate of male and female crabs differs between young crabs to
adult crabs (Zhang et al., 2021). DEGs were enriched in processes
related to molting and development, which indicated that the
differentiation of growth and development of male and female
crabs may have begun in the early stage of larval development.

The Dmrt, which is characterized by one or more highly
conserved DNA-binding (DM) domains, was involved in sex

determination (Meng et al., 1999). In Medaka (XX/XY sex-
determination system), the Y-linked DMY gene was characterized
as sex-determining genes, leading to male sexual development
(Masaru et al.,, 2002). In X. laevis (ZZ/ZW sex-determination
system), one W-linked DM-W gene was identified as a likely
sex-determining gene (Yoshimoto et al., 2008). In Chicken
and Flatfish (ZZ/ZW sex-determination system), Dmrt was
located on the Z chromosome, and the level of expression
may induce male development (Nanda et al., 2000; Chen et al,,
2014). Recently, an invertebrate sex-linked Dmrt was found
in Sagmariasus verreauxi (Chandler et al, 2017), suggesting
that it also plays an important role in sex determination in
crustaceans. In this work, one Dmrt gene in the SD showed
obvious male-specific transcription, which was consistent with
the characteristics of closely linked with males (Lv et al., 2020b).
We named that gene PtDMY and hypothesized that it played a
key role in sex determination.

To verify the function of PtDMY, we successfully knocked
down its expression during larval development using RNAi
technology. We found multiple known sex-related genes were
significantly down-regulated after PtDMY knockdown, including
IAG and Dmrt (Figure 8). Previous studies showed that JAG
secreted by the AG is necessary for male genesis (Sun and Li,
2021), and is regulated by Dmrt in P. trituberculatus (Wang
et al., 2020). It should be noted that three Dmrt genes were
significantly down regulated after PtDMY knockdown, which
strongly suggested that PtDMY may be a key upstream factor in
the sex determination pathway. Furthermore, we systematically
analyzed the expression pattern of PtDMY from the multicellular
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stage of crab to the juvenile stage. The results showed that its
expression peaked in the Ez to Z1 stages (Figure 6), indicating
that this period may be key for sex determination.

Interestingly, no genes were continuously highly expressed
during female development. There are several possibilities for this
observation: (1) The low expression leads to the female related
genes have not been found; (2) the effect of genes related to
female genesis is short, and there is no need for long-term high
expression; or (3) there are no genes in P. trituberculatus that
determine female sex. Combining the results of this and previous
studies (Takashi et al., 2014; Wang et al., 2020), a model for
sex determination and differentiation in P. trituberculatus was
preliminarily outlined (Figure 9). The species belongs to the
male heterogametic XY system (Lv et al., 2019), where PtDMY
is the key gene for sex determination, and is expressed almost
exclusively in males during larval development (Z1-]2). Dmrt
and JAG are important sex differentiation-related genes, and
are regulated by PtDMY. Notably, multiple aspects of the sex
determination mechanism in P. trituberculatus remain unknown,
and our research is just begin. In follow-up studies, further
research is required to more fully detail the sex-determination
pathway in crab.

CONCLUSION

In this work, sex-specific transcriptome sequencing at six larval
development stages was performed and 2,379 DEGs were found
between females and males. one Dmrt gene located in SD
was exclusively expressed in males during early developmental
stages, which was considered to be a key upstream regulators
of the sex determination pathway. Our results here provided an
important basis for clarifying the sex determination mechanisms
of P. trituberculatus.
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