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Abstract

Charybdis japonica predominantly inhabits the intertidal zones and has high desiccation tolerance. We present the first
chromosome-level C. japonica genome, which contains 51 chromosomes, and the revised genome is 1431.02 Mb in length
and has a contig N50 size of 29.67 Mb. Among the contigs, 91.42% were anchored to 51 chromosomes. Additionally, 824.02
Mb repeat elements, 30,900 coding genes, 474 miRNAs, 15,570 tRNAs, 309 rRNAs, and 157 miRNAs were identified in the
C. japonica genome. The whole-genome resequencing data can contribute to the identification of sex-related single-nucleotide
polymorphisms and insertion—deletion mutations. The 0-10,120,000 bp of chromosome 37 is the sex-determining region of C.
japonica. Comparative genome analysis identified 1,138 C. japonica-specific gene families. Phylogenetic analysis showed that
C. japonica has a close relationship with Portunus trituberculatus, which also belonged to family Portunidae, and differentiated
42.1-135.5 million years ago. Demographic history analysis suggested that the maximum effective population size of C. japonica
was maintained until 0.5x 105 years ago. Relative evolution rate showed that C. japonica evolved slower than Daphnia magna,
Penaeus vannamei, and P. trituberculatus. Compared with other species, metabolism rate, oxygen supply, oxidative stress,
and various transporter-related genes were expanded or underwent positive selection in C. japonica, which might contribute
to C. japonica’s ability to overcome diverse stresses in drought environment. Decoding the present genome provides valuable
information for revealing the desiccation-adaptive and sex-determining mechanisms of C. japonica and also enriches the genetic

information to explore the evolutionary history and environmental adaptation strategies of other Portunidae crabs.

1. Introduction

The Portunidae family, which comprises approximately 300 identified species, has successfully settled in a
variety of habitats from ocean trenches to hydrothermal vents, intertidal mud flats, and terrenes (Cui et al.,
2021). Portunidae crabs have high ecological and economic value. Although genomic information is believed
to reveal the regulatory mechanism of the biological characteristics of Portunidae members, only a handful
of Portunidae genomes have been published, such as those ofScylla paramamosain (Zhao et al., 2021) and
Portunus trituberculatus (Tang et al., 2020). Hence, completing the genome database of Portunidae crabs is
urgently needed.

Charybdis japonica (H. Milne Edwards, 1861; Figure 1) belongs to genus Charybdis of family Portunidae
(Decapoda, Crustacea). This species is a eurythermic and euryhaline marine crab (Yu et al., 2005) and
predominantly inhabits the intertidal zones of China, Japan, the Korean Peninsula, and Southeast Asia
countries. C. japonica is a delicious aquatic food with high amino acid and unsaturated fatty acid contents;
thus, it has high economic and medicinal values (Yu et al., 2004). This fishery resource was further developed
after the 1990s and gradually became an important fishery resource in China’s coastal areas (Zheng, 2015).



Meanwhile, artificial C. japonica farming is active in China. The economic traits of C. japonica is gender
specific during the farming process. Specifically, male C. japonica has a faster growth rate, but females show
a higher economic value (Kolpakov and Kolpakov, 2011). Additionally, C. japonicahas a higher desiccation
tolerance than other crabs (Yu et al., 2004; Yu et al., 2005; Zheng et al., 2013), which seems to help improve
survival rates for intertidal living and during farming and transportation processes.

Dry transportation is one of the important segments of artificial crustacean culture, which is beneficial
to improve crustacean welfare and reduce economic loss. However, dry transportation can still more easily
break the balance between crustacean and water environment and lead to the decrease of crustacean physique,
vitality, and survival rate (Lorenzon et al., 2008; Paital, 2013). The tissues of crustaceans under desiccation
are always subjected to water deficit stress and hypoxia stress (Ridgway et al., 2006; Paital, 2013). The gills
are the first tissue to suffer from desiccation because it is the main respiratory organ of many crustaceans.
The gill prefers to use oxygen in water rather than that in air. The absence of water media leads to the
aggregation of gill lamellae, which reduces the gas exchange area of the gill and ultimately leads to gill
dysfunction syndrome (Greenaway et al., 1996; Taylor and Wheatley, 1989; Levin, 2003). Insufficient oxygen
supply will further hinder oxidative metabolism, reduce ATP production, cause imbalance in cell homeostasis,
and even cause body death (Li et al., 2010). Therefore, desiccation tolerance is an important factor that
influences the biological processes and survival of many marine crustaceans, whether living in the natural
intertidal zone or in the dry transport process of artificial farming.

Many aquatic organisms have evolved and obtained some adaptive strategies to establish higher tolerance
to desiccation. For example, some organisms in drought conditions can increase oxygen supply by beating
their hearts faster (Morris et al., 1999). Reducing oxygen consumption rate is also an effective strategy
to deal with the hypoxia stress caused by desiccation (Urbina et al., 2013). Aquatic organisms exposed to
desiccation can increase the synthesis of respiratory proteins (such hemoglobin and hemocyanin) to enhance
the oxygen-carrying rate of proteins and oxygen transport (Pascual, 2003; Urbina et al., 2013). Crustaceans
living in intertidal zones may be exposed to air and suffer from drought stress for several hours during low
tide. These crustaceans have evolved the hard chitin shell to keep their gills moist for long periods of time
to adapt to the periodic dryness of the intertidal zone. Meanwhile, adjustments in metabolic mechanisms
are also valuable for crustaceans living in the intertidal zone (Taylor and Greenaway, 1984; Lu et al., 2016).
However, the molecular mechanism of desiccation tolerance in crustaceans has not yet been satisfactorily
elucidated.

Considering the stronger desiccation tolerance of C. japonica (Yu et al., 2004; Yu et al., 2005; Zheng et al.,
2013), this species can be used as a model crustacean to understand the regulation mechanism of desiccation
tolerance. Whole-genome genetic information can provide a microperspective for revealing the desiccation-
adaptive plasticity of C. japonica , that is, its flexibility in terms of the capability to cope with water deficit
stress and hypoxia stress. Meanwhile, the sex differentiation of C. japonica may be similar to that of many
crustaceans and controlled by androgenic or estrogen gland; thus, it is susceptible to the influence of the
external environment (Cui et al., 2021). Therefore, decoding the whole-genome genetic information can also
enhance our understanding of the molecular mechanisms of the sex differentiation of C. japonica . In fact,
the publication of the whole-genome information of C. japonica will help enrich the genetic resources of
family Portunidae and provide many insights into their evolutionary history and environmental adaptation
strategies. Therefore, the whole-genome sequencing of C. japonica is necessary to carry out.

Here, we characterized a high-quality chromosome-anchored reference genome of C. japonica for the first time
by combining short Illumina reads, long PacBio reads, and Hi-C reads. We tried to correlate the reported
genomic data with the biology, evolutionary history, and desiccation tolerance mechanisms of this species.
Additionally, the genome regions associated with underlying sex determination in C. japonica were predicted
based on whole-genome resequencing data. In-depth study of this extensive data will provide groundbreaking
mechanical insights into the genetic mechanisms associated with sex differentiation and desiccation tolerance
in C. japonica and other crustaceans.

2. Materials and methods



2.1 Sampling, DNA extraction, and RNA extraction

Wild adult female C. japonica (approximately 210 g) individuals were collected in December 2019 from
Zhoushan. The animal study and procedure were approved by the Animal Ethics Committee of Yantai
University. Fresh gill, muscle, heart, and intestinal tissues were collected using sterilized dissection scissor
and scalpel and then snap-frozen in liquid nitrogen. High-quality genomic DNA was extracted from the
muscle tissues of C. japonica using the Blood & Cell Culture DNA Mini Kit (QIAGEN, GER), and high-
quality RNA was extracted from C. japonica tissues using the TRIzol Reagent Kit (Invitrogen, USA). The
integrity, purity, and concentration of the genomic DNA were assessed using 1% agarose gel electrophoresis,
NanoDrop 2000 analyzer (Thermo Fisher Scientific, USA), and Qubit 3.0 analyzer (Thermo Fisher Scientific,
USA). RNA integrity and concentration were measured using the Agilent Bioanalyzer 2100 System (Agilent
Technologies, USA) and NanoDrop 2000 analyzer (Thermo Fisher Scientific, USA).

2.2 Library construction and sequencing

Three libraries, including Illumina library, SMRTbell library, and Hi-C library, were combined to construct
the high-quality C. japonicagenome information. A high-quality short-insert (300-350 bp) paired-end (PE)
Iumina library was constructed in accordance with the Illumina standard protocol (Illumina, USA), and
the Illumina library was then sequenced on the Illumina NovaSeq-6000 platform. A high-quality SMRTbell
library with a fragment size of 20 Kb was prepared using the SMRTBell Template Preparation Kit 1.0
(PacBio, USA) according to the manufacturer’s protocol to obtain long genomics reads for promoting genome
assembly. The constructed SMRTBell library was added to one SMRT cell and then transferred to the PacBio
Sequel IT sequencing platform for long-read genomic sequencing. A high-quality Hi-C library was constructed
to obtain a chromosome-scale genome assembly, and the Hi-C library was sequenced using the Illumina
NovaSeq-6000 platform. Additionally, a high-quality 150 bp PE RNA-sequencing (RNA-seq) library was
constructed according to the Illumina standard protocol (Illumina, USA) and then sequenced on an Illumina
NovaSeq-6000 platform.

Twenty C. japonica individuals (11 females and 9 males) were used for whole-genome resequencing. High-
quality short-insert (300-350 bp) PE Illumina libraries were constructed in accordance with the Illumina
standard protocol (Illumina, USA) and then sequenced on the Illumina NovaSeq-6000 platform.

2.3 Data filtering

All raw Illumina reads were filtered by removing reads that included adapter sequences, duplicated sequences,
unknown nucleotides greater than 10%, and low-quality bases (quality scores [?| 5) greater than 50%. Hi-C
reads that contain adapter sequences or less than 50 bp in length were removed, and only PE Hi-C reads
were retained. Bases with a quality score of less than 20 at both ends of the reads were eliminated. All
RNA-seq reads were filtered by removing reads with sequencing adaptors, unknown nucleotides (N ratio >
10%), and low quality (quality scores [?] 5).

2.4 K-mer analyses of clean Illumina reads

The remaining clean Illumina reads can be used to estimate the genomic characteristics of C. japonica before
its genome was assembled. In the present study, K-mer-based analysis was used to estimate the size, hetero-
zygosity rate, and repeat sequence of the C. japonica genome (Liu et al., 2013). The 17-mer was selected for
K-mer analysis to ensure that enough K-mers (4!7) were produced to cover the entire C. japonica genome.

2.5 C. japonica genome assembly and evaluation

The Wtdbg2 software (Ruan and Li, 2020) was applied to assemble theC. japonica genome with PacBio
long sequencing reads, and the parameters as follows: best depth from input reads, 50.0; Kmer psize, 21;
readCutoff, 1k. Although the PacBio long sequencing reads are reliable, they still need to reach a certain
sequencing depth to ensure accuracy. First, long PacBio reads were applied to polish the consensus sequence
output from the Wtdbg2 software. More specifically, the pbmm?2 (Chaisson and Tesler, 2012) and minimap2
software (Li, 2018) were used to align the long PacBio reads to the consensus sequences, and the alignment



results were then corrected using the Arrow and Racon methods (Walker et al., 2014). Furthermore, clean
Illumina reads were compared with the abovementioned long PacBio read-based polished genome sequences
using the BWA software (version 0.7.10-r789; Li and Durbin, 2009) and then corrected using the Plion
software (Walker et al., 2014). Finally, the de-redundancy of the corrected C. japonica genome was performed
according to the depth distribution and sequence similarity of the reads. The filtered Hi-C reads were mapped
to the polished C. japonica genome to detect the positional and directional errors in contigs during 3D DNA
assembly (Dudchenko et al., 2017). The Juicerbox software (Durand et al., 2016) was used to modify the order
and directions of some contigs and to help in the determination of chromosome boundaries. Genomic overlap
was identified based on sequence homology and long-distance interaction patterns, and the chromosome-level
C. japonica genome was obtained.

Three methods were performed to evaluate the assembly effect of the C. japonica genome. First, the genome
sequence was interrupted with a step length of 1000 bp, and the interrupted sequences were compared with
the nucleotide sequence (NT) database by the Basic Local Alignment Search Tool (BLAST) software to
evaluate the accuracy of the genome sequences. Second, the BWA (version 0.7.10-r789; Li and Durbin, 2009)
and minimap?2 software (Li, 2018) were used to compare the short Illumina reads and long PacBio reads with
the genome sequence, respectively. The consistency of sequencing reads and genome sequence was evaluated
according to comparison rate. Additionally, the completeness of conserved C. japonica genes was evaluated
using the Benchmarking Universal Single-copy Orthologs (BUSCO, version 2.0; Simao et al., 2015) and based
on the orthologous gene database of arthropods. Meanwhile, RNA-seq reads were compared with the genome
using the hisat2 software (Vaser et al., 2017) to assess genomic integrity.

2.6 C. japonica genome repeat element, coding gene and NcRINA annotation

C. japonica genome annotation was carried out from three perspectives, including repeat recognition, non-
coding RNA (ncRNA) and gene structure prediction, and functional annotation.

As an important part of the genome, repeat elements, including tandem repeat and interpersed repeat (also
known as transposon element [TE]). In the present study, the Tandem Repeat Finder software (Benson, 1999)
was applied to find the tandem repeats in the C. japonica genome sequences. Meanwhile, the RepeatMasker
and RepeatProteinMask software (http://www.repeatmasker.org) were executed to annotate the interpersed
repeats of the C. japonica genome sequence based on the Repbase database (Jurka et al., 2005). Furthermore,
the RepeatMasker software (Bedell et al., 2000) was used to compare the genome sequence to the repeat
element database obtained by the abovementioned methods to obtain a set of repeat elements. The ultimate
C. japonica genome repeat elements were obtained by removing the redundant repeat elements in the three
methods.

Coding gene annotation includes structural prediction and functional annotation. First, three prediction
strategies, including homologs, ab initio, and RNA-seq reads, were applied to predict the coding genes. In
the present study, Eriocheir sinensis , Penaeus monodon ,Penaeus vanamei , and P. trituberculatus were
selected as they are closely related to C. japonica, and the protein sequences of these species were downloaded
for the structural prediction of C. japonica coding genes. Ab initio coding gene prediction was performed
using Augustus (version 2.7) (Stanke et al., 2006) and the GenScan software (Burge and Karlin, 1997)
with default settings. The filtered RNA-seq reads were mapped to the C. japonica genome sequences for
transcript assembly using the TopHat software, and the Cufflinks software (Ghosh and Chan) was then
used to predict the coding genes. The MAKER2 software (Carson and Mark, 2011) was used to remove
the redundancy of coding genes predicted by the abovementioned methods, and the HICESAP process
was used to obtain more complete and accurate coding gene datasets. Predicted coding genes were then
functionally annotated using InterPro (Zdobnov and Apweiler, 2001), Gene Ontology (GO) (Ashburner et
al., 2000), Kyoto Encyclopedia of Genes and Genomes (KEGG) ALL (Kanehisa and Goto, 2000), KEGG
Orthology (KEGG_KO) (Kanehisa and Goto, 2000), Swiss-Prot (Bairoch and Apweiler, 2000), Translation
of European Molecular Biology Laboratory nucleotide sequence (TTEMBL) (Boeckmann et al., 2003), TF,
Pfam (Griffiths-Jones et al., 2005), NR, and Eukaryotic Orthologous Groups (KOG) (Tatusov et al., 2003)
databases to determine the biological function and metabolic pathways involved in the coding gene products.



NcRNAs, such as ribosomal RNA (rRNA), microRNA (miRNA), transfer RNA (tRNA), and small nuclear
RNA (snRNA), are RNAs that do not translate proteins but have important biological functions. MiRNA
functions in gene silencing and can degrade its target gene or inhibit the translation of the target gene into
protein. TRNA and rRNA are directly involved in protein synthesis. SnRNA is involved in the processing
of RNA precursors and is the main component of RNA spliceosomes. The tRNAscan-SE software (version
1.3.1) (Lowe and Eddy, 1997) can be used to search for tRNA sequences in the C. japonica genome according
to the structural characteristics of tRNA. Considering the high conservation of rRNA, the BLASTN software
(Altschul et al., 1990) can be used to search for rRNA in theC. japonica genome based on the rRNA sequences
of closely related species. Additionally, miRNA and snRNA were predicted using the INFERNAL software
(version 1.1) (Nawrocki, 2014).

2.7 Whole-genome resequencing analyses

The BWA software (version 0.7.10-r789) (Li and Durbin, 2009) was used to compare high-quality whole-
genome resequencing reads with the assembled C. japonica genomes, and reads with low mapping efficiency
were further removed. The parameters were as follows: mem -M —t —K 10000000. Filtered reads in “sam”
format was sorted using the Picard software (https://github.com/broadinstitute/picard) to remove polyme-
rase chain reaction (PCR) duplication. Single-nucleotide polymorphism (SNP) and short insertion/deletion
(InDel) were called using a Bayesian approach as implemented in the SAMtools software (Li et al., 2009). Fi-
nally, population differentiation index (F g1) and genotype frequency were used to locate the sex-determining
regions of C. japonica .

2.8 Comparative genomic analyses and testing for genomic selection

We performed an extensive orthologous gene comparison of C. japonica with eight other model spe-
cies with genome datasets, includingChionoecetes opilio (GCA _016584305.1), Hyalella azteca(GCA -
000764305.3), Penaeus vannamei (GCA 003789085.1), P. trituberculatus (GCA 017591435.1), Drosophi-
la melanogaster (GCA _003401745.1), Amphibalanus amphitrite (GCA _019059575.1), and Daphnia ma-
gna(GCA_003990815.1). We downloaded the protein sequences from the National Center for Biotechnology
Information database. Subsequently, we extracted the orthologous groups using the ORTHOMCL software
(version 2.0.9) (Chen et al., 2006) and filtered the BLASTP results with default parameters. The single-
copy orthologous genes shared by all nine species were further aligned using the MUSCLE software (version
3.8.31) (Edgar, 2004), and conserved sequences were extracted from each concatenated nucleotide sequence
using the Gblocks software with parameter -t=c. We performed 1000 nonparametric bootstrap replicates for
the optimal GTRGAMMA substitution model of all concatenated nucleotide sequences, and then a phylo-
genetic tree of the nine species was constructed using the RaxML software (version 8) (Stamatakis, 2014).
The divergence times of the nine species was estimated using the r8s software, and fossil evidence was used
to calibrate the divergence time. Furthermore, the CAFE software (version 3.1) (De Bie et al., 2006) was
applied to analyze the expansion and contraction of the gene family, and P < 0.05 was used to indicate
remarkably changed gene families. Gene enrichment analysis was performed for the extended and contracted
gene families based on GO and KEGG databases, respectively.

2.9 Demographic history of C. japonica

The demographic history of C. japonica was estimated using pairwise sequentially markovian coalescent
(PSMC) method (Li and Durbin, 2011) based on a mutation rate of 2e-9 and generation year of 2.

2.10 Relative evolution rate

Two methods, namely, Tajima’s relative rate test model in the MEGA7 software (Kumar et al., 2016) and
tpcv model in the LINTRE software (Takezaki et al., 1995), were applied to evaluate the relative evolution
rate between C. japonica and other species. Meanwhile, D. melanogaster was used as an outgroup in both
analyses.

2.11 Desiccation-adaptive mechanisms of C. japonica



Two desiccation-tolerant species (including C. japonica andA. amphitrite ) were selected as foreground
species, and then the CAFE software (version 3.1) (De Bie et al., 2006) was applied to analyze the expansion
and contraction of the gene family to explore the desiccation adaptive mechanisms of C. japonica . Multiple
tree files were constructed for the nine species using all single-copy orthologous genes The codeml program
in the PAML software (version 4.9) (Yang, 2007) was applied to estimate the non-synonymous,/synonymous
ratio (w ) to determine the positively selected genes (PSGs) of C. japonica and A. amphitrite . Finally,
gene enrichment analysis was performed for the expanded gene families and PSGs based on GO and KEGG
databases, respectively.

3. Results
3.1 Evaluation of C. japonica genomic characteristics

A total of 164.57 Gb of Illumina data, which correspond to 1,101,954,864 Illumina reads, were generated
from the Illumina NovaSeq-6000 platform. The Q20, Q30, and GC content of the Illumina reads were 96.70%,
91.57%, and 42.29%, respectively. After 17-mer was set, 123,219,056,032 K-mers with a depth of 84 were
obtained. TheC. japonica genome size assessed by K-mer analysis was 1,398 Mb. After the negative effect
caused by incorrect K-mer was eliminated, the revisedC. japonica genome size was 1,384 Mb. Meanwhile,
the heterozygous ratio and repeat of Illumina reads were 1.09% and 61.24%, respectively.

3.2 Genome assembly and completeness of the assembled genome

The PacBio Sequel II platform generated 219.37 Gb (156.92-fold coverage) long sequencing reads, which
correspond to 18,433,125 subreads. Of all the subreads, 16,799,937 subreads were larger than 2 Kb in length.
The maximum length, mean length, N50, N90, and GC content of the long PacBio reads were 264,033 bp,
11,900 bp, 17,148 bp, 6,872 bp, and 43.60%, respectively. The long reads were assembled into 27,518 contigs,
which correspond to 1,507,921,137 bp. Among all the contigs, 27,517 contigs were larger than 2 Kb in length.
The maximum length, N50, N90, and GC content of the assembled contigs were 1,759,181 bp, 107,376 bp,
23,463 bp, and 40.90%, respectively. After the contigs were polished with short Illumina reads and long
PacBio reads, 27,223 corrected contigs (1,529,349,659 bp) were obtained, and 27,220 contigs were larger
than 2 Kb in length. The maximum length, N50, N90, and GC content of the assembled corrected contigs
were 1,758,737 bp, 109,775 bp, 24,031 bp, and 41.20%, respectively. The genome was subsequently processed
to remove redundancies and produced a 1429.38 Mb genome with a contig N50, N90, and GC content of
118,954 bp, 30,162 bp, and 41.30%, respectively. Approximately 240.85 Gb clean Hi-C data were generated,
and 91.42% of the contigs were anchored to 51 chromosomes to assemble the genome into chromosome level.
The final chromosome-level C. japonica genome after Hi-C data-assisted assembly was 1431.02 Mb with a
contig N50 size of 29.67 Mb (Figure.2).

The short Illumina reads and long PacBio reads were further compared with the assembledC. japonica
genome sequences to assess the consistency of sequences. A comparison of the results showed that 94.11%
and 87.67% of short Illumina reads and long PacBio reads were successfully mapped to the assembled
genome, respectively (Table.1). Based on Arthropoda gene set, 86.40% complete BUSCOs were found in the
C. japonica genome, including 82.27% of the complete and single-copy BUSCOs and 4.13% complete and
duplicated BUSCOs (Table.2).

3.3 Repeat element annotation, gene prediction, and gene annotation

Four methods were applied to annotate the repeat elements of C. japonica genome and 824.02 Mb repeat
elements were identified, which account for 57.65% of the assembly genome. The top 3 repeat elements
included DNA transposable element (DNA, 318.62 Mb; 22.29% of the genome), long interspersed nuclear
elements (236.31 Mb, 16.53% of the genome), and long terminal repeats (179.30 Mb, 12.54% of the genome,
Table.3).

3.4 Gene structure prediction and function annotation

A total of 30,900 coding genes were eventually predicted using the three strategies. The average gene length,



average coding gene length, average exon per gene, average exon length, and average intron length were
11,027, 1,386, 5.12, 341.12, and 2,255 bp, respectively (Table 4). We also functionally annotated all coding
genes based on 10 publicly available protein databases. The results showed that 21,979, 16,540, 21,220, 11,310,
15,903, 23,894, 1,458, 20,810, 23,010, and 16,956 coding genes were successfully mapped to the InterPro, GO,
KEGG_ALL, KEGG_KO, Swissprot, TrEMBL, TF, Pfam, NR, and KOG databases, respectively. Among
all the coding genes, 25,325 were annotated in at least one database, and 5,575 were unannotated.

In the present study, 474 miRNAs, 15,570 tRNAs, 309 rRNAs, and 157 snRNAs were identified from theC. ja-
ponica genome. The total lengths of the miRNAs, tRNAs, rRNAs, and snRNAs were 57,561 bp (0.004027% of
genome), 1,135,923 bp (0.079470% of genome), 49,795 bp (0.003484% of genome), and 28,110 bp (0.001967%
of genome), respectively (Table 5).

3.5 Sex-determining region identification of C. japonica

The whole-genome resequencing of 20 C. japonica individuals from different genders provided a genome-wide
scan of SNPs and InDels. Results showed 9 SNP variants (Number: 1,811,614; Table 6) and 12 InDel variants
(Number: 1,671,995; Table 7). The allele in chromosome 37 ofC. japonica had the highest F' graggregation,
which means that chromosome 37 is the sex-determining chromosome of C. japonica (Figure 3). Furthermore,
we calculated the genotype frequencies using bulk segregant analysis (BSA), and the distribution pattern
of Euclidean distance (ED) showed that a difference between 0 and 10,120,000 bp in the chromosome 37 of
female and maleC. japonica (Figure 4).

3.6 Phylogenetic relationship and evolutionary history of C. japonica

We compared the C. japonica genome with seven other model species, includingA. amphitrite , which is
also a desiccation-tolerant species to analyze the desiccation-adaptive evolution of C. japonica . Of all the
genes (30,900) of C. japonica , 23,684 genes were assigned to 12,396 gene families (Figure.5). Compared
with the seven other species, 1,138 gene families were unique to C. japonica (Table 8, Figure 6). Using
ORTHOMCL software, we identified a set of 968 single-copy orthologous genes shared by eight species (Figure
6). Phylogenetic analysis based on single-copy orthologous genes clustered C. japonica and P. trituberculatus
into one branch, and the differentiation time between C. japonica and P. trituberculatus was 42.1-135.5
Mya (Figure 7). Compared with seven other species, we identified 2,417 expanded and 2,709 contracted gene
families in C. japonica (Figure 7). The expanded gene families of C. japonica were significantly enriched in
1,375 GO terms and 85 KEGG pathways (corrected P < 0.05).

We applied the PSMC method to estimate the demographic history of C. japonica . The historical demogra-
phic pattern (Figure 8) shows that C. japonica maintained a relatively stable population size, followed by
an obvious expansion, and reached their maximum effective population size about 0.5x10° years ago.

3.7 Relative evolution rate of C. japonica

Relative evolution rate can explore the historical status and molecular evolution rate of species. The present
study analyzed the relative evolution rates of C. japonica and other species. The results showed that C.
japonica evolved faster than A. amphitrite \H. azteca , and C. opilio but evolved slower than D. magna , P.
vannamei , and P. trituberculatus (Figure 9, Table 9, and Table 10).

3.8 Desiccation-adaptive evolution of C. japonica

Changes in gene copy number affect the desiccation-adaptive evolution ofC. japonica. The present study
examined the expansion and contraction of gene families and PSGs in C. japonica and A. amphitrite genomes
to uncover the underlying desiccation-adaptive mechanisms. Compared with other species, the expanded
gene families or PSGs were predominantly involved in metabolism rate (i.e., glycogen phosphorylase gene),
oxygen supply (i.e., inositol 1,4,5-trisphosphate receptor [IP3 | gene, ribose-phosphate pyrophosphokinase
A [PRPS1 | gene, serine/threonine-protein phosphatase [STK | gene, glutathione reductase [GSR | gene),
oxidative stress (i.e., heat shock protein [HSP | gene, zinc finger [ZNF' | gene), and various transporters



(annotation information of expanded gene families and PSGs, which might contribute to C. japonica ’s
ability to overcome diverse stresses in drought environment.

4. Discussion

Despite their ecological and economic importance, few crab genomes have been reported. C. japonica is
of major interest, because it is the most important near-shore economic crab. Moreover, C. japonicahas
long tolerance to desiccation. In the present study, we assembled the first chromosome-level C. japonica
genome with a genome size of 1431.02 Mb and a contig N50 of 29.67 Mb, which is larger than the genome
size of P. trituberculatus (1.00 Gb) (Tang et al., 2020) of family Portunidae but smaller than that of S.
paramamosain(1.55 Gb) (Zhao et al., 2021). The genome size after short Illumina read correction and long
PacBio read correction was also confirmed by survey sequence results (1,398 Mb). Notably, the number (n =
51) of chromosomes assembled based on Hi-C reads differs from the karyotype analysis result (n = 57) (Yan et
al., 2009). Some C. japonica chromosomes have extremely small morphology and are rich in repeat elements,
and most chromosomes in the mitosis metaphase are spot-shaped and difficult to distinguish; therefore,
identifying all C. japonica chromosomes through Hi-C interaction is very difficult (Lou et al., 2004). In fact,
we did find some unmanageable repeat sequences through Hi-C interaction. A large number of sequencing
reads (short Illumina reads and long PacBio reads) can be successfully mapped to the assembled genome
sequence, which means that these reads have high consistency. Meanwhile, 86.40% complete BUSCOs were
found in the C. japonica genome; thus, the genome that we assembled is more complete. A total of 824.02
Mb of repeat elements were identified and account for 57.65% of the C. japonica genome. We speculate
that the high proportion of repeat elements is one of the critical reasons for the large genome size of C.
japonica . In fact, previous association analysis between the number of whole-genome repetitive sequences
and genome size in 44 plants and 68 vertebrates confirmed that the proportion of repetitive sequences
is positively correlated with genome size (Gao et al., 2018). Additionally, we obtained accurate genome-
annotated information through many methods. In conclusion, we presented a basic resource for exploring C.
japonica biological processes at the genomic level.

4.1 Whole-genome resequencing reads predicted a potentially sex-determining region

Based on the whole-genome resequencing, we predicted a sex-determining region (approximately 10 Mb) in
chromosome 37 of C. japonica . Interestingly, we found some genes in this region that seem to be involved
in sex differentiation in C. japonica , namely, theF-box gene and WD repeat domain (WDR ) gene. A
previous study considered that the F-box protein encoded by recombinant FBXW gene (containingF-box
gene and WDR gene) is specific for substrate recognition in ubiquitin-mediated proteolysis (Risseeuw et
al., 2003). It can bind S-phase kinase-associated protein 1 (SKP1) and Cullin to form an evolutionary
conserved Skp—Cullin—-F-box (SCF) ubiquitin ligase complex (Figure 10) (Zhang et al., 2002; Welcker and
Clurman, 2008; Roberts et al., 2020), which can selectively bind to degraded proteins and participate in the
ubiquitin—proteasome pathway (UPP) (Li et al., 2010). The UPP system in plants causes functional loss of
male germ cells by regulating the conversion of functional proteins (Kipreos and Pagano, 2000). The sex-
determining mechanism of crustaceans living in the open environment is still in the early stage of evolution,
and the intensity of genetic factors in determining the gender of crustaceans is lower than that of the external
environment (Lou et al., 2004; Wu et al., 2002). Therefore, we have every reason to infer that the UPP system
regulated by recombinant FBXW gene may potentially limit the testis development of male C. japonica ,
reduce sperm production, and even promote vitellus formation. However, this mechanism is still speculative
and needs further verification.

4.2 More accurate evolutionary history of C. japonica

The presented genomic resource can help us better understand the evolutionary history of C. japonica . The
differentiation of conserved single-copy orthologous genes always leads to species differentiation; thus, we
believe that the evolutionary history of C. japonica can be more accurately deetermined using widespread
single-copy orthologous genes (Liang et al., 2013; Fitch, 1970). In the present study, 968 single-copy or-
thologous genes were obtained and then applied to construct the phylogenetic relationship of C. japonica .



Expectedly, the constructed phylogenetic structure is considerably congruent with the prevailing morpholo-
gical and molecular biological views that crabs (P. trituberculatus and C. japonica ) from family Portunidae
eventually cluster into one branch. Moreover, the evolutionary sequence of C. japonica was identified based
on differentiation times, and these results provided evidence to prove the existence of “carcinization” (Keiler
et al., 2017; Cui et al., 2021). In fact, 1,138 unique gene families were found in the genome, and these gene
families can contribute to C. japonica -specific adaptation (Wissler et al., 2013). Additionally, the relatively
evolution rates of different species may also mean differences in environmental stability (Tang et al., 2020).

4.3 Desiccation-adaptive mechanisms of C. japonica

Comparative genomics can provide insights into the unique adaptive plasticity of marine species (Han et al.,
2021; Xu et al., 2021). In the present study, we hypothesized the adaptive mechanisms of desiccation tolerance
based on comparative genomics. Previous studies suggested that crustaceans may continuously undergo the
double stress of dehydration and hypoxia in a drought environment. Specifically, desiccation disrupts the
internal osmotic pressure and metabolic capacity of crustaceans (Haupt et al., 2006; Carlson and Rowe,
2009). Moreover, desiccation can reduce the oxygen-binding ability of hemoglobin and result in hypoxic
stress in crustaceans (Omori et al., 1998; Allen et al., 2012). The prolonged disruption of the respiratory
mechanism may further impair the immune function of crustaceans and eventually lead to death (Madenjian
et al., 1987). Additionally, the activity of the antioxidant enzyme system directly determines the desiccation
tolerance of crustaceans (Jiang et al., 2014). Based on the annotation information, the desiccation-adaptive
mechanisms of C. japonica was supported by the marked expansion of gene families or the positive selection
of genes related to metabolism rate, oxygen supply, oxidative stress, and various transporters.

4.3.1 Glycometabolism provides carbon skeleton and energy forC. japonica in drought envi-
ronment

Carbohydrates can provide carbon skeleton and energy for the growth and metabolism of organisms and
enhance stress resistance. Glycometabolism is also the center of biological metabolism, which connects the
metabolism of proteins, lipids, nucleic acids, and secondary substances (Sun et al., 2015). Based on the com-
parative genome, abundant glycometabolism-related genes were expanded or positively selected inC. japonica
and further contributed to the desiccation tolerance of C. japonica . The reasons for the improvement in the
desiccation tolerance of C. japonica by carbohydrate may be as follows: (i) carbohydrates can accumulate
and regulate osmotic pressure and enhance the water retention of cells (Savitch et al., 2000; Wilson et al.,
2001); (ii) carbohydrates can protect biological substances, such as biofilms and biological macromolecules,
to maintain cytoskeletal integrity in drought environments (Hincha et al., 2002; Saadeldin et al., 2020); (iii)
carbohydrates can produce energy for resistance to desiccation (Savitch et al., 2000); and (iv) carbohydrates
can also be used as a signal molecule involved in some desiccation resistance regulation mechanisms (Paul
et al., 2008).

4.3.2 High oxygen transport ability improves the hypoxia tolerance of C. japonica

Although hemocyanin has a low affinity for oxygen, it is still an essential oxidizing medium for crustacean
tissues in the absence of oxygen (Figure 11) (Charlotte, 1980; Fujieda et al., 2010). Desiccation can inhibit
oxygen supply and induce respiratory acidosis in crustaceans (Defur, 1988). Respiratory acidosis further
reduces the ability of oxygen and hemoglobin to bind, which exacerbates oxygen deficiency and tissue hypoxia
(Allen et al., 2012). However, desiccation-tolerant crustaceans can regulate ion (including Ca?* and Mg?")
concentration to improve the oxygen-binding ability of hemocyanin and promote oxygen transfer between
tissues (Charlotte, 1980). The expansion or positive selection of the IP3and PRPS! genes means that C.
japonica can maintain Ca?" and Mg?" homeostasis to ensure the oxygen-binding ability of hemocyanin
to resist hypoxia in drought environments. Hypoxia-inducible factors (HIFs) also play an important role
in hypoxia response by binding with hypoxia response elements near the downstream gene promoter for
transcriptional activation (Hirota, 2002; Martens et al., 2007). The STK gene in C. japonicacan enhance
HIF phosphorylation and increase the molecular weight of HIFs (Richard et al., 1999). In addition, the GSR
gene, which prevents the oxidative decomposition of hemocyanin, was also positively selected or expanded.



Glutathione reductase encoded by the GSRgene can effectively maintain reduced glutathione in cells, which
plays an important role in preventing the oxidative decomposition of hemocyanin (Kanzok et al., 2001). In
conclusion, the maintenance of hemocyanin level and oxygen-carrying capacity will help C. japonica cope
with hypoxia in drought environment.

4.3.3 C. japonica seem to have a greater capacity for oxidative stress

We detected the remarkable expansion or positive selection of HSPgenes (including HSP70 and HSP90 ),
which probably encode prototypical chaperonin to prevent the accumulation of unfolding proteins and/or
assist in the refolding or degradation of denatured proteins (Haslbeck et al., 2005; Beck et al., 2009). The
ZNF gene family was also enriched in the C. japonica genome. Zinc finger proteins are the most abundant
protein in eukaryotes and have a wide range of structures and functions (Laity et al., 2011). Interestingly,
the positive selection or expansion of RING-type zinc finger proteins occurred in C. japonica . As a zinc
finger protein widely found in plants and animals, RING-type zinc finger protein confers a strong drought
tolerance in Arabidopsis thaliana (Moon et al., 2010), because RING-type zinc finger protein can regulate
the ubiquitin—proteasome system to degrade misfolded proteins and thus improve the defense of an organism
against external environmental stress (Ryota et al., 2002).

In conclusion, C. japonica ’s metabolism, oxygen supply, and antioxidative stress abilities may help this
species to survive longer in drought environments. Due to the high desiccation-tolerance capability of C.
japonica , this information will be valuable in the transportation and farming strategies.

5. Conclusion

A chromosomal-level genome of C. japonica has been published for the first time by integrating the short
Illumina reads, long PacBio reads, and Hi-C reads. This is a highly assembled and reliable genome and
it enriches the crustacean genome database. Meanwhile, we successfully annotated the repeat elements,
coding genes, miRNAs, tRNA, rRNAs, and snRNAs in the C. japonica genome. These information will be
necessary for future research into C. japonica biology. Additionally, the whole-genome resequencing data
of C. japonicawith different gender provided a genome-wide scan of SNPs and InDels, which were used to
predict the sex-determining chromosome of C. japonica . C. japonica is a crustacean with strong desiccation
tolerance. This study used comparative genome analysis to study the evolutionary history of C. japonica , as
well as a series of genes that may contribute to desiccation adaption in C. japonica . The present results were
beneficial in elucidating the evolution process inC. japonica and other marine organisms under desiccation
stress.
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Figure legend
Figure.1. Charybdis japonica .

Figure.2. Genome-wide Hi-C heatmap of C. japonica . From outer circle to inner circle: chromosome (a),
gene distribution (b), GC content of the genome (c), short Illumina read sequencing depth (d), long PacBio
read depth (e), DNA transposable element (f), and ;ong terminal repeat (g).

Figure 3. Manhattan plot of F' gr.

Figure 4. ED? distribution.

Figure 5. Venn diagram of shared and unique gene families in four (A) or five (B) species.
Figure 6. Number of homologous genes among the genomes of related species.

Figure 7. Phylogenetic analysis based on 968 single-copy orthologous genes.

Figure 8. Demographic history of C. japonica .

Figure 9. Relative evolution rate analysis of different species.

Figure 10. Overall structure (left) and schematic (right) of an SCF ubiquitin ligase. Note: Ub: Ubiquitin;
UBA: Ubiquitin activating enzyme; UBC: Ubiquitin conjugating enzyme; RBX1: E3 ubiquitin-protein ligase.
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Schematic of hemocyanin binding to oxygen (Markl, 2013).
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