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Whole-genome survey information revealed
the genome characteristics, mitochondrial
genome diversity and evolutionary patterns
of Stomatopoda species
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Abstract

Background Stomatopoda possess extremely unique biological characteristics and evolutionary process; however,
their phylogenetic relationships remain controversial. To avoid gene tree conflicts caused by a small number of
genetic markers in previous phylogenetic studies of Stomatopoda, this study provides the first whole-genome survey
sequencing data for three Stomatopoda species (Odontodactylus japonicus, Odontodactylus scyllarus, and Lysiosquillina
maculata).

Results Genome size assessment indicates that the genomes of the three species are extraordinarily large (O.
Jjaponicus: 8,942 Mb; O. scyllarus: 11,068 Mb; L. maculata: 12,743 Mb), and characterized by high heterozygosity (1.25%-
1.51%) and extensive repeats (83.26%-86.22%). We further assembled and annotated the mitochondrial genomes of
three Stomatopoda species, and results showed that the total length of the O. japonicus mitochondrial genome was
16,237 bp and contained 37 genes, while O. scyllarus and L. maculata have an ATP8 deletion and their lengths were
16,110 bp and 16,204 bp, respectively. In addition, mitochondrial coding sequences exhibited strong A/T bias and
species-specific codon preferences, and structural modeling of tRNAs confirmed conserved cloverleaf conformations
with lineage-specific deviations. Furthermore, we have found that the phylogenetic relationships within Stomatopoda
remain inconsistent when inferred from different genetic markers. The further phylogenetic tree that incorporates
multiple genetic markers (including mitochondrial genome, coding DNA sequences and amino acids) suggests that
L. maculata occupies a more basal position. Additionally, the divergence time between Stomatopoda and other three
orders (Decapoda, Amphipoda, and Isopoda) was approximately 385.00 Mya.

Conclusions Overall, our whole-genome survey sequencing and integrative phylogenomic analyses provide new
insights into resolving the controversies on the phylogenetic relationships within Stomatopoda. These results can
improve our understanding of the evolutionary process of Stomatopoda genome and provide valuable resources for
future phylogenetic studies of Stomatopoda.
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Background

The Stomatopoda (Crustacea: Malacostraca: Hoplocar-
ida) are a highly diverse group found in habitats ranging
across the shallow sandy seabed and coral reef areas to
the deep-sea continental slopes [1]. Since Brooks (1886)
first recorded eight species of the Stomatopoda in the
“Challenger” global expedition report, new Stomatop-
oda species have been continuously discovered [2]. At
present, more than 450 Stomatopoda species have been
recognized, classified into 7 superfamilies (Erythrosquil-
loidea, Bathysquilloidea, Parasquilloidea, Eurysquilloi-
dea, Gonodactyloidea, Lysiosquilloidea, and Squilloidea)
and 17 families [3]. As the sole animal group of the sub-
class Hoplocarida, Stomatopoda exhibit a distinctive
body segmentation pattern, specialized raptorial append-
ages, and other biological characteristics that differ
markedly from those of other Malacostracan groups [4].
Therefore, the appearance of the Stomatopoda represents
an important milestone in the phyletic evolutionary pro-
cesses of the crustacean and consequently has attracted
the attention of evolutionary scientists.

Although the taxonomy of Stomatopoda has been
repeatedly revised, controversies remain over the delimi-
tation of their taxonomic status and the identification of
the most basal superfamilies [1]. Previous studies based
on the telson have revealed that the Bathysquilloidea pos-
sesses transitional telson characteristics that lie between
ancient and the extant Stomatopoda may represent the
most primitive Stomatopoda [5]. In contrast, Ahyong
(1997) suggested that the Squilloidea is more primitive
than the Bathysquilloidea, and hypothesized that the
Stomatopoda with hammer-shaped raptorial appendage
originated from the decapods with spear-shaped rap-
torial appendage [6]. However, the cladistic classifica-
tion method provided evidence against Ahyongs’ (1997)
hypothesis, with results indicating the Gonodactyloi-
dea is located at the bottom of the phylogenetic tree of
the Stomatopoda [7, 8]. Gonodactyloidea has also been
hypothesized to have ancestral forms with compound
eyes [9]. The involvement of molecular markers (such as
mitochondrial genes and nuclear genes, etc.) has shifted
the systematic taxonomy of Stomatopoda from a macro-
scopic perspective to a microscopic perspective, but has
also generated disputes regarding species classification
and phylogenetic relationships. Specifically, the Paras-
quilloidea is more primitive than the Gonodactyloidea,
and the Stomatopoda contains numerous cryptic species
[9-12]. However, it is worth noting that sample collec-
tion constraints and the use of different genetic mark-
ers lead to conflicts in the inferred phylogenetic trees. In
summary, there is still no consensus on the phylogenetic

position and relationships within the Stomatopoda, indi-
cating that more relevant evidence is urgently needed.
Currently, the emergence and widespread application
of high-throughput sequencing technology has provided
opportunities for the acquisition of the complete genetic
information [13, 14], which is conducive to screening
core conserved genes or other high-quality genetic mark-
ers, ultimately resolving phylogenetic disputes with high
resolution. Although many whole-genome resources for
crustaceans have been constructed at present [15-17],
the presence of a large number of tandemly repeated
sequences makes the crustacean genomes extremely
complex and ultimately poses a significant challenge
to the genome assembly [15]. In fact, the Stomatopoda
genome appears to be more complex, containing more
repetitive sequences than many crustaceans, resulting
in higher sequencing costs; thus only the Oratosquilla
oratoria whole-genome has previously been successfully
assembled [18]. In the context of extremely scarce refer-
ence genome information, conducting an examination of
the whole-genome survey can predict the genome char-
acteristic and obtain relatively abundant genetic infor-
mation [19], providing an opportunity to resolve the
controversial genetic relationships among Stomatopoda.
The manuscript performed the first genome survey
sequencing of three Stomatopoda species (including O.
scyllarus, O. japonicus, and L. maculate) collected from
the coastal waters of Fujian, China. These species were
selected because they represent two phylogenetically dis-
tinct superfamilies (Gonodactyloidea and Lysiosquilloi-
dea), exhibit pronounced differences in morphology and
ecological niches and encompass contrasting functional
types of raptorial appendages—hammer-shaped for
smashing versus spear-shaped for piercing. We analyzed
the genomic characteristics of the three Stomatopoda
species and re-constructed a more comprehensive and
higher-resolution phylogenetic relationship. The results
of this study can provide new evidence to address the
controversial phylogenetic relationships of the Stomatop-
oda, and enrich the future research on the Stomatopoda.

Materials and methods

Sampling, library construction, and sequencing
Odontodactylus scyllarus, Odontodactylus japonicus, and
Lysiosquillina maculate were collected from the coastal
waters of Fujian, China (24°48'N, 119°55'E) on November
1, 2024. There were five O. scyllarus, five O. japonicus,
and five L. maculata, all of which were transported to the
Fisheries Resources and Ecological Environment Labo-
ratory of Yantai University. The Animal Ethics Commit-
tee of Yantai University approved the subsequent animal
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experiment procedures. After conducting a preliminary
morphological identification of all the animals, we then
amplified the COXI gene (forward primer: 5'-GGTCAA
CAAATCATAAAGATATTGG-3’; reverse primer: 5°-T
AAACTTCAGGGTGACCAAAAAATCA-3") to ensure
the accuracy of experimental animals’ identification. Fur-
thermore, one male individual was selected from each
Stomatopoda species for cryogenic anesthesia. Subse-
quently, the fresh muscle was dissected, snap-frozen in
liquid nitrogen, and then transferred to —80 °C for subse-
quent DNA extraction.

High-quality genomic DNA was extracted from muscle
tissue using the Phenol/Chloroform extraction method
[20]. The DNA concentration was determined using
NanoDrop ND-1000 (Thermo Fisher Scientific Inc, USA)
spectrophotometer, and the DNA integrity was con-
firmed by 1% agarose gel electrophoresis. The qualified
DNA was ultrasonically fragmented into 300-350 bp
fragments using a Covaris $220 ultrasonicator (Cova-
ris, Woburn, MA, USA). These fragments underwent
end repair, poly-A addition, sequencing linker connec-
tion, purification, and PCR amplification to construct the
DNA libraries, using the NEBNext Ultra II DNA Library
Prep Kit (New England Biolabs, Ipswich, MA, USA).
Finally, all the cDNA libraries were subjected to genome
survey paired-end (2x 150 bp) sequencing on the Illu-
mina NovaSeq 6000 platform (Illumina, San Diego, CA,
USA).

Data quality controlling

All raw sequencing data generated by the Illumina
NovaSeq 6000 platform were stored in the Short Read
Archive (SRA) database of NCBI under BioProject
PRJNA1205873. Low-quality data can interfere with
downstream data analyses, therefore the fastp software
(version 0.23.2, [21]) was applied to perform low-quality
data filtering and deduplication on the raw data to gener-
ate clean data for subsequent analyses. Our pre-process-
ing methodology included: (1) removal of short reads and
low-quality reads containing numerous of ambiguous
bases; (2) correction of the low-quality bases located at
the 5' and 3' ends of each read using the sliding window
algorithm [22]; (3) removal of the adapter sequences;
(4) correction of the bases in the overlapping regions of
the paired-end reads based on the base quality scores;
(5) trimmed the sequenator-specific poly (G) or poly
(X) located at the 3' end; and (6) eliminating the repeti-
tive sequences caused by PCR amplification. Meanwhile,
the percentages of bases with quality values higher than
20 (Q20) and 30 (Q30), as well as the percentage of GC
content, were calculated using FastQC software (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) to
assess the quality of the sequencing data.
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K-mer analysis

We set the value of K-mer to 17, and used the GCE (ver-
sion 1.0.0; [23]) software to evaluate the number and
depth of K-mer. Furthermore, we employed the GCE
(version1.0.0; [23]) software to predict the size, hetero-
zygosity rate and repeat sequence ratio of the three Sto-
matopoda genomes based on K-mer characteristic values.

Mitochondrial genome assembly

We randomly extracted 100 Gb of sequencing data from
the aforementioned raw data of the three Stomatopoda
species, then, we used the COX1 sequence as the seed
sequence and employed the NOVOplasty (version 4.2;
[24]) software (the K-mer setting is 33) to assembled the
mitochondrial genome. Simultaneously, the MitoZ (ver-
sion 3.3; [25]) software was employed for annotating the
generated mitochondrial genome, followed by manual
curation to refine gene boundaries and correction of
potential annotation errors. Finally, we visualize these
mitochondrial genome results as circular diagrams using
Circos (version 0.69, [26]).

Calculation of relative synonymous codon usage (RSCU)
and 3D prediction of tRNA secondary structures

The RSCU of mitochondrial protein-coding genes was
calculated using the European Molecular Biology Open
Software Suite (EMBOSS; [27]), and the results were
visualized as stacked bar charts using the OriginPro 2022
[28] software. Three-dimensional models of the mito-
chondrial tRNA secondary structures were predicted
with trRosettaRNA [29] software, and the generated PDB
files were subsequently rendered and examined using
PyMOLWIN (version2.5.2, [30]) software.

Phylogenetic relationship construction

To construct the phylogenetic relationship of three Sto-
matopoda species, the published whole genome assembly
sequences of Armadillidium vulgare (accession number:
SAUDO01000000; [31]), A. nasatum (accession number:
SEYY00000000; [32]), Cherax destructor (accession num-
ber: GCA_009830355.1; [33]), Eriocheir sinensis (acces-
sion number: GCA_024679095.1; [34]), Exopalaemon
carinicauda (accession number: GCA_036898095.2;
[35]), Fenneropenaeus indicus (accession number:
GCA_018983055.3; [36]), Gammarus roeselii (accession
number: GCA_016164225.1; [37]), Homarus americanus
(accession number: GCA_018991925.1; [38]), Hyalella
Azteca (accession number: GCA_000764305.4; [39]),
O. oratoria (accession number: GCA_046742065.1;
[18]),  Panulirus  ornatus  (accession  number:
GCA_036320965.1; [40]), Paralithodes camtschaticus
(accession number: GCA_018397895.1; [41]), Procam-
barus clarkii (accession number: GCA_040958095.1;
[42]),  Trachelipus  rathkii  (accession number:
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GCA_015478945.1; [43]), and Trinorchestia longiramus
(accession number: GCA_006783055.1; [44]) with rela-
tively close genetic relationships were first downloaded
from European Nucleotide Archive (ENA) and National
Center for Biotechnology Information (NCBI) data-
bases. Here, “relatively close” relationships were defined
operationally at the class level—Malacostraca, which also
includes Stomatopoda—by selecting representative taxa
from Decapoda, Isopoda, and Amphipoda that are com-
monly used as near outgroups in crustacean phylogenies.
Genome assemblies were then filtered for quality, retain-
ing only those with BUSCO completeness >85% (Meta-
zoa/Arthropoda datasets) and excluding assemblies
showing evidence of contamination or severe fragmen-
tation. Subsequently, we assembled the mitochondrial
genome sequences of above-mentioned closely-related
species by following the method described in section
(Mitochondrial genome assembly) and then extracted
the coding sequence (CDS) and protein sequence of the
single-copy gene encoding the protein (PEP).
Subsequently, MAFFT (version 7; [45]) software was
employed to conduct the multi-sequence alignment of
all mitochondrial genomes, and the MUSCLE (version 5;
[46]) software was used to align the CDSs (ATP6, COX1,
COX2, COX3, CYTB, ND3, ND4, ND4L, NDS, and ND6)
and PEPs. Low-quality sites were trimmed using tri-
mAl [47]. The cleaned, gene-wise CDS alignments were
concatenated into a supermatrix, and an initial parti-
tioning scheme based on gene x codon position (30 sub-
sets). ModelFinder as implemented in IQ-TREE (version
2.2.2.7, [48]) (option -m MFP + MERGE, BIC criteria)
was used to select the best-fit substitution models and
merge similar subsets, yielding the final optimal parti-
tioning scheme (Supplementary Table 1). For all PCGs,
first and second codon positions (posl/pos2) were best
described by GTR+F+1+G4, whereas third positions
(pos3) favored GTR+F+G4. Accordingly, Maximum
Likelihood analyses were conducted in the RAXML (ver-
sion 8.2.12; [49]) under GTR +I with partition-specific
rates (and base-frequency parameters), using 1,000
bootstrap replicates to assess node support. Relative to

Table 1 Gene abbreviations table

Abbreviation Gene Name

ATP6 ATP Synthase Subunit 6
COX1 Cytochrome ¢ Oxidase |
cox2 Cytochrome c Oxidase Il
[€0)¢€] Cytochrome c Oxidase Il
CYTB Cytochrome b

ND3 NADH Dehydrogenase 3
ND4 NADH Dehydrogenase 4
NDAL NADH Dehydrogenase 4L
ND5 NADH Dehydrogenase 5

ND6 NADH Dehydrogenase 6
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the unpartitioned analysis, the partitioned model sub-
stantially improved fit (more favorable ABIC and AlnL)
and produced equal or higher bootstrap support across
the major clades. Meanwhile, all single-copy genes
were merged into one super gene based on the multiple
sequence alignment results of each gene and then con-
structed a phylogenetic tree. Then, the Astral-III [50]
software was used to integrate the multiple phylogenetic
trees mentioned above to construct a high-resolution
composite phylogenetic tree. Finally, we obtained the
estimated molecular clock data of E indicus and E. carin-
icauda (adjusted-time is 365 Mya), E. carinicauda and E.
sinensis (adjusted-time is 332 Mya), E. carinicauda and
T. rathkii (adjusted-time is 370 Mya), G. roeselii and H.
azteca (adjusted-time is 163 Mya), P. camtschaticus and
G. roeselii (adjusted-time is 370 Mya), A. nasatum and
G. roeselii (adjusted-time is 319 Mya), P. ornatus and E.
sinensis (adjusted-time is 330 Mya), P. camtschaticus and
E. sinensis (adjusted-time is 330 Mya), C. destructor and
H. americanus (adjusted-time is 278 Mya), O. scyllarus
and E. carinicauda (adjusted-time is 385 Mya) from the
TimeTree database [51] and then estimated the diver-
gence time of Stomatopoda species using the r8s soft-
ware [52] (Table 1).

Results

The COXI gene-based experimental animals’ identification
To ensure the reliability of the animals used for subse-
quent genomic survey sequencing, we first amplified
and sequenced COXI gene of these experimental ani-
mals. Then, we conducted a blast search of the obtained
sequences in the NCBI database. Results showed that the
query cover rate of the COXI sequences to the corre-
sponding Stomatopoda sequences in NCBI ranging from
97% ~99%, with E values all being 0 and the percentage
identity ranging from 98.61% ~ 100%. Such a high degree
of sequence similarity ensures the credibility of the ani-
mal used for subsequent genome survey sequencing.

Genome sequencing data of three Stomatopoda species

We conducted genome survey sequencing on O. japoni-
cus, O. scyllarus, and L. maculata, and ultimately gen-
erated 213.08 Gb, 442.63 Gb, and 381.92 Gb of raw
data, respectively, corresponding to 1,420,536,952,
2,950,877,140, and 2,546,149,612 reads. The ranges
of Q20, Q30 and GC contents for the three sets of
raw data are 94.21%~97.29%, 89.04% ~91.88%, and
40.83% ~41.49%. After filtering out the low-quality raw
data, a total of 201.63 Gb, 374.54 Gb, 314.15 Gb and
of clean data were produced in O. japonicus, O. scyl-
larus, and L. maculata, respectively, corresponding to
1,350,175,634, 2,554,506,510, and 2,154,406,768 reads.
The ranges of Q20, Q30 and GC contents for the three
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Table 2 Genome survey sequencing information of Odontodactylus japonicus, Odontodactylus scyllarus, and Lysiosquillina maculata

Species Read Number BaseCount (Gb) Q20 (%) Q30 (%) GC Content (%)
O. japonicus Raw data 1,420,536,952 213.08 97.29 91.62 40.83
Clean data 1,350,175,634 201.63 97.29 91.62 40.83
O. scyllarus Raw data 2,950,877,140 442.63 95.98 91.88 4149
Clean data 2,554,506,510 374.54 96.70 92.84 41.26
L. maculata Raw data 2,546,149,612 381.92 94.21 89.04 41.10
Clean data 2,154,406,768 31415 96.11 91.62 40.93

Table 3 K-mer analysis results of O. japonicus, O. scyllarus, and L. maculata. The table shows the total K-mer number, K-mer depth,
estimated genome size, revised genome size, heterozygosity ratio, and repeat content for each species

Sample K-mer number  K-mer depth (x) Genome size (Mb) Revised genome size (Mb) Heterozygous ratio (%) Repeat (%)
O.japonicus ~ 179,932,150,262 20 8,997 8,942 1.25 83.26
O. scyllarus 333,531,047,067 30 11,117 11,068 142 84.79
L.maculata  205,264,334,555 16 12,829 12,743 1.51 86.22
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Fig. 1 The correlation between the depth and frequency distribution of K-mer of Odontodactylus japonicus (R), Odontodactylus scyllarus (B), and Lysios-
quillina maculata (C). O. japonicus and O. scyllarus exhibit clear bimodal patterns with heterozygous and homozygous peaks, while L. maculata shows a

smoother unimodal curve with a weak shoulder

sets of clean data are 96.11% ~97.29%, 91.62% ~ 92.84%,
and 40.83% ~41.26%, respectively (Table 2).

Genomic feature inference based on K-mer distribution

We set the K-mer to 17, and found that 179,932,150,262,
333,531,047,067, and 205,264,334,555 K-mers were dis-
tributed in the clean data of O. japonicus, O. scyllarus,
and L. maculata, respectively (Table 3). Meanwhile,
the K-mer depth of O. japonicus, O. scyllarus, and L.
maculata was 20x, 30x, and 16 x, respectively. The O.
japonicus, O. scyllarus, and L. maculata genome size
assessed by K-mer analysis was 8,997 Mb, 11,117 Mb,
and 12,829 Mb. After the negative effect caused by incor-
rect K-mer was eliminated, the revised O. japonicus, O.
scyllarus, and L. maculata genome size was 8,942 Mb,
11,068 Mb, and 12,743 Mb. Meanwhile, the heterozygous
ratio and repeat of clean data in three Stomatopoda spe-
cies ranging from 1.25%~1.51% and 83.26% ~ 86.22%.
Additionally, the correlation (Fig. 1) between the depth
and frequency distribution of K-mer further indi-
cates that all three species have large, highly repetitive
genomes. Meanwhile, the K-mer spectra of O. japonicus
and O. scyllarus show clear bimodal distributions with

pronounced heterozygous peaks, whereas L. maculata
displays a smoother unimodal pattern with a weaker
shoulder. However, model-based estimates reveal that L.
maculata has the highest heterozygosity (1.51%), imply-
ing that its less distinct peak shape is more likely due to
lower sequencing depth and extremely high repeat con-
tent than to reduced heterozygosity.

Mitochondrial genome characteristics of three
Stomatopoda species

We selected and assembled the mitochondrial genomes
of three Stomatopoda species from the survey data.
The full lengths of the mitochondrial genome for O.
japonicus, O. scyllarus, and L. maculata were 16,237 bp,
16,110 bp, and 16,204 bp, respectively (Fig. 2). The mito-
chondrial genome of O. japonicus contains 37 genes
(including 13 protein-coding genes, 22 tRNA genes, and
2 rRNA genes), while those of O. scyllarus and L. macu-
lata encompasses 36 genes (including 12 protein-coding
genes, 22 tRNA genes, and 2 rRNA genes). Specifically,
the mitochondrial genomes of O. scyllarus and L. macu-
lata lack the ATP8 gene compared to that of O. japoni-
cus. Among the three mitochondrial genomes, 14 genes
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Odontodactylus japonicus

16,237 bp.

Fig. 2 The circos plots of the O. japonicus (R), O. scyllarus (B), and L. maculata (C) mitochondrial genome

Odont

(odactylus scyllarus

16,110 bp.

Lysiosquillina maculata

16,204 bp
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Table 4 Nucleotide composition of the mitochondrial genomes, PCGs, tRNAs and rRNAs of O. japonicus, O. scyllarus, and L. maculata

Sample A% T/U% G% C% A+T% G+C% AT/U-skew GC-skew

O. japonicus mitochondrial genome 31.90 34.90 14.30 18.90 66.80 33.20 -0.04 -0.14
protein-coding gene 27.22 38.18 16.82 17.80 65.40 34.62 -0.17 -0.03
tRNA gene 33.90 3444 17.92 13.72 6834 3164 -0.01 0.14
rRNA gene 37.20 31.95 18.45 12.50 69.15 30.95 0.08 0.19

O. scyllarus mitochondrial genome 31.80 34.70 14.80 18.70 66.50 3350 —-0.04 -0.12
Protein-coding gene 27.23 37.80 17.26 17.73 65.03 34.98 -0.16 -0.01
tRNA gene 34.62 33.44 17.70 14.23 68.06 3193 0.02 0.11
rRNA gene 38.05 31.15 17.10 1375 69.20 30.85 0.10 0.11

L. maculata mitochondrial genome 3260 20.20 3290 14.20 65.50 34.40 0.00 -0.17
Protein-coding gene 36.71 18.65 26.97 17.69 63.68 36.34 -0.15 -0.03
tRNA gene 3334 13.77 3515 17.70 68.49 3147 0.03 0.13
rRNA gene 32.85 11.65 36.75 18.80 69.60 3045 0.06 0.24

(including s-rRNA, [-rRNA, tRNAYHAC, (RNAMUAG),
ERNAPUCS), (RNAM(CUG), (RNATGAY,  (RNAYEUA,
tRNACCCY tRNAQUUG)  NDJ1, ND4L, ND4, and NDS)
are located in the L-strand, while the remaining genes are
located in the H-strand.

The AT content of the mitochondrial genomes, pro-
tein-coding genes, tRNA genes and rRNA genes of
three Stomatopoda species ranged from 65.50 ~ 66.80%,
63.68 ~65.40%, 68.06~68.49%, and 69.15~69.60%,
respectively (Table 4). Meanwhile, the mitochondrial
genomes and protein-coding genes of three Stomatopoda
species principally exhibit negative AT- and GC- skew,
while the tRNA genes and rRNA genes principally show
positive AT/U- and GC- skew. Additionally, it is worth
noting that the absolute values of GC-skew for mito-
chondrial genomes, tRNA genes, and rRNA genes are
relatively large, while the absolute value of AT-skew for
protein-coding genes is larger.

We further analyzed the frequency of codon usage and
found that all three mitochondrial genomes contained
64 types of codons (Supplementary Table 2; Fig. 3).
Among them, 61 types of codons encoded 24 types of
amino acids, and the remaining 3 types of codons (UAA,

UAG, and UGA) were termination codons. The total
usage count of codons in the O. japonicus mitochondrial
genome is 3,538, and the most frequently used codon
is UUA (count=206, RSCU=1.73), while the least fre-
quently used codon is CGA (count=8, RSCU=0.57).
The total usage count of codons in the O. scyllarus mito-
chondrial genome is 3,497, and the most frequently used
codon is UUU (count =191, RSCU = 1.37), while the least
frequently used codon is GCG (count=6, RSCU=0.26).
The total usage count of codons in the L. maculata mito-
chondrial genome is 3,757, and the most frequently used
codon is UUA (count =216, RSCU = 2.80), while the least
frequently used codon is UAG (count=8, RSCU=0.10).
Additionally, the number of codon types with relatively
high usage frequencies (RSCU>1) in the mitochondrial
genomes of O. japonicus, O. scyllarus, and L. maculata
were 30, 28, and 29, respectively.

The secondary structure modeling and three-dimen-
sional (3D) structural prediction (Fig. 4) of 22 tRNAs
from three Stomatopoda species indicated that all tRNAs
could fold into the typical cloverleaf secondary structure
and possess the typical L-shaped tertiary conformation.
Although the overall structure of all tRNAs is conserved,
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Fig. 3 Relative Synonymous Codon Usage (RSCU) of protein-coding genes O. japonicus (A), O. scyllarus (B), and L. maculata (C) mitochondrial genomes

significant differences in local folding patterns and spa-
tial configurations can still be observed among three
Stomatopoda species. Specifically, tRNAs of O. japonica
exhibited a more compact conformation, with closer
proximity between the TyC and DHU arms; tRNAs of
L. maculata displayed greater structural variability and

extended loop regions, suggesting increased spatial ten-
sion, whereas O. scyllarus tRNAs demonstrated higher
symmetry and conformational stability. Further compar-
ative analyses indicated that tRNA* Y44 and tRNAV(HAC)
were structurally conserved across all three species,
reflecting their essential and evolutionarily constrained
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functional roles. In contrast, substantial deviations were
detected in tRNASAY and tRNACCY (particularly
in L. maculata), and the DHU arm of tRNASAY was
notably reduced or absent, implying potential structural
degeneration or functional replacement. Additionally, the
folding pattern of tRNAUSY shows significant differ-
ences among three species, which potentially reflect the
species-specific adaptations to ecological or physiological
requirements.

Multi-perspective phylogenetic analyses

The mitochondrial genome, CDSs and PEPs were first
used separately to construct the ML tree for the 18
research species. Interestingly, gene tree conflict occurs
in phylogenetic relationships based on different mark-
ers. Specifically, the phylogenetic relationships based on
CDSs and PEPs indicate that species belonging to the
same order (Stomatopoda, Decapoda, Amphipoda, and
Isopoda) are first clustered together, however, the phylo-
genetic relationships based on the mitochondrial genome
result in a confusion between the Stomatopoda and
Decapoda. In fact, this confusion also occurs when we
use the CDS markers of COX2 (Supplementary Fig. 1-C)
and ND6 (Supplementary Fig. 1-]), as well as the PEP
markers of ND5 (Supplementary Fig. 2-E), ND4 (Supple-
mentary Fig. 2-G), and ND6 (Supplementary Fig. 2-J).
It is worth noting that when constructing phylogenetic
trees using different genetic markers, each Stomatopoda
species (O. scyllarus, O. japonicus, L.maculata, and O.
oratoria) used in the present study may potentially be
located at the root of the Stomatopoda clustering rela-
tionship (Fig. 5; Supplementary Fig. 1; Supplementary
Fig. 2).

To improve the resolution of the phylogenetic relation-
ship, we integrated the above-mentioned mitochondrial
genome-, CDS- and PEP- based phylogenetic trees to
reconstruct a coalescent-based phylogenetic tree (Fig. 6).
According to all phylogenetic analysis, species from the
same order eventually cluster into one branch. In the
integrated phylogenetic tree, the L. maculata is posi-
tioned at the root of the evolutionary lineage of the four

=

. Odontodactylus japonicus
Odontodactylus scyllarus
Lysiosquillina maculata
Oratosquilla oratoria

epodojewoys

Fenneropenaeus indicus
Exopalaemon carinicauda
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Stomatopoda species, which is consistent with the phylo-
genetic relationship inferred from PEP markers.

Furthermore, the differentiation times of all research
animals were further estimated (Fig. 7). Results showed
that the divergence time between Stomatopod and other
three orders (Decapoda, Amphipoda, and Isopoda) was
approximately 385.00 Mya. Meanwhile, the divergence
time between L. maculata and the other three Stomato-
pod species (O. oratoria, O. japonicus, and O. scyllarus)
was approximately 287.02 Mya. The divergence time
among O. oratoria, O. japonicus, and O. scyllarus was
approximately 259.14 Mya. Additionally, the divergence
time between O. japonicus and O. scyllarus was approxi-
mately 169.08 Mya.

Discussion

Genome structural characteristics in three Stomatopod
species

This present study is the first to systematically investigate
the whole-genomic structural characteristics of three
Stomatopod species (including O. japonicus, O. scyllarus,
and L. maculata) by combining whole-genome survey
sequencing with the K-mer algorithm. All three Sto-
matopod species were found to have significantly larger
whole-genome sizes (revised O. japonicus, O. scyllarus,
and L. maculata genome size was 8,942 Mb, 11,068 Mb,
and 12,743 Mb, respectively), far exceeding those of
crustaceans (i.e. P clarkii [2.75 Gb; [42]], C. quadricari-
natus [5.26 Gb; [53]], Scylla paramamosain [1.21 Gb;
[54]], H. americanus [4.31 Gb; [55]], P. ornatus [2.65 Gb;
[40]], O. oratoria [2.97 Gb; [18]]) other than Euphausia
superba[48.01 Gb; [56]] that have been reported. Further
K-mer analyses revealed that the genomes of all three
stomatopod species contained high proportions of repet-
itive sequences (83.26%—86.22%), which are substantially
greater than those reported for other crustaceans, such
as P. ornatus (~69% [40]) and O. oratoria (~75% [18]).
This indicates that these three stomatopod species may
have undergone unique genome expansion events or
accumulated more repetitive elements in comparison to
many crustaceans.
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Procambarus clarkii
Homarus americanus Homarus americanus

Paralithodes camtschaticus Eriocheir sinensis

epodurag
wpoduaag
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Fig. 5 Maximum likelihood (ML) trees based on the mitochondrial genome (A), coding sequences (CDS) (B), and protein-coding proteins (PEP) (C)

Fenneropenaeus indicus

Fenneropenaeus indicus

Panulirus ornatus Oratosquilla oratoria K Lysiosquillina maculata E

Homarus americanus Lysiosquillina maculata 5 0 Oratosquilla oratoria £

Cherax destructor " Odontodactylus scyllarus 3 I Odontodactylus scyllarus. g

P E Odontodactylus japonicus £ ed Odontodactylus japonicus g

N Trinorchestia longiramus B . [ Trachelipus rathkii 7 " Trachelipus rathkii z

n Hyalella azte . H il illdism nasatum = " Armadilldium vulgare iz
L Procambarus clarkii [ Armadillidium vulgare =4 Armadillidium nasatum |2
Trachelipus rathkii = Gammarus roeselii E L Gammarus roeselii E

Armadillidium nasatum iI= Hyalella azteca S Hyalella azteca =z

Armadillidium vulgare s L Trinorchestia longiramus & Trinorchestia longiramus g



Duan et al. BMC Genomics (2026) 27:35 Page 10 of 15
. mns 1
* Lysiosquillina maculata : w
S
100 Oratosquilla oratoria ! =]
v Odontodactylus japonicus HES
100 il &
‘% Odontodactylus scyllarus I g
1
[ Exopalaemon carinicauda
—100 100 ot P H
— ® Fenneropenaeus indicus H
I
@  Eriocheir sinensis H
1R~
‘ Paralithodes camtschaticus H il
=
100 100 100 ' Homarus americanus H -§_
100 ® o i| ®
erax destructor 1
100 100 I
® Procambarus clarkii I
I
100 . Panulirus ornatus u]
‘ Armadillidium nasatum -
100 g
—_— =
100 < Armadillidium vulgare g
100 ’ Trachelipus rathkii | ®
A Gammarus roeselii : ;
100 A Tri hestia longi g =
s rinorchestia longiramus : g
I
A Hpyalella azteca I §.

Fig.6 Maximum likelihood (ML) phylogenetic tree of representative Malacostraca species, constructed by integrating trees based on the mitochondrial
genome, CDS, and PEP datasets. The tree comprises species from four orders: Stomatopoda, Decapoda, Isopoda, and Amphipoda. Bootstrap support
values derived from 1,000 replicates are shown at each node, and colored shapes denote taxonomic groups as illustrated in the legend on the right

It is worth noting that the differences in genome size
among the three Stomatopod species may reflect their
long-term adaptation to different habitats [1, 7]. Particu-
larly, the O. scyllarus and the L. maculata usually live in
coral reef or reef-associated environment, while the O.
japonicus has a more diverse living environment, capable
of living in sandy or shelly substrates ([3, 57], https://ww
w.sealifebase.ca/). We hypothesize that different ecologic
al response strategies might cause their genomes to fol-
low different evolutionary paths [58, 59]. In other words,
the relatively compact genome of O. japonicus may be
associated with stronger selection pressures due to its
adaptation to multiple habitat types. A reduced genome
size could minimize energy expenditure and replication
costs, thereby enhancing ecological tolerance and com-
petitive ability for survival [60]. In contrast, O. scylla-
rus and L. maculata, which inhabit relatively uniform
habitats, may have experienced weaker selection pres-
sures. Such conditions can facilitate the accumulation
of non-functional repetitive elements and thereby pro-
mote genome expansion. Comparable evolutionary pat-
terns have also been documented in other taxa [61, 62].
Notably, the astonishing genome size of O. scyllarus may
be related to its highly specialized behaviors and physi-
ological functions during the evolutionary process. It is
well known that O. scyllarus possesses remarkable visual

and neural complexity capabilities, which may require
expansion in gene families related to sensory perception,
neuromuscular control, and regulatory architecture, ulti-
mately leading to repetitive accumulation and genomic
expansion [63, 64].

From a methodological perspective, this study dem-
onstrates that whole-genome survey sequencing has an
advantage over traditional sequencing [40] in analyzing
the genomic structures of Stomatopod species with large
and highly repetitive genomes. The whole-genome sur-
vey sequencing data obtained in this study can provide
valuable genetic information for subsequent studies on
phylogenomic relationships, functional genomics, and
adaptive evolution of stomatopods.

Investigation of the three Stomatopod species
mitochondrial genome

We assembled the mitochondrial genomes of three Sto-
matopod species using whole-genome survey data and
identified species-specific features, including genome
structure, RSCU and tRNA conformations. The mito-
chondrial genomes of the three Stomatopod species
exhibit typical and evolutionarily conserved metazoan
characteristics, with lengths ranging from 16,110 to
16,237 bp, a strong A/T nucleotide bias (65.50%—
66.80%), and a high degree of gene sequence similarity.
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Meanwhile, the analysis of AT- and GC- skews revealed
strand-specific mutational asymmetric pattern during
the mitochondrial genome replication, consistent with
other crustaceans, thereby supporting a conserved rep-
lication mechanism [65, 66]. Despite these similarities,
notable differences remain. Specifically, O. japonicus
retains the complete set of 37 standard mitochondrial
genes, whereas O. scyllarus and L. maculata lack the
ATPS8 gene. Previous studies have shown that ATP8 is one
of the most labile and structurally flexible mitochondrial
genes. Its function is redundant with ATP6 or can be
compensated by nuclear-encoded subunits, and thus it is
frequently lost in metazoans [67, 68]. Nevertheless, ATP8
is highly divergent and variable in length, so its apparent
absence may reflect annotation challenges rather than
true gene loss [69]. In conclusion, we cannot definitively
conclude that ATPS8 is absent from the mitochondrial
genomes of O. scyllarus and L. maculata.

Further RSCU analysis indicates that the three mito-
chondrial genomes generally tend towards A- or T-
terminal codons and this bias is mainly driven by the
AT-rich base composition [70, 71]. Meanwhile, the most
frequently used codons exhibited species-specificity,
specifically, O. japonicus prefers UUA (RSCU=1.73), O.
scyllarus prefers UUU (RSCU=1.37), and L. maculata
displays the highest usage of UUA (RSCU =2.80), which

may be related to species-specific translation efficiency,
metabolic rate or ecological niche differentiation [67]. 3D
model of the secondary structure predictions indicated
that all 22 mitochondrial tRNAs in the three stomato-
pod species adopt the canonical cloverleaf and L-shaped
conformations. Nevertheless, we observed substantial
variation in folding compactness and loop length: tRNAs
of O. japonicus display more compact folds; those of L.
maculata show longer loops and greater structural ten-
sion; and those of O. scyllarus exhibit higher symme-
try and apparent structural stability. The structures of
tRNAXUA%and tRNAYHA9 are highly conserved in all
three Stomatopod species, which further emphasizes
their crucial translational roles and evolutionary con-
straints. However, the tRNASAY of L. maculata exhibits
a markedly reduced or absent DHU arm, a pattern that
accords with the well-documented “structural minimiza-
tion—functional compensation” model of mitochondrial
tRNAs [69, 70]. Additionally, the interspecific differences
in tRNAPMEY) structure may also reflect species-specific
physiological or ecological adaptations [63, 64, 72].

From an ecological perspective, the mitochondrial
genome features may be closely related to the habi-
tat preference, rather than stating that they seem to be
closely related. The mitochondrial genome of O. japoni-
cus is compact and complete, which may facilitate
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efficient transcription and translation even under rela-
tively intense environmental selection pressures [61]. By
contrast, L. maculata and O. scyllarus inhabit relatively
simple and stable environments and may therefore expe-
rience weaker selection pressures; correspondingly, their
tRNA structures appear to tolerate greater variation and
redundancy. It is worth noting that the relatively large
mitochondrial genome and the more complex codon
usage pattern of O. scyllarus may be related to its special
predatory behavior, rapid metabolism, and highly devel-
oped sensory system. These physiological characteristics
usually require mitochondrial gene expansion and more
complex regulatory regions [38]. Overall, these findings
highlight the evolutionary conservation of Stomatopod
mitochondrial genome while revealing species-specific
ecological adaptations.

Multi-marker coalescent framework updates the
phylogenetic conflicts and divergence history in
Stomatopoda species

Our multi-marker phylogenetic analyses (mitochondrial
genome, CDS, PEP, and an integrated dataset) confirm
substantial gene-tree conflict among stomatopod phy-
logenies, a phenomenon widely recognized in phyloge-
nomics [67, 71]. Although the CDS- and PEP- based ML
trees in this study clearly recovered the monophyly of
the orders (Stomatopoda, Decapoda, Amphipoda, and
Isopoda), the mitochondrial genome-based analysis
yielded inconsistent placements, leading to an intermin-
gling of Stomatopoda and Decapoda (Fig. 5). Similar dis-
cordance is observed for topologies inferred from COX2,
ND4, NDS, and ND6 markers (Supplementary Figs. 1 and
2). Existing studies suggest that these conflicts may arise
from incomplete lineage sorting, introgression, or het-
erogeneity in substitution rates [65, 66, 69]; differences in
modes of inheritance, recombination rates, and selection
pressures between mitochondrial and nuclear genomes
may further amplify the discrepancies [33, 34]. To
address this, we integrated the mitochondrial-genome,
CDS, and PEP datasets within a coalescent-based frame-
work and obtained a more reliable species tree. This
integrative, multi-marker approach is particularly effec-
tive for stomatopods shaped by rapid radiations or deep
divergences, thereby mitigating the inconsistencies intro-
duced by single-marker inference [45-48]. However, the
phylogenetic position conflicts in this study (mainly the
divergence between E. carinicauda and E indicus) may
reflect recent gene flow divergence or incomplete sam-
pling [34, 40].

In the phylogenetic tree constructed with integrated
markers, L. maculate is occupied the basal position of
the Stomatopoda species. Meanwhile, divergence time
estimation suggests that L. maculata split from the clade
comprising O. oratoria, O. japonicus, and O. scyllarus
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at approximately 287.02 Ma (late Permian), predating
the end-Permian mass extinction and coinciding with
major marine faunal turnovers [16, 71]. The divergence
between O. oratoria and Odontodactylus was inferred
to occur around 259.14 Ma (Middle Triassic), a period
characterized by warm seas and rapid ecological expan-
sion [64]. The split between O. japonicus and O. scylla-
rus was dated to ~ 169.08 Ma (Middle Jurassic), preceding
the morphological differentiation suggested by fossil evi-
dence, which may reflect heterogeneity in mitochondrial
evolutionary rates or calibration bias [15, 66]. From the
ecological perspective, the differentiation events of the
four Stomatopoda species studied here may be associated
with substantial differences in benthic substrates, trophic
niches, visual adaptations, and other ecological factors [9,
72]. This also implies that habitat type, food availability,
and light conditions are likely key drivers of Stomatopoda
diversification [65, 70]. However, the relevant evidence
still needs to be further refined.

Overall, this study demonstrates that a multi-marker
integrative systematics approach is applicable to resolv-
ing the phylogenetic conundrum of Stomatopoda [18, 33,
61]. However, the evolutionary complexity of different
genetic markers cannot be ignored. The future integra-
tion of molecular, paleontological, and ecological evi-
dences for Stomatopoda is also worthy of consideration,
which will help to precisely elucidate the evolutionary
history of Stomatopoda.

Conclusions

This study was the first to perform whole-genome sur-
vey sequencing of three stomatopod species, and subse-
quently analyzed the characteristics of their exceptionally
large genomes and mitochondrial genomes. Meanwhile,
we reconstructed the phylogenetic relationships of Sto-
matopoda from multiple aspects, which provided new
evidence to resolve the controversy over the phyloge-
netic position of Stomatopoda. Nevertheless, the rela-
tively small number of stomatopod species included still
limits the strength of our conclusions to some extent.
Future research should expand taxon sampling to enable
a more accurate resolution of stomatopod phylogenetic
relationships.
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