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Diffusing fluid from methane seepage in cold seep field creates zones with

physicochemical gradients and divergent ecosystems like the mussel beds

and clam beds. Three species of brittle stars (Ophiuroidea) were discovered

in the Haima cold seep fields, of which Ophiophthalmus serratus and

Histampica haimaensis were found on top of or within mussel beds and

clam beds, whereas Amphiura sp. was only collected from muds in the

clam bed assemblage. Here, we evaluated the genetic signatures of micro-

environmental adaptation of brittle stars to cold seep through the comparison

of mitogenomes. This study provided two complete mitogenome sequences

of O. serratus and Amphiura sp. and compared with those of H. haimaensis

and other non-seep species. We found that the split events of the seep and

non-seep species were as ancient as the Cretaceous period (∼148–98 Mya).

O. serratus and H. haimaensis display rapid residue mutation and mitogenome

rearrangements compared to their shallow or deep-sea relatives, in contrast,

Amphiura sp. only show medium, regardless of nucleotide mutation rate

or mitogenome rearrangement, which may correlate with their adaptation

to one or two micro-ecosystems. Furthermore, we identified 10 positively

selected residues in ND4 in the Amphiura sp. lineage, suggesting important

roles of the dehydrogenase complex in Amphiura sp. adaptive to the cold seep

environment. Our results shed light on the different evolutionary strategies

during colonization in different micro-environments.
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Introduction

The deep sea represents an extreme and harsh environment
of darkness, hypoxia, high hydrostatic pressure, low
temperature, and low energy, and is generally characterized
by low biomass. However, chemosynthetic habitats including
hydrothermal vents and cold seeps scatter the deep seas as
biodiversity hot spots (Levin, 2005). Cold seeps are seafloor
manifestations where reduced fluid include hydrogen sulfide,
methane, petroleum, and other hydrocarbon-rich migration
through sediments from the subsurface to the seabed and into
the water column. Since the first exploration of the cold seep
biological communities at the Florida Escarpment in 1983
(Paull et al., 1984), hundreds of seep areas were exhibited at
Gulf of Mexico, Monterey Bay, Eastern Mediterranean, Japan
and Kurile trenches, and South China Sea, etc., ranging from
400 to >6,000 m depth (Sibuet and Olu, 1998; Feng et al., 2018).

More than 600 macrofaunal species have been reported
in these seep areas (German et al., 2011). Several animals
are holobionts, like the tube-dwelling “fan worm” annelids
Laminatubus and Bispira, which is hosted and nourished by
aerobic methane-oxidizing bacteria Methylococcales (Goffredi
et al., 2020). Other animals are epibionts or feeding on bacterial
mats, mud, debris, or other animals, many of which may
only be visitors. Seep or vent sites create water columns
with different composition of methane, hydrogen sulfide, etc.
and form different macrofaunal communities. A comparison
between vent and seep squat lobster Shinkaia crosnieri identified
differentially expressed genes with amino acid substitutions
related to oxidation resistance and xenobiotic detoxification,
indicating adaption to the vent or seep condition (Xiao et al.,
2020). However, the origin and colonization of these seep
animals remains unclear. We speculated that species occupying
different niches in the same cold-seep area may facilitate
different adaptive strategies (Zhu et al., 2020).

Mitochondria (MT) are the center of energy production,
through oxidative phosphorylation. The mitogenome contains
13 protein-coding genes (PCGs), encoding essential subunits of
OXPHOX complexes, the pivot of oxidative phosphorylation
and aerobic respiration. Mutations in the PCGs may facilitate
or detriment animals and promote adaption to many special
ecosystems or behaviors such as high altitude, dark caves
and flying. Coupling a high daily energy consumption for
flying, sparrow mitochondria oxidize NADH and succinate
more than 1.8 times faster than rat mitochondria (Kuzmiak
et al., 2012). The deep-sea and chemosynthetic vent or cold-
seep environment also impact the MT genes in inhabiting
marine animals and positively selected residues are identified
in a number of vent and cold-seep aborigines, one site of
ATP6 was identified to be positively selected in the cold-seep
gastropod Phymorhynchus buccinoides (Du et al., 2020), and
deep-sea vesicomyids were supposed to be more sensitive to

non-synonymous substitution in MT genes than the sublittoral
bivalves (Liu et al., 2018).

Brittle stars (Ophiuroidea) are common macrofaunal taxa
in deep-sea benthic ecosystem. There are more than 2,000
ophiuroid species in the world ocean, of which more than half
dwell in the deep sea (>1,000 m), but less than 20 species
are recorded endemic to the seep chemosynthesis ecosystem
(Rodrigues et al., 2011; Okanishi et al., 2020). Three ophiuroid
species were highly abundant in the newly exhibited Haima cold
seep in the South China Sea, which belong to three different
families: Ophiothamnidae, Ophiacanthidae, and Amphiuridae
(Dong et al., 2021; Li et al., 2021; Nethupul et al., 2022).
Histampica haimaensis (Family: Ophiothamnidae) is distributed
across both mussel beds and clam beds (Li et al., 2021), of
which mussel beds dominated by Gigantidas haimaensis feature
ecosystems at active seepage in Haima cold seep areas, while
living clams are rare and occur with half shells buried in mud
(Liang et al., 2017; Feng et al., 2018).

In the present study, we observed that the Histampica and
Ophiacanthidae, but not Amphiuridae species, were on top
of or within mussels and clams, but only Amphiuridae were
collected from the muddy sediments at the remotely operated
vehicle (ROV) site with clams. We hypothesize that different
micro-ecosystems may shape the mitogenome of the three
species in different way. Therefore, we sequenced the complete
mitogenomes of two species (Ophiacanthidae: Ophiophthalmus
serratus and Amphiuridae: Amphiura sp.) at the Haima cold
seep. Combined with the newly sequenced mitochondrial
genome of the other Haima dominant species Histampica
haimaensis. We conducted a phylogenetic analysis of PCGs and
compared gene order of ophiuroids among non-reduced and
cold seep ecosystems, to reveal their potential adaptive evolution
to chemosynthetic habitats, providing insight into different
evolutionary strategies for cold seep micro-ecosystem adaption.

Results

Phylogenetic relationship of cold-seep
brittle stars

Three species (Histampica haimaensis, Ophiophthalmus sp.,
and Amphiura sp.) of brittle stars were collected from three
diving sites (ROV1, ROV3, and ROV4, same as R1, R3, and R4
in Ke et al., 2022) at the Haima cold seep in the northwest South
China Sea (Ke et al., 2022). ROV1 was dominated by mussel beds
(Gigantidas haimaensis), whereas ROV4 was dominated by clam
beds (Calyptogena marissinica), and there is no active seepage
at ROV3. Ophiophthalmus sp. and H. haimaensis occupied all
three stations, include the mussel beds and clam beds, and were
observed on top or within mussels and clams. Amphiura sp.
was only collected from the muddy sediment at ROV3 and
ROV4 (in the assemblage of clam beds with lower biodiversity)
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(Figures 1A,B). It was rare to observe Amphiura sp. from the
video, perhaps because of its smaller body size and burrowing
lifestyle as its congeners like A. chiajei and A. filiformis (Skold
and Gunnarsson, 1996).

The COX1 phylogenetic relationship and NCBI alignment
indicated that Amphiura sp. was sister to Amphiura bidentata
and recently new deep-sea species Ophiomonas shinseimaruae
(Okanishi et al., 2021; Figure 1C) and was not similar to the
other Amphiura sp. discovered from the Weijia Guyot seamount
(Na et al., 2019). The sequence identity between our Amphiura
sp. and A. bidentata (or O. shinseimaruae) was as low as 81.5%
(80.9%), indicating it may be a new species or a species without
COX1 barcode in the NCBI database. The COX1 sequence
of Ophiophthalmus sp. is most similar to Ophiophthalmus
normani (Figure 1D), and the COX1 nucleic identity between
Ophiophthalmus sp. and the newly reported Ophiophthalmus
serratus (Nethupul et al., 2022) is 97.9%. Combining with the
morphological evidence (Supplementary Figure 1), we declared
it as O. serratus.

Mitochondrial genome
characterization

We sequenced and assembled the MT genome of two
ophiuroids, Amphiura sp. (Family Amphiuridae) and O. serratus
(Family Ophiacanthidae), collected from the active cold seep
fields—Haima cold seep. The assembled MT genome sizes
are 16,147 and 16,705 bp respectively, longer than those of
H. haimaensis (15,759) from the same seep field. The MT
genome size of Amphiura sp. was medium in Amphiuridae
(15,348–16,907 bp), while mitogenome size of O. serratus was
∼1 kbp long than that of O. linea (15,845) in the same family.
The MT genome of O. serratus had an overall higher A + T%
(71.42%) than that of Amphiura sp. (62.04%) and H. haimaensis
(61.50%), also higher than O. linea (68.58%). O. serratus. also
had the highest AT dinucleotide content (12.27%) compared
to the other ophiuroids. In addition, the A + T content and
AT dinucleotide of deep-sea or Antarctic ophiuroids is higher
than those of shallow ophiuroids (Wilcoxon rank sum exact
test, p = 0.094 and 0.012, respectively). The higher A + T
content of mtDNA was also characterized in deep-sea starfish,
supposed to be combined outcome of random genetic drift and
deep-sea adaption (Sun et al., 2022). In contrast to the positive
GC-skew in H. haimaensis (Li et al., 2021), the GC-skew (i.e.,
[G-C]/[G + C]) of Amphiura sp. and O. serratus were both
negative (−0.28 and −0.14 respectively), similar to all other
studied ophiuroids (except H. haimaensis).

Amphiura sp. contains 37 MT genes, including 13 PCGs, two
rRNA, and 22 tRNA genes, whereas O. serratus encodes another
complete tRNA-Met (anticodon CAT), which may derive from
a tandem duplication event. All other reported Ophiuroidea
MT genomes contain 37 genes, except O. brevirima, which has

a shorter tRNA-Leu. The largest intergenic regions (495 and
654 bp) were located following ND6 in both Amphiura sp.
and O. serratus, which were also present in other species of
the same family Amphiuridae and Ophiacanthidae respectively.
There were windows with low GC contents and high GC skew
within this region (Figure 2) and a poly-G stretch, indicating it
may be the control region of the mitogenomes in both species
(Bronstein et al., 2018).

Codon usage and relative synonymous codon usage (RSU)
values in the PCGs of Amphiura sp. and O. serratus were
calculated. The most and least used amino acid of PCGs in
both species are isoleucine (11.17 and 15.65%) and cysteine
(1.20 and 1.08%), respectively, similar to other Amphiura
and Ophiacantha (Ophiacanthidae). The correlation between
Amphiura sp. and deep-sea (1,950 m) Amphiura sp. JN-2020 is
0.987, higher then compared to the two shallow water species
A. digitula (0.979) and A. sinicola (0.949). The most commonly
used codons are TTT (Phe), ATA (Ile), ATT (Ile), TTA (Leu),
CTA (Leu) and GGA (Gly) in Amphiura sp., and TTA (Leu),
ATA (Ile), TTT (F), ATT (Ile), AAA (Asn) and GGA (Gly) in
O. serratus, showing an A + T bias in both species, especially in
O. serratus.

Phylogenetic divergence of
Ophiuroidea in South China Sea cold
seep fields

Maximum likelihood (ML) phylogenetic tree was
constructed for all PCGs from 30 ophiuroids, including
the three cold seed species from the South China Sea. These
three species were derived from three different clades (Figure 3,
colored boxes around species names), and divergent in the early
Cretaceous (∼148–98 Mya) from their most common ancestors
(Figure 3). The divergence time is comparable to that between
Bathymodiolinae and its shallow-water sister group Modiolinae
roughly 110 million years ago (Mya) (Zhang et al., 2021), which
is consistent with the suggestion that many vent and seep taxa
underwent adaptive radiation during the Mesozoic era (Kiel
and Little, 2006).

O. serratus and H. haimaesis showed a higher nucleic
mutation rate than their shallow and deep-sea relatives
(0.00662 vs. 0.00506 and 0.00898 vs. 0.00840 respectively),
while Amphiura sp. showed a lower nucleic mutation rate
(0.00437 vs. 0.00511–0.00767). We also compared the p-distance
between the species in each clade reference with their
sister clades. The p-distance between O. serratus and clade
(O. mixta + O. gorgonia) are larger than between shallow
(O. nigra) or deep-sea (O. linea) species and the same clade
(mean: 0.378 vs. 0.340 (O. linea, p = 0.33) and 0.343 (O. nigra,
p = 0.33), though not significant because of small testing
sample sizes (Figure 3, gray panel); same pattern in the case
of H. haimaesis [mean: 0.391 vs. 0.367 (O. mirabilis), 0.362
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FIGURE 1

Description of two brittle stars collected from Haima cold seep. (A) Two dominant ecosystems of the Haima cold seep: Gigantidas haimaensis
mussel bed (top) and Calyptogena marissinica clam bed (bottom); (B) sample of brittle stars Amphiura sp. (left) and Ophiophthalmus serratus
(right) and their occupied ecosystem(s); stars means refer to Li’s study (Li et al., 2021); (C) phylogenetic relationship using maximum likelihood
analysis of COX1 sequences of Amphiuridae, our sample was sister of Amphiura bidentata and Ophiomonas shinseimaruae, but the identity is as
low as 81.5 and 80.9%, respectively; (D) phylogenetic relationship by ML analysis of Ophiacanthidae COX1 sequences. The nucleotide similarity
between O. serratus and O. normani is ∼92%.

(O. japonica), and 0.367 (O. aculeata), p = 0.002] (Figure 3,
bottom right panel), suggesting rapid nucleotide evolution in
these two seep species. However, there was no difference (or
slightly lower) between Amphiura sp. and its shallow or deep-sea
relatives (Figure 3, top right panel).

Divergent gene order for broader
niches

MT gene order was thought to be conserved in brittle stars
(Galaska et al., 2019). The gene orders of O. mirabilis, O. nigra
and O. gorgonia, which belong to three different families, were
the same and set as the gene order of their most recent common
ancestor (Figure 4, node “B” in box) and Amphilepidida. The
gene orders of other nodes were reconstructed using MGRA
based on the reversal distance in the ML phylogenetic topology.

Genes of the Ophiuroidea can be classified into eight
blocks, of which COX1-R-ND4L-COX2-K-ATP8-ATP6-COX3-
S2-ND3-ND4-H is always conserved in all 30 ophiuroids.
The gene order of species in different families showed
different stability. Family Gorgonocephalidae and Euryalidae
show most conserved gene orders, while Ophiothamnidae
and Ophiacanthidae display very divergent gene orders. The
gene order of O. serratus and Amphiura sp. were unique.
The reversal distance between O. serratus and its MRCA was

nine, which was larger than that between O. linea and MRCA
(five) (Figure 4, violet panel). The reversal distance of the
H. haimaensis branch was seven. The other cold-seep brittle
Amphiura sp. only showed a slight difference compared with
other species among congeners, such as the specimen from the
Weijia Guyot seamount (1,995 m depth) in the West Pacific
(Na et al., 2019). Taking ancestor “B” as reference, the reversal
distance between the cold-seep species and “B” were much larger
or at least the same as their non-seep congener, including those
of deep-sea, suggesting the cold-seep environment may increase
genome instability accelerate the rearrangement of MT genome.

Distinct positive selection signal
among cold-seep brittle stars

Low temperature and high concentrations of hydrogen
sulfide and methane in cold seep areas may affect the function of
MT genes and exert selective stress on them. We used PAML to
detect positive selection in two cold seep brittle stars (O. serratus
and Amphiura sp.). The ω (dN/dS) value calculated using the
one-ratio model (M0) ranged from 0.01663 to 0.06457 for
the 13 PCGs, suggesting that these genes were constrained to
maintain their functions. The LRT test of the two-ratio branch
model compared to the one-ratio model showed that the two-
ratio branch model is significantly better than the one-ration
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FIGURE 2

Circular map of two sequenced cold-seep ophiuroids, Amphiura sp. and Ophiophthalmus serratus. Circular tracks from inside to outside is GC
skew, GC percentage with window size 40 bp and genes. Yellow bars in the GC skew track indicated positive value and green ones were
negative value. Outward (inward) genes are on the heavy (light) strand.

FIGURE 3

Reconstructed phylogenetic relationship of brittle star mitogenome. Node labels show the dating time of the BEAST2 analysis. Branches were
colored by the rate. Three clades consist of shallow, deep-sea and cold-seep species were labeled in colored boxes. For each clade,
p-distances between in-clade species to its sister-clade species were illustrated on the right panels of corresponding colors as boxes around
the species names, with boxes colored by ecosystem; each line represents a sister-clade species.

model using O. serratus as foreground for ND1, ND5, and ND6
(p < 0.05), but we found no significant difference between the
two model when using Amphiura sp. as foreground.

Positive signals were detected in gene ND5 for O. serratus
and CYTB, ND4, and ND4L for Amphiura sp. based on the
LTR test of branch site model A. Only one site (CYTB:341:S,

mutation: E or Q to S) was detected as positive selection
(Bayes Empirical Bayes (BEB) posterior probability > 0.95)
for foreground lineage O. serratus, whereas 10 sites on genes
COX2, CYTB, ND2, ND4, and ND4L were detected as positive
selection (BEB posterior probability > 0.95) for foreground
lineage Amphiura sp. using BEB analysis (Yang, 2005). Five
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FIGURE 4

Rearrangement of MT genes. The same phylogenetic topology as the ML tree was showed on left, with branch length represented reversal
distance. Gene order of each species were showed on the right, with two ancestors (box A: Ophiuroidea and box B: Ophintegrida) on top. MT
genes were colored according to the blocks in the legend panel, where tRNA genes are labeled by one uppercase letter amino acid
abbreviations. Blocks with arrow point to right means the same order as those in the legend, otherwise, it is reversed.

of the 10 Amphiura sp. positively selected sites lie on the
ND4 genes and induce amino acid changes, suggesting that
OXPHOS complex I in Amphiura sp. may play an important
role in its adaptation to the cold-seep reducing environment.
In addition, we identified three amino acid sites (ATP6:212,
CYTB:247, and ND5:473) with positive selection in any of the
three cold seep species and contained different amino acid from
non-seep species.

Discussion

Our observation showed that O. serratus colonized broader
niches or ecosystem than Amphiura sp. in Haima cold seep.
O. serratus also displayed higher mutation rate in its clade
than Amphiura sp. Higher mutation rate may accumulate fixed
beneficial mutations allowing the organism to adapt to new
environment (Taddei et al., 1997). Rapid sequence mutation was
also found in deep-sea hyperthermophilic anaerobic archaeon
Thermococcus eurythermalis through mutation accumulation
(MA) experiment (Gu et al., 2021) and hypoxia stress in high
altitude was supposed to accelerate mutation of aging-associated
genes (Li et al., 2017). The rapid nucleic mutation of O. serratus
and H. haimaesis may account for their epibenthic lifestyle
in broader niches (both mussel and clam beds), compared to

Amphiura sp.’s adaption to the mud sediments and only clam
beds.

The gene order of species in other Echinoderms such
as Asteroidea and Echinoidea is extensively conserved even
for some the deep-sea Mariana Trench Freyastera benthophila
(Mu et al., 2018), in contrast, our results suggest high gene
order diversity in the Ophiuroidea mitogenome, especially in
the cold seep species. Genome rearrangement plays a major
role in adaptation and speciation (Merot et al., 2020), and
different species adaptive to different niches display different
mitogenome footprints. The environment parameters between
ROV1 and ROV3/4 were quite different, like δ13C of sediment
organic matter (SOM) showed low value (−39.25) at ROV1
but high values at ROV3/4; while only smaller difference exists
between SOM δ13C and δ13C of particulate organic matter at
ROV3 and ROV4 (Ke et al., 2022). The rapid MT genome
rearrangement of O. serratus and H. haimaensis, combined with
rapid nucleotide evolution may help them adapt to more volatile
sediment-seep water interphase environment and all three ROV
sites, whereas Amphiura sp. maintained a much more stable
MT genome, perhaps because of its supposed burrowing lifestyle
and more stable environment at ROV3 and ROV4. Accelerated
genome rearrangement is considered to have occurred during
the early evolution of vertebrates and could lead to amazing
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phylogenetic diversification (Hufton et al., 2008). In addition,
the instability of the MT genome could be an indicator of
nuclear genome instability, which may reshape brittle stars
adapted to the special deep-sea cold seep environment. Further
whole genome sequencing and functional analysis of adaptive
genes are needed to illustrate how brittle stars could inhabit cold
seep fields via reorganization of their genomes.

Amphiura sp. may adapt to the cold seep mud condition
using a different strategy, through rapid amino acid
modification of ND4, coding a subunit of OXPHOS complex
I (or NADH dehydrogenase complex). OXPHOS complex I
functions as a proton pump, mutations on which was associated
with increased activity and the hypoxia-high-altitude human
population, shorten lifespan of killifish (Baumgart et al., 2016;
Gonçalves, 2019). It is considered criterial in the adaptive
evolution of vertebrates (Dawson and Scott, 2022; Verma
et al., 2022). The lowland silly chicken embryos showed higher
complex I activity in brain mitochondria under hypoxia
incubation condition than normoxic incubation condition,
whereas the native hypoxia-adaptive Tibet chicken embryos
showed no difference (Bao et al., 2007). ND2, ND4, and
ND5 were identified as positively selected along the exclusive
deep-sea mussels Bathymodiolinae branch (Zhang et al., 2021)
and hydrothermal vent alvinocaridid shrimps Shinkaicaris
leurokolos (Sun et al., 2018), and ND3 and ND5 revealed
positive selection in the deep-sea crab Chaceon granulates
(Zhang et al., 2020). Li had identified three residues on ND1,
ND2, and ND5 under positive selection in cold-seep brittle star
H. haimaensis, suggesting the important function of OXPHOS
complex I in adaption to the environment conditions of
deep-sea and cold seep (Li et al., 2021).

There is small overlap of positively selected genes and
residues among the three cold-seep brittle stars although they
occupied the same cold seep. No convergent or parallel amino
acid changes were identified among cold-seep brittle stars,
although we identified three positively selected amino acids that
changed between all cold seep brittle stars and their non-seep
relatives. In contrast, five convergent amino acid changes and
29 parallel amino acid changes in 11 genes have been found
in deep-sea fishes (Shen et al., 2019). Divergent repositories of
positive selection signals suggest that different organisms adopt
different mechanisms of the OXPHOS system and modify them
to adapt to similar environments, which may be constrained
by their genomic materials (Burskaia et al., 2021). Further
comparisons between the whole genomes and gene contents of
the cold seep species are needed to decode the detailed effects of
each cold-seep micro-ecosystem.

Conclusion

In the present study, we provide complete MT genomes
of two brittle stars (Amphiura sp. and O. serratus) collected

from Haima cold seep fields. O. serratus revealed relatively
high A + T and AT-dinucleotide genomic content. we found
that the two species display divergent evolutionary signals,
although both evolve at least as rapid as their deep-sea or shallow
water relatives. O. serratus showed rapid mitogenome evolution
via both nucleotide mutation and genome rearrangement,
compared to the medium evolutionary rate of Amphiura sp.,
which may contribute to its broader adaptive potential (in
both mussel and clam beds), compared to the more stable
burrowing environment for Amphiura sp. We identified one
positive selected residue in CYTB in the O. serratus lineage
and 10 in ND4 in the Amphiura sp. lineage, indicating that the
function of NADH dehydrogenase complex may be important
in their adaption to the reducing cold seep environment.

Materials and methods

Sample preparation and DNA
extraction

Specimens of the two brittle star species was collected from
three sites ROV1, 3, and 4, same as R1, R3 and R4 in Ke’s
study (Ke et al., 2022), using the ROV HAIMA, from the Haima
active cold seep area on the north slope of the South China Sea,
between Hainan and Paracel Islands in 2020. The specimen was
not a member of an endangered or protected species, and no
specific permits were required. The specimens were preserved
in 95% ethanol and stored at 4◦C. DNA was extracted using a
Genomic DNA Kit (Tiangen Co., Beijing, China) according to
the manufacturer’s instructions. Locations of three sites ROV1,
3, and 4 are the same as R1, R3, and R4 in Ke’s study (Ke et al.,
2022).

Sequencing assembly and annotation

For each sample, 1 µg extracted DNA was used as the
input material and sequencing libraries were generated using
the VAHTS Universal DNA Library Prep Kit for MGI (Vazyme,
Nanjing, China) following the manufacturer’s recommendations
and index codes were added to attribute sequences to each
sample. The library quantification and size was measured using
Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA, USA)
and Bioanalyzer 2100 system (Agilent Technologies, CA, USA).
Subsequent sequencing was performed on a BGI MGI-SEQ 2000
platform. Paired end reads were assembled using Novoplasty
v4.3.1 (Dierckxsens et al., 2017) (Genome Range = 15,000–
18,000 and K-mer = 27), taken other complete mitogenome as
seed. The assembled mitogenome was re-circularized to move
COX1 to head. All mitogenome were annotated on MITOS1

1 http://mitos2.bioinf.uni-leipzig.de/index.py
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(Donath et al., 2019). Circular maps of mitogenomes were
plotted in R (version 4.0.3) using ggplot2 and in-house R scripts.

Sequence alignment and phylogenetic
analysis

For each PCG, amino acid sequence from the 31
mitogenomes were aligned using MAFFT v7.475 with setting
“–ep 0.2 –maxiterate 1000 –localpair” and transform back
to CDS alignment. Conserve regions of the 13 PCGs were
kept by GBlock v0.91b (Castresana, 2000) with default setting
and concatenated. COX1 sequences from the two sequenced
mitogenome was BLAST against the NCBI nt database to decide
the most similar species, result in two families Amphiuridae
and Ophiacanthidae respectively. CDS Sequences of COX1
of family Amphiuridae and Ophiacanthidae were downloaded
from NCBI database and only two sequences were kept for
each species for phylogenetic analysis. Maximum likelihood
phylogenetic reconstruction was conducted by RAxML v8.2.12
(Stamatakis, 2014) on the CDS sequences, with substitution
model GTR + G + I and the rapid bootstrap analysis, for both
the COX1 sequences of the two families and the concatenated
PCGs of the 31 mitogenomes. BEAST2 (Bouckaert et al.,
2019) was performed to date the internal ancestor nodes of
the 31 mitogenomes, with calibrated time points: Normal
distribution with Offset = 180, Mean = 10, and SD = 10 My
between Gorgonocephalus and Ophiura, Normal distribution
with Offset = 260, Mean = 10, and SD = 15 for the ancestor of all
Ophiuroidea.

Positive selection analysis

All positive selection analyses were performed via “codeml”
from the PAML v4.9j (Yang, 2007). The ML tree was used
as tree topology. Branch models with one-ratio, two-ratio
(background, cold seep foreground), four-ratio (background,
three cold seep ratios for the three cold seep species) and
free-ratio were used in the mitogenome analysis. The branch-
site model was used to determine whether these genes have
undergone positive selection in the foreground lineage. Bayes
Empirical Bayes (BEB) analysis was used to calculate the
Bayesian posterior probability of the positively selected sites
(posterior probability > 0.95).

Gene order reconstruction

Gene orders of 37 mito-genes from the 30 ophiuroids and
the outgroup starfish Acanthaster brevispinus were converted
to MGRA compatible fasta file in GRIMM format. Additional
genes beyond the 37 genes were removed before further

analysis. MGRA (Alekseyev and Pevzner, 2009) was performed
for ancestor gene order reconstruction and rearrangement
distance calculation, using the ML phylogenetic tree as reference
topology. Though Ophiopholis aculeata have an annotated
tRNA-Thr, it is much divergent from other tRNA-Thr and may
not be a true tRNA-Thr. However, we kept the tRNA-Thr in
O. aculeata to make sure all genomes contain the same gene
contents.
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