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Development of effective conservation and management strategies requires
assessments of ecosystem biodiversity status, especially in understudied hotspots
of global fish diversity. Coral reefs are important habitats for fishes, with biodiversity
hotspots known globally. We present the first data on molecular diversity of fishes of
Mischief Reef, the largest atoll in the Nansha Islands. Partial sequences (650 bp) of
mitochondrial COI gene (Cytochrome ¢ oxidase subunit |) are used to identify 209
individuals, representing 101 species, referable to 62 genera, 27 families, 8 orders,
and 1 class. The most abundant orders are the Perciformes (176 specimens, 84.21%),
Tetraodontiformes (13 specimens, 6.22%), and Beryciformes (13 specimens, 6.22%).
Mean Kimura 2-Parameter genetic distances within genera, families, and orders are
4.51, 18.90, and 17.63%, respectively. We record Monotaxis heterodon from this
region for the first time—a species that may previously have been misidentified as
M. grandoculis. In addition, we recognized possible cryptic species of Lethrinus
olivaceus based on significantly diverging barcode sequences. Barcode data provide
new insights into fish diversity of Mischief Reef, important for developing further
researches on this fauna, and for its conservation.

Keywords: Mischief reef, Fish diversity, DNA barcoding, COIl gene, Nansha Islands

INTRODUCTION

Coral reefs represent some of the most diverse of marine habitats and have been identified as
biodiversity hotspots around the globe (Wilson et al., 2008; Hubert et al.,, 2012). Of species
associated with them, fish are among the most conspicuous and fascinating. Unfortunately, some
coral reef fishes have become critically endangered, threatened by a variety of activities, such as
over-exploitation, habitat destruction, and pollution (Hixon, 2011; Friedlander et al., 2018).
Assessing the biodiversity of reef fishes is of critical importance in guiding conservation policy
(Dawson et al., 2011). However, reliance on morphological characters to identify species can prove
problematic because reef fishes are dominated by about 30 families, mostly perciform labroids,
acanthuroids, chaetodontoids, and gobioids, many of which differ sexually, ontogenetically, or in
general phenotypic plasticity (Radulovici et al., 2010). DNA barcoding—a molecular technique
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using mitochondrial cytochrome c oxidase I gene (COI) as a
genetic marker (Hebert et al., 2003)—is now widely applied to
identify adult and larval stages of fishes (Pegg et al., 2006; Lara
etal., 2010; Weigt et al., 2012).

The South China Sea, in the western Pacific, can be viewed
as a distinct ecosystem because of its archipelago and peninsula
boundaries. Coral reefs in this area cover approximately
8,000 km? (Yu and Zhao, 2009), with the largest concentration
around the relatively remote Nansha Islands. Due to the vast
sea area, perennial high temperature, and complex hydrology,
the sea around the Nansha Islands has a diverse fish fauna
(Li et al., 2016; Feng et al., 2020). Mischief Island, the largest
atoll located in the eastern Nansha Islands, has a large and
almost complete lagoon. Its tropical monsoon climate and
warm waters render Mischief Reef an excellent location to
develop marine fisheries. Major studies of the biodiversity of
Nansha Islands have focused on more easily accessible islands,
including Subi and Fiery Cross reefs (Yin et al, 2003; Shen
et al, 2010; Wang et al, 2015), leaving the fish diversity of
Mischief Reef poorly known, although several recent studies have
explored environment pollution, ocean physics, and aquaculture
around it (Lin et al, 2016; Chen et al, 2018; Sun et al,
2019).

In the present study, we investigate reef fish communities of
Mischief Reef using morphology and molecular tools to provide
insights into the diversity of fishes in this region. In addition,
information generated in the present study will provide an
adequate baseline that assist researchers, biodiversity managers,
and policy makers to develop effective conservation measures
for this ecosystem.

MATERIALS AND METHODS

Ethics Statement

All experimental procedures were approved by the ethics
committee of the Laboratory of Animal Welfare and Ethics of
South China Sea Fisheries Research Institute. Methods involving
animals were conducted in accordance with the Laboratory
Animal Management Principles of China.

Sample Collection
Between May 23 and June 19, 2019, 258 fishes were sampled from
Mischief Reef, mostly using gill or cast nets, or hand lines in the
lagoon (Figure 1). For Acanthuridae and Chaetodontidae species,
samples were caught on SCUBA (Self-Contained Underwater
Breathing Apparatus) by hand net after light anesthetic with clove
oil (50 ml of clove oil, 40 ml of ethanol, and 400 ml of seawater).
Specimens were identified to species based on morphology
using appropriate taxonomic guides, then photographed and
labeled, after which a muscle tissue sample was cut from
it and stored in 95% ethanol, then frozen at —20°C before
DNA extraction. Voucher specimens and tissue samples were
deposited at the Key Laboratory of South China Sea Fishery
Resources Exploitation and Utilization, Ministry of Agriculture
Rural Affairs, China.
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FIGURE 1 | Sampling area.

DNA Data Collection

Total genomic DNA was extracted from tissue samples using
a DNeasy Blood and Tissue kit (Qiagen, The Netherlands)
following manufacturer protocols. Fragments of DNA barcode
regions were amplified using FishF1 (5'-TCA ACC AAC CAC
AAA GAC ATT GGC AC-3'), FishF2 (5'-TCG ACT AAT CAT
AAA GAT ATC GGC AC-3'), FishR1 (5-'TAG ACT TCT GGG
TGG CCA AAG AAT CA-3'), and FishR2 (5-ACT TCA GGG
TGA CCG AAG AAT CAG AA-3') primers (Ward et al., 2005).
PCRs were run in a final volume of 25 uL, containing 12.5 pL of
PCR Mix (Vazyme Biotech Co., Ltd), 1-2 uL of genomic DNA,
and distilled water. PCR was carried out in an Eppendorf thermal
cycler with 5 min initial denaturation at 94°C, 35 cycles of 45 s at
94°C for denaturation, 45 s at an annealing temperature, 45 s at
72°C for extension, and a final extension at 72°C for 10 min.

Data Analysis

DNA barcode sequences were edited to remove ambiguous bases
and primer reads, then aligned with DNASTAR (DNASTAR,
Inc.) and MEGA ver. 7.0.14 softwares (Kumar et al., 2016).
We also translated sequences into amino acids to check for
premature stop codons or indels in the reading frame. For
many reef fishes (Labridae, Scaridae, and Chaetodontidae)
significant morphological differences exist between their different
growth stages. To avoid misidentification using morphology, we
compared our sequences to reference sequences from recently
published taxonomic studies in the GenBank database (Nr/Nt
database). We used a similarity threshold of 98% to assign
specimens to species (Ward, 2009). Samples were reexamined
in instances of conflict between molecular and morphological
identification. Final identifications were compared with FishBase
to determine new distribution records.
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Genetic distances at different taxonomic levels (species, genus,
family, and order) were calculated based on the Kimura 2-
parameter (K2P) model performed in MEGA ver. 7.0.14 software
(Kumar et al,, 2016). For intra-generic comparisons, monotypic
genera were excluded, as were families containing a single
genus only; this criterion was applied for higher levels in
genetic distance analysis. Then, we used the seaborn library of
Python'to draw heatmap of average K2P divergences between
COI barcodes of families. MEGA ver. 7.0.14 software was also
used to build a Maximum likelihood (ML) tree of all analyzed
DNA barcode sequences based on the K2P model, with 5,000
bootstrap replications (Kumar et al., 2016).

RESULTS

Species ldentification and Fish Diversity
Based on morphology, the 258 collected fishes were attributed to
113 species. Despite repeat attempts, quality sequence reads could

Uhttp://seaborn.pydata.org/#

not be obtained from 43 specimens, so we excluded them from
further analyses. The remaining 215 (87.76%) specimens (102
species based on morphology) were identified by amplification
and nucleotide sequencing of a partial region of the COI
mitochondrial gene, with sequences representing 103 species. Six
specimens identified as Lethrinus olivaceus based on morphology
were attributed to two species, with one sequence significantly
different from five others (with 48 diverse sites, and a diverse
ratio of 7.32%) (Figure 2). We could not differentiate these two
species based on morphology. We therefore based fish diversity
analyses on 209 specimens (Table 1) represented by 101 species
in 62 genera, 27 families, 8 orders, and 1 class.

The most abundantly fishes were in the orders Perciformes
(176 specimens, 84.21%), Tetraodontiformes (13 specimens,
6.22%), and Beryciformes (13 specimens, 6.22%); other
orders contributed 3.35% (7 specimens) to total abundance
(Table 1). Four orders contained only one species: Bothus
mancus (Pleuronectiformes), Histrio histrio (Lophiiformes),
Gymnothorax javanicus (Anguilliformes), and Aulostomus
chinensis (Gasterosteiformes). The most diverse family was
Chaetodontidae, with 25 specimens attributed to 11 species,
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FIGURE 2 | Sequences of six L. olivaceus specimens and accession numbers of sequences matched in Nt database.
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TABLE 1 | Species identification using morphology and DNA barcode.

No. Morphological ID GenBank identification species names GenBank identification species ID Similarity
1 Abudefduf septemfasciatus A. septemfasciatus KR090613.1 100.00%
2 Abudefduf vaigiensis A. vaigiensis MF123717.1 100.00%
3 Acanthurus japonicus A. japonicus KC623661.1 100.00%
4 Acanthurus lineatus A. lineatus KC970445.1 100.00%
5 Acanthurus thompsoni A. thompsoni MK657154.1 99.85%
6 Amblyglyphidodon curacao A. curacao NC_043918.1 100.00%
7 Amphiprion clarkii A. clarkii JN312865.1 100.00%
8 Amphiprion ocellaris A. ocellaris FJ582788.1 100.00%
9 Amphiprion sandaracinos A. sandaracinos FJ582728.1 100.00%
10 Apogon doederleini A. doederleini AB890062.1 98.02%
1 Arothron nigropunctatus A. nigropunctatus MT025450.1 99.85%
12 Aulostomus chinensis A. chinensis JQ349792.1 100.00%
13 Balistapus undulatus B. undulatus MK657652.1 100.00%
14 Balistoides conspicillum B. conspicillum AP009205.1 100.00%
15 Bothus mancus B. mancus JQ431491.1 100.00%
16 Calotomus carolinus C. carolinus FJ237660.1 100.00%
17 Carangoides orthogrammus C. orthogrammus JQ431539.1 100.00%
18 Caranx ignobilis C. ignobilis MF383170.1 100.00%
19 Caranx melampygus C. melampygus KF649843.1 100.00%
20 Cephalopholis leopardus C. leopardus MK658032.1 99.85%
21 Chaetodon auriga C. auriga MK657222.1 99.85%
22 Chaetodon baronessa C. baronessa KP194740.1 100.00%
23 Chaetodon ephippium C. ephippium KJ967959.1 100.00%
24 Chaetodon kleinii C. Kleinii HQ561505.1 99.85%
25 Chaetodon lunula C. lunula MKB657805.1 99.85%
26 Chaetodon lunulatus C. lunulatus KJ967960.1 100.00%
27 Chaetodon ulietensis C. ulietensis MKB57461.1 99.85%
28 Cheilinus fasciatus C. fasciatus KF809396.1 99.85%
29 Chelmon rostratus C. rostratus KM978959.1 100.00%
30 Chlorurus microrhinos C. microrhinos JN313047.1 99.69%
31 Chlorurus sordidus C. sordidus AP006567.1 100.00%
32 Ctenochaetus striatus C. striatus MKB658679.1 100.00%
33 Dascyllus trimaculatus D. trimaculatus FJ583333.1 100.00%
34 Decapterus macarellus D. macarellus MHB638781.1 99.85%
35 Diagramma picta D. picta MTO076645.1 100.00%
36 Diodon hystrix D. hystrix MN498287.1 100.00%
37 Diodon liturosus D. liturosus MG544194 .1 100.00%
38 Epibulus insidiator E. insidiator MH235638.1 93.09%
39 Epinephelus fuscoguttatus E. fuscoguttatus HQ174860.1 100.00%
40 Epinephelus merra E. merra AP005991.1 100.00%
41 Forcipiger flavissimus F. flavissimus MK566917.1 100.00%
42 Gnathodentex aureolineatus G. aureolineatus MK657065.1 100.00%
43 Gymnothorax javanicus G. javanicus MKB657369.1 99.85%
44 Halichoeres nigrescens H. nigrescens NC_041194.1 99.85%
45 Hemigymnus melapterus H. melapterus FJ237777 .1 99.85%
46 Heniochus chrysostomus H. chrysostomus MK657525.1 100.00%
47 Hipposcarus longiceps H. longiceps MN870054.1 99.85%
48 Heniochus varius H. varius JN313000.1 100.00%
49 Histrio various H. histrio GU188490.1 99.69%
50 Inimicus sinensis I. sinensis MT585144.1 99.85%
51 Kyphosus cinerascens K. cinerascens KP194530.1 100.00%
52 Lethrinus atkinsoni L. atkinsoni JN311941.1 99.85%
53 Lethrinus erythracanthus L. erythracanthus JN311935.1 100.00%
54 Lethrinus obsoletus L. obsoletus MT551655.1 100.00%
55 Lethrinus semicinctus L. semicinctus JF952784.1 100.00%
(Continued)
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TABLE 1 | Continued

No. Morphological ID GenBank identification species names GenBank identification species ID Similarity
56 Lutjanus gibbus L. gibbus KF009614.1 100.00%
57 Lutjanus kasmira L. kasmira GU805012.1 100.00%
58 Melichthys vidua M. vidua MK566980.1 100.00%
59 Monotaxis heterodon M. heterodon MKB57454.1 100.00%
60 Mulloidichthys vanicolensis M. vanicolensis AP012310.1 99.85%
61 Myripristis violacea M. violacea KJ968155.1 100.00%
62 Naso brevirostris N. brevirostris KF714978.1 99.85%
63 Naso lituratus N. lituratus KP194045.1 99.54%
64 Neoniphon opercularis N. opercularis MK658576.1 100.00%
65 Neoniphon sammara N. sammara MG816708.1 100.00%
66 Ostorhinchus fleurieu O. fleurieu MT076480.1 99.85%
67 Ostracion immaculatus O. immaculatus AP009176.1 99.84%
68 Ostracion meleagris O. meleagris MK657803.1 99.85%
69 Oxycheilinus celebicus O. celebicus HQ564433.1 99.85%
70 Oxycheilinus digramma O. digramma KF714986.1 100.00%
71 Parupeneus barberinus P, barberinus KF809411.1 100.00%
72 Parupeneus ciliatus P, ciliatus EF607486.1 99.85%
73 Parupeneus cyclostomus P, cyclostomus MK658446.1 99.85%
74 Parupeneus indicus P indicus DQ107800.1 100.00%
75 Parupeneus insularis P, insularis JQ431985.1 99.85%
76 Pentapodus setosus P, setosus LC557138.1 99.85%
77 Pentapodus caninus P, caninus KT883585.1 100.00%
78 Platax boersii P, boersii JN313144.1 100.00%
79 Plectorhinchus chaetodonoides P, chaetodonoides FJ583863.1 100.00%
80 Pseudobalistes flavimarginatus P, flavimarginatus MF124008.1 99.85%
81 Pseudodax moluccanus P moluccanus FJ583993.1 99.85%
82 Pygoplites diacanthus P, diacanthus KF930343.1 100.00%
83 Sargocentron caudimaculatum S. caudimaculatum MK658342.1 100.00%
84 Sargocentron microstoma S. microstoma KJ968231.1 100.00%
85 Sargocentron rubrum S. rubrum AP004432.1 100.00%
86 Sargocentron spiniferum S. spiniferum KX254549.1 99.85%
87 Scarus chameleon S. chameleon FJ237915.1 100.00%
88 Scarus forsteni S. forsteni MK658092.1 100.00%
89 Scarus ghobban S. ghobban EF609452.1 100.00%
90 Scarus niger S. niger JQ432105.1 99.85%
91 Scarus rubroviolaceus S. rubroviolaceus MN870193.1 99.69%
92 Scarus spinus S. spinus KP193990.1 100.00%
93 Siganus argenteus S. argenteus KP266748.1 100.00%
94 Siganus punctatus S. punctatus KP194265.1 100.00%
95 Siganus vulpinus S. wulpinus FJ584115.1 100.00%
96 Synanceia verrucosa S. verrucosa KP789313.1 100.00%
97 Terapon theraps T. theraps KP266751.1 100.00%
98 Torquigener hypselogeneion T. hypselogeneion KP267625.1 99.85%
99 Xyrichtys twistii X. twistii KU944516.1 100.00%
100 Zanclus cornutus Z. cornutus MKB657996.1 100.00%
101 Zebrasoma veliferum Z. veliferum FJ584277.1 100.00%

followed by Scaridae with 9 species, and Pomacentridae,
Labridae, and Acanthuridae, with 8 species in each. The 11
specimens of Chaetodon comprised 7 species, followed by Scarus
(7 specimens, 6 species). Of the 101 species, 56 were represented
by single specimen.

Genetic Divergence
All amplified sequences were of 655 bp without deletions,
insertions, or stop codons, indicating they represented functional

mitochondrial COI sequences. Among the 655 sites, 290 were
polymorphic and 281 were parsimony informative. Nucleotide
diversity of the entire dataset was 0.1875, with 148 haplotypes
and a diversity of 0.9949. Overall nucleotide composition and
contents at each codon position were detailed in Table 2. The G
content was 18.50%, indicating an obvious anti-guanine bias.
Most species identified using morphology were similarly
identified by COI sequences, except for L. olivaceus, for which
reason the six sequences were excluded from analyses. As
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TABLE 2 | Nucleotide composition, overall, and order-wise GC content and GC at
each codon position 1, 2, and 3.

Nucleotide T C A G

Overall 29.3 28.6 23.6 18.5
Codon position 1 17.4 26.4 25.5 30.8
Codon position 2 42.2 28.0 151 14.6
Codon position 3 28.2 31.5 30.1 10.2

TABLE 3 | Genetic divergence (K2P percentage) at each taxonomic level.

Nucleotide Min Max Mean SE divergence
divergence divergence divergence (%)
(%) (%) (%)
Within genus 2.81 13.68 7.24 0.82
Within family 8.00 19.03 13.90 1.14
Within order 12.56 21.64 17.63 5.29

expected, a hierarchical increase in the mean K2P genetic
divergence with increasing taxonomic levels (from 7.24 to
17.63%) was observed (Table 3). We also calculated genetic
divergence among genera and families; at the family level,
the lowest divergence was observed between Zanclidae and
Kyphosidae (16.28%), the highest between Scorpaenidae and
Bothidae (32.19%) (Figure 3), and at the genus level, the lowest
divergence was observed between Plectorhinchus and Diagramma

(9.59%), and the highest was observed between Pygoplites and
Bothus (33.82%).

The ML tree included 101 species (Figure 4). Unexpectedly,
species of Tetraodontiformes did not cluster. The four species
Balistapus undulatus, Balistoides conspicillum, Melichthys vidua,
and Pseudobalistes flavimarginatus did cluster (Figure 4B).
Diodon hystrix and D. liturosus clustered with Aulostomus
chinensis in the Gasterosteiformes. Torquigener hypselogeneion
clustered with Bothus mancus in Pleuronectiformes and then with
Arothron nigropunctatus (Figure 4C). In addition, a single species
of Anguilliformes (Gymnothorax javanicus) and Lophiiformes
(Histrio histrio) clustered.

DISCUSSION

As a core area of coral reefs in China, the Nansha Islands
have a diverse array of species and rich mineral deposits and
are well known for their tropical marine fisheries. However,
numerous anthropogenic activities, such as increased marine
transportation, over-exploitation of mineral resources, and a
rapid increase in tourism, have contributed to deterioration in
the marine ecosystem (Sun et al., 2019; Tan et al., 2020). While the
fish diversity of Nansha Islands and nearby waters was reported
by Chen et al. (2010) and Liu et al. (2012), knowledge of reef
fish diversity in the Mischief Reef was limited. Because species
represent basic units of biodiversity and are the foundation of
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FIGURE 3 | Average K2P divergences between COI barcodes of families.
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ecosystem services to which the well-being of humans is closely
linked (Barman et al., 2018), precise appraisals of biodiversity are
needed to devise effective conservation measures.

Species ldentification

Of 215 specimens examined, 209 were finally identified to species
using morphological and molecular techniques. Six specimens
referred to L. olivaceus based on morphology were referred to
two species using DNA. Additionally, the six sequences were
all referred to L. olivaceus by searching in database (Figure 2).
Borsa et al. (2013) found two cranial morphotypes in L. olivaceus,
and indicated one distributed from the Indian Ocean to the
Coral Triangle and the other one distributed from the Coral
Triangle to the western Central Pacific. The two morphotypes
are concordant with reciprocally monophyletic mitochondrial
lineages separated by a significant genetic difference, and their
distributions range meet or overlap in the eastern part of
the Coral Triangle, in Taiwan and in West Papua (Borsa
et al., 2013). Deng et al. (2019) examined L. olivaceus from
the Xisha, Zhongsha, and Nansha archipelagos in the South
China Sea based on mitochondrial DNA control region, and
identified two distinct lineages, one around Xisha and Zhongsha
archipelagos and the other around Nansha archipelago. These
researches illustrated a deep split between L. olivaceus, suggesting
the possible occurrence of a cryptic species. We sequenced
the homologous sequences (cytochrome b gene and control
region) and compared the sequences of our samples and two
monophyletic mitochondrial lineages of Borsa et al. (2013) and
Deng et al. (2019). The results showed our L. olivaceus samples
divided into two lineages, which is consistent with the previous
study (Supplementary Figure 1). Furthermore, our result also
showed that the distribution ranges meet or overlap in the
Nansha Islands of South China Sea. For the further taxonomy
studies of L. olivaceus, we suggest sequencing DNA barcodes
of congeneric taxa, including specimens from type localities of
two taxa currently considered junior synonyms (L. rostratus and
L. waigiensis) to clarify the status of this species.

In the present study, Monotaxis heterodon was a new record
species in South China Sea. Previous record showed that
M. grandoculis was the single species of Monotaxis in South
China Sea (Sun and Chen, 2013). So far, few studies have
investigated the M. heterodon. Former researches considered
that the genus Monotaxis was monotypic, and indicated M.
heterodon was a junior synonym of M. grandoculis (Carpenter
and Johnson, 2002). In contrast to earlier findings, other
researchers found that both morphological characteristic and
DNA barcodes of the two species were significantly different
(Randall, 2005; Chen and Borsa, 2020; Limmon et al., 2020).
Consistent with these literatures, the M. heterodon here was
confirmed as a valid species based on morphologic characteristics
and DNA barcodes.

Genetic Divergence

The mean K2P genetic distances hierarchy increased with
increased taxonomic level, consistent with data from coral
reef fishes of the Indo-Malay-Philippines Archipelago, Todos
os Santos Bay, and marine fish of other areas (Lakra et al,

2011; Hubert et al., 2012; Duarte et al., 2017). Similar results
were also found for freshwater fishes (Hubert et al., 2008;
Barman et al, 2018). Previous studies have attempted to
delineate species boundaries based on DNA barcode data (Meier
et al.,, 2008; Bhattacharjee et al., 2012), with Hebert proposing
a COI sequence threshold for conspecific and congeneric
divergence—the 10 x rule—where a 10-fold difference in
mean intraspecific variation was adequate to draw boundaries
between species (Hebert et al., 2004). Our findings do not
support this because we report much lower intergeneric genetic
distance (9.59%) between Diagramma picta and Plectorhinchus
chaetodonoides, but higher intrageneric genetic distances between
taxa such as Epinephelus (9.81%), Parupeneus (9.88%), Lethrinus
(10.33%), Acanthurus (10.41%), and Chaetodon (13.68%),
consistent with Barman et al. (2018) and Guimaraes-Costa
et al. (2019). Because frequent overlap between intra- and
interspecific divergence was also reported in earlier studies,
it is difficult to generalize a threshold for genus- or higher-
level resolution.

ML tree topology structure reveals convergence of congeneric
taxa, although some species appear to be more closely related
to those in other genera than within a genus. Species of
Sargocentron appear to be more closely related to those of
Neoniphon than to S. microstoma (Figure 1)—a finding broadly
supporting other phylogenetic studies on the Holocentridae
(Hubert et al, 2010; Dornburg et al., 2012). Dornburg et al.
(2012) inferred the species-level phylogeny of the Holocentridae
based on nuclear and mitochondrial genes and demonstrated
that taxonomically diagnostic characters for Neoniphon and
Sargocentron likely represent character states with a complex
evolutionary history that do not reflect shared common ancestry
(Dornburg et al,, 2012). A similar result was found for the
Acanthuridae, a clade containing Acanthurus and Ctenochaetus,
which show a paraphyletic relationship, supporting Clements
et al. (2003) and Sorenson et al. (2013). The ML tree for higher
taxonomic levels (family and above) was also inconsistent with
conventionally accepted phylogenetic relationships, with genera
in the Tetraodontiformes scattered throughout it, and orders
represented by single species or genera (e.g., Lophiiformes,
Pleuronectiformes, Anguilliformes) not showing single branches.
This inconsistency may be due to increased variability in the
COI gene sequence at the level of family and higher. Since base
substitutions among higher taxonomic levels tend to be saturated,
this reduces resolution at high phylogenetic levels. In general,
the COI gene may be unsuitable for phylogenetic studies above
the level of family. The result reflects that of Xing et al. (2020)
who reported that the COI gene sequence was unsuitable as a
molecular marker for phylogenetic analysis of ophichthid fishes
above the level of species.
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