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A B S T R A C T

This study presented 96 cox1 and 76 cox3 genes of Amphioctopus neglectus populations. Three distinct lineages
were formed from phylogenetic trees and networks constructed using haplotypes. Mitogenomes of A. neglectus-a
and A. neglectus-b as the representatives of two lineages separated from population genetics were sequenced to
compare with A. neglectus at the genome-level. Amphioctopus neglectus-a showed significant differences with A.
neglectus, mainly reflected in gene length, intergenic regions and the secondary structure of tandem repeat
motifs. Notably, two sequence deletions in mitogenomes of the two representative species were detected in
different positions of major non-coding regions, which were the most distinct differences with A. neglectus.
Pairwise genetic distances and the phylogenetic analysis supported the relationship of (A. neglectus-a + (A.
neglectus + A. neglectus-b)). This study suggested that A. neglectus-a should be considered as a potential cryptic
species of this complex, while A. neglectus-b needed further verification to be defined.

1. Introduction

The Octopodidae is the largest family in the Octopoda (Mollusca:
Cephalopoda). It is a taxon with high diversity, which can be found
from the Arctic to the Antarctic, from the intertidal zone to depths
greater than 3500 m [1–3]. It contains the vast majority of octopods,
with more than 200 valid species [4]. By 2005, more than 150 un-
described species have been recognized through examination of mu-
seum collections, primary field surveys and discovery of many cryptic
species [5]. Even so, there are still many uncertain species to be re-
solved, including many cryptic species [5]. Cryptic species are common
among marine invertebrates [6], many of which lack identifiable deli-
neating morphological traits [7]. In recent years, many molecular stu-
dies have made great contributions on taxonomy [4,5] and phylogeny
[8–11], providing novel insight into cryptic species identification of
Octopodidae [12,13]. A number of cryptic species were identified, as
found for Amphioctopus marginatus in Taiwan [14]; Norman [15] has
proposed that there were cryptic species for both A. kagoshimensis and
Hapalochlaena fasciata; Xu et al. [13] indicated a divergent lineage
among Octopus minor populations based on COI and 16S rRNA. In ad-
dition, the cryptic diversity of the O. vulgaris species complex has re-
ceived great attention; several species in this complex are

indistinguishable by morphological traits [5,16–19].
Data from mitochondrial genomes are well suited for phylogenetics,

phylogeography, population genetics, and molecular ecology, owing to
its maternal inheritance, lack of recombination and higher evolutionary
rates [20–23]. Comparing mitogenomes among multiple related species
can provide sufficient sequence data, which has been widely used and
well described in metazoans [21]. For example, reports in insects,
shellfish, reptiles, focused on the relationship between related species
and subspecies according to the organization, arrangement and codon
usage of genes in mitochondrial genomes [23–26]. Moreover, recent
studies have shown that comparative analyses of mitogenomes were
increasingly applied in species delimitation especially in cryptic species
identification, providing evidence for the existence of cryptic species in
some taxa (e.g. ascidian, shellfish, etc.) [27–30].

In this study, two mitochondrial genes, that is, cytochrome c oxidase
subunit I (cox1) and III (cox3) were used in population genetic analysis.
Typically, the cox1 gene was the most conserved among cytochrome c
oxidase subunits [31]. To date, the cox1 gene has been regarded as a
useful tool and widely used for coleoid species in efficiently identifying
species, especially overlooked species [32–37]. Recently, the cox3 gene
was found to be useful for analyzing phylogeny among closely related
shallow-water octopuses [9]. Considering the basis of population
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genetic analysis in the present study, we sequenced the mitogenomes of
two representatives of two lineages separated from A. neglectus. Both
population genetics and comparative mitogenomic analyses will reveal
cryptic biodiversity in A. neglectus. Moreover, phylogenetic analysis
inferred in this study will be helpful to understand the evolutionary
relationships within Octopodidae and determine the taxonomic status
of the A. neglectus complex.

2. Materials and methods

2.1. Sample collection and DNA extraction

Populations of A. neglectus were sampled from the Northwest Pacific
and North Indian Ocean. Our study using octopuses did not require
ethical approval as they were collected from local artisanal fisheries.
The samples are very common in local area, therefore, this study did not
involve endangered or protected species. The sample regions included
Dongshan (DS), Fujian; Yangjiang (YJ), Guangdong; Beihai (BH),
Guangxi; Sanya (SY), Hainan; coastal waters of Pakistan (CWP) and
India (CWI) (Table S1). One specimen sampled from the coastal waters
of Vietnam (CWV) from GenBank was also included.

A small piece of mantle muscle tissue was obtained from each in-
dividual and preserved in 100% alcohol until total DNA was extracted
by the CTAB method as modified by Winnepenninckx et al. [38]. All
specimens were stored in 10% formalin for one week before being
transferred to 95% alcohol, and then deposited as voucher specimens
(voucher number: see Table S1) in Fisheries College, Ocean University
of China.

2.2. PCR amplification and sequencing

The cox1 and cox3 fragments for population analysis were amplified
through the use of primers LCO1490/HCO2198 [39] and Oco3F/Oco3R
[9] in a volume of 50 μl, which contained 36.75 μl sterile distilled H2O,
1 μl template DNA (approximately 100 ng), 5 μl 10 × buffer (Mg2+

plus), 5 μl dNTP (10 mM), 1 μl of each primers (10 μM), 0.25 μl (1 U)
rTaq DNA polymerase. PCR was run under the following cycle condi-
tion: 94 °C for 3 min, followed by 36 cycles of denaturing at 94 °C for
45 s, annealing at 49 °C for 1 min, extending at 72 °C for 1 min, then
extension at 72 °C for 10 min.

Two mitogenomes were concatenated using fragments with unequal
length. Fourteen short mitochondrial fragments were amplified by
polymerase chain reaction (PCR) with specific primers designed by Ma
[40]. PCR amplifications were carried out in a 10 μl total volume
containing 7 μl sterile distilled H2O, 0.5 μl template DNA (approxi-
mately 100 ng), 1 μl 10 × buffer (Mg2+ plus), 1 μl dNTP (10 mM),
0.2 μl of each primer (10 μM), 0.1 μl (1 U) rTaq DNA polymerase. Given
the costs of research and fidelity of polymerases [41,42], LA
10 × buffer (Mg2+ plus) and LA-Taq DNA polymerase were used for
long PCR in above-mentioned 10 μl volume. Short mitochondrial
fragments were amplified with the following cycling conditions: 94 °C

for 3 min; 32 cycles of 94 °C for 45 s, 48 °C for 1 min, 72 °C for 1 min
20 s; and a final extension of 72 °C for 5 min. Long-PCR conditions
included an initial denaturation step of 94 °C for 3 min, 35 cycles of
94 °C for 45 s, 42–60 °C for 1 min, 72 °C for 1 min 50 s, and a final
extension step at 72 °C for 10 min. All PCR products were checked by
1.5% agarose gel electrophoresis, purified with EZ-10 Spin Column PCR
Product Purification Kit (Sangon). Purified products were sequenced
using an ABI 3730 automatic sequencer at Personalbio Biotechnology
Company (Shanghai, China) via a primer-walking method. Several
long-PCR fragments containing the non-coding region were cloned into
the pEASY-T1 Cloning Vector (TransGen Biotech) and sequenced using
M13 F/R universal primers.

2.3. Population genetic analysis

All contig sequences were assembled by SeqMan (DNASTAR soft-
ware package). The modified sequences were aligned by Clustal W [43]
using default settings in MEGA v.6.0 [44]. DnaSP v5.10 [45] was used
to compute the number of haplotypes (Hap), the haplotype diversity
(Hd), nucleotide diversity (π), number of variable sites (V) and average
number of nucleotide differences (k) (Table 1). The haplotype networks
were constructed using the median-joining method with default settings
in Popart v.1.7 [46]. Two haplotype networks were visualized and
manually adjusted. To guarantee reliability, Maximum Likelihood (ML)
and Bayesian Inference (BI) approaches were used to verify the to-
pology produced consistently. The ML analyses of the haplotypes were
performed using RAxML37 web server on the CIPRES Science Gateway
V.3.3 (http://www.phylo.org/index.php/) with 1000 replicates boot-
strap values for node reliability estimation. The HKY + G and TIM3
models were selected as the best for cox1 and cox3 by jModelTest [47]
based on the Akaike information criterion (AIC). The Bayesian in-
ference (BI) analyses were conducted by MrBayes v.3.1 [48] using the
HKY + G model for cox1 and HKY model for cox3. The Markov chain
Monte Carlo (MCMC) were run for 500,000 generations, with sampling
every 100 generations and discarding the first 25% trees were as
burnin. The standard deviation of split frequencies was less than 0.01.
All parameters were checked using Tracer v 1.5 [49], and the effective
sample size (ESS) for the log-likelihood was more than 200.

To evaluate hierarchical structure of variability, an analysis of
molecular variance (AMOVA) was used to partition variance compo-
nents attributable to population variance and to individuals within
populations using Arlequin 3.5 [50]. We partitioned the eight popula-
tions into three groups based on lineage pattern, i.e., group 1 (CWI-a),
group 2 (CWI-b) and group 3 (DS, YJ, BH, SY, CWV and CWP) (Table 2).
Pairwise genetic divergence between populations was estimated with
the fixation index (Fst) and assessed with exact tests based on 10,000
permutations.

2.4. Genome assembly, gene annotation and sequence analysis

Considering the basis of population genetic analysis, we sequenced

Table 1
Genetic diversity information of 7 populations of A. neglectus analyzed by cox1 and cox3 genes. Number of individuals of each population (N), number of polymorphic
sites (V), number of haplotypes (Hap), haplotype diversity (Hd), nucleotide diversity (π), average number of nucleotide differences (k).

Sampling site Abbr. cox1 cox3

N V Hap Hd π k N V Hap Hd π k

Dongshan DS 11 4 4 0.600 0.00158 0.873 11 1 2 0.545 0.00120 0.545
Yangjiang YJ 18 2 2 0.111 0.00040 0.222 18 4 4 0.314 0.00098 0.444
Beihai BH 23 8 6 0.613 0.00179 0.988 8 7 3 0.464 0.00385 1.750
Sanya SY 12 3 4 0.455 0.00091 0.500 12 4 4 0.561 0.00177 0.803
coastal waters of Pakistan CWP 21 5 8 0.757 0.00185 1.019 15 4 3 0.562 0.00193 0.876
coastal waters of India CWI-a 3 1 2 0.667 0.00121 0.667 5 2 3 0.700 0.00220 1.000

CWI-b 8 2 3 0.464 0.00091 0.500 7 2 2 0.476 0.00210 0.952
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complete mitochondrial genomes for two individuals collected in the
coastal waters of India representing two lineages that we refer to as A.
neglectus-a (OUC−201709090307) and A. neglectus-b
(OUC−201709090313).

Protein coding genes (PCGs) were identified by ORF Finder (http://
www.ncbi.nlm.nih.gov/orffinder) using the invertebrate mitochondrial
code. Transfer RNA (tRNA) genes were determined using MITOS [51]
and ARWEN [52]. The boundaries of rRNA genes were identified by
comparing with the mitogenome of A. neglectus [25]. The tandem re-
peat sequences were searched by Tandem Repeats Finder 4.0 [53]. The
secondary structures were predicted by the mfold version 3.2 web
server [54] with default parameters. We chose the most stable (lowest
free energy △G) one when there were more than one secondary
structure. Codon usage of thirteen PCGs and nucleotide of mitogenomes
were estimated by MEGA v.6.0 [44]. AT and GC skews for a given
strand was calculated as: AT skew = (A − T) / (A + T), GC skew = (G
− C) / (G + C) [55]. Gene maps of two mitogenomes were calculated

with the program CGView [56]. The ratios of nonsynonymous and sy-
nonymous substitution rates (Ka/Ks) were estimated using Ka_Ks cal-
culator 2.0 [57] with the NG model. The pairwise genetic distance for
PCGs were estimated using MEGA v6.0 [44] based on the Kimura‐2-
−arameter (K2P) model with 1000 bootstraps.

2.5. Phylogenetic analysis

A total of 16 mitochondrial genome sequences were selected for
phylogenetic analysis (Table S2). Vampyroteuthis infernalis (NC009689)
from family Vampyroteuthidae and Argonauta hians (KY649285) from
family Argonautidae were used as outgroups. The 13 PCGs were also
aligned using by Clustal W [43] in MEGA v.6.0 [44]. The concatenation
of genes was performed using SequenceMatrix v1.7.8 [58] spanning
11,124 nucleotide positions. We performed the phylogenetic analyses
by ML and BI method. ModelFinder [59] plugin integrated into IQ-
TREE v1.6.12 [60] was used to calculate the best-fit partitioning
scheme automatically. The best partition scheme and substitution
models were listed in Table S3. Then ML analyses were carried out
using IQ-TREE v1.6.12 [60] under Edge-linked partition model for
1000 bootstraps replicates. PartitionFinder v2.1.1 [61] based on the
Akaike Information Criterion (AIC) was used to estimate the optimal
partition strategy and best-fit evolution model of each partition for BI
analysis (Table S3). BI analyses were performed by MrBayes v3.2.6 [48]
with the linked branch lengths of each partition scheme with 2,000,000
generations under the Markov chain Monte Carlo (MCMC) command,
sampling every 100 generations. The first 25% generations were dis-
carded as burn-in, and a consensus tree (BI tree) was generated. Con-
vergence of the parameters in use was checked with Tracer v1.5 [49],
and the ESS value was more than 200. All phylogenetic results were
visualized using FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/
figtree).

Table 2
AMOVA analysis for A. neglectus among different populations based on cox1 and
cox3.

Genes Source of variation df Variance
components

Percentage of
variation

cox1 Among groups 2 6.48028 53.31⁎
Among populations
Within groups

5 5.30903 43.67⁎

Within populations 89 0.36670 3.02
Total 96 12.75468

cox3 Among groups 2 11.98468 96.61⁎
Among populations
Within groups

5 0.01068 0.09

Within populations 69 0.40970 3.30⁎
Total 76 12.40505

⁎ Significant at P < .05.

Fig. 1. Maximum likelihood (ML) and Bayesian in-
ference (BI) phylogenetic tree and haplotype network
of A. neglectus based on cox1 haplotypes. Branch
numbers are bootstraps (left) and posterior prob-
ability (right). Size of circle is proportional to the
frequency of a particular haplotype. Each small line
on the line that connects two circles represents a
mutational step and black dots represent hypothetical
missing intermediates.
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3. Results

3.1. Population genetic analysis

The ML tree and haplotype network based on 23 cox1 haplotypes
observed show a consistent topology, which shows three distinct groups
(Fig. 1). Haplotypes (Hap) 21 and 22 from the coastal waters of India
(CWI) clustered together and diverged early. Subsequently, other CWI
haplotypes and all CWP haplotypes were assigned into one cluster with
strong nodal support. Here, we designated these two groups of CWI as
CWI-b and CWI-a, respectively. Other haplotypes consist of individuals
from the coastal waters of China (DS, YJ, BH, SY) and Vietnam (CWV)
clustered into Group I (Fig. 1). In the cox1 network, Hap 3 was the most
prevalent haplotype shared by 47 individuals from 4 populations. No-
tably, Group II and III were clearly separated by many more mutational
steps with Group I, successively. The cox3 ML tree and network differed
from those based on cox1 in that all CWP haplotypes were gathered into
Group I, and shared the Hap 1, 2 with haplotypes from the coastal
waters of China (DS, YJ, BH, SY). Hap 9, 11, 12 which are exclusive for
CWI-a samples were separated by more than 30 mutational steps from
CWI-b haplotypes (Fig. 2).

Furthermore, we identified 25 polymorphic sites and 29 haplotypes
in the 96 partial cox1 sequences (551 bp). The highest (Hd = 0.757)
and lowest (Hd = 0.111) haplotype diversity was defined in the CWP
and YJ population, respectively (Table 1). Similarly, the nucleotide
diversity (π) and average number of nucleotide differences (k) were the
highest in CWP, and the lowest in YJ (Table 1). The partial cox3
(454 bp) sequences showed a slightly different pattern (Table 1).
Twenty-four polymorphic sites and 21 haplotypes were found in 76
specimens. Nucleotide diversity (π) and average number of nucleotide
differences (k) showed similar results that two indices are much lower
in YJ than those in the CWP population (Table 1). CWI-a had a high
haplotype diversity, and YJ had a relatively low haplotype diversity, of
which the populations ranged from 0.314 to 0.700.

The AMOVA analysis based on cox3 showed that the most of var-
iance components were detected among groups (11.98468). The sig-
nificant variation among groups (96.61%) could be explained by ge-
netic variation between the inferred lineages, supporting the
observation that the CWI-a population, CWI-b population and the re-
maining six populations have developed into three distinct lineages. In
contrast, the analysis based on cox1 showed higher variation (43.67%)
among populations within groups, which might be explained that CWP

population belong to two different groups in phylogenetic analysis
constructed using cox1 and cox3 (Table 2).

3.2. Genome structure, organization and composition

In this study, we chose to call CWI-a “A. neglectus-a” and CWI-b “A.
neglectus-b”. To investigate the relations among this complex, a com-
plete mitogenome sequence for A. neglectus (MH899749) from GenBank
was also included (Table 3). Two mitogenomes were completely se-
quenced, characterized and submitted to GenBank with accession
numbers MT080810 and MT080811 (Tables S2). The sequences were
found to be 15,747 bp for A. neglectus-a and 15,668 bp for A. neglectus-b
in size, which were a little shorter than that for A. neglectus (Fig. S1,
Table 3). Each mitogenome comprised 13 protein-coding genes (PCGs),
22 tRNAs, 2 rRNAs (rrnS and rrnL), and a major non-coding region
(MNR) between the trnP and cox3 genes. Fifteen of the 37 genes were
encoded by the plus strand, with the others encoded by the minus
strand (Fig. S1, Table 3).

The nucleotide compositions and AT contents of three mitogenomes
were similar with each other (Table S4). The AT contents of the three
mitogenomes ranged from 75.09% to 75.76%. The three mitogenomes
all showed positive AT skews and negative GC skews, which indicated
skew away from T in favor of A, and G in favor of C (Table S4).

3.3. Protein-coding genes, tRNA and rRNA genes

All PCGs used ATR and TAR as initiation and termination codons
consistently in three species (Table 3). Eight of thirteen PCGs started
with ATG, and ten of thirteen PCGs terminated with TAA. All PCGs
shared the same gene length except for nad2 and nad4 of A. neglectus-a,
which were longer than those of A. neglectus and A. neglectus-b. High AT
contents were detected in all PCGs, and the maximum negative and
positive AT skews of three species were identical in cytb and cox2, re-
spectively. The maximum positive GC skews were all detected in nad6,
while the maximum negative GC skews of A. neglectus-a differed from
the others (Table S4). The 22 typical tRNAs were interspersed between
PCGs and rRNAs. The tRNAs were similar to each other and ranged
from 64 bp to 71 bp in size. Two rRNA genes were separated by a trnV
gene. The lengths of rrnL in the three species were 1314 bp, 1315 bp
and 1321 bp, and the lengths of rrnS were 960, 964 and 968 bp, re-
spectively.

Thirteen, twelve and fourteen overlaps between adjacent genes

Fig. 2. Maximum likelihood (ML) and Bayesian in-
ference (BI) phylogenetic tree and haplotype net-
work of A. neglectus based on cox3 haplotypes.
Branch numbers are bootstraps (left) and posterior
probability (right). Size of circle is proportional to
the frequency of a particular haplotype. Each small
line on the line that connects two circles represents a
mutational step and black dots represent hypothe-
tical missing intermediates.
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were found in the three mitogenomes, ranging from 1 bp to 155 bp in
length. A 1 bp overlap between trnA and trnR was detected in A. ne-
glectus-b, which was absent in A. neglectus and A. neglectus-a. Between
nad4 and nad4l, 4 bp overlaps were detected in all species except for A.
neglectus-a. In the mitogenome of A. neglectus-a, there is a 155 bp
overlap between nad2 and cox1, which differs from the other two mi-
togenomes (Fig. 4).

3.4. Non-coding intergenic region

Fifteen to sixteen non-coding intergenic regions were interspersed
throughout the three mitogenomes (Fig. 4, Table 3). Amphioctopus ne-
glectus-b was congruent with A. neglectus in number of intergenic re-
gions, while a 2 bp intergenic region was detected between nad4 and
nad4l in the A. neglectus-a mitogenome. Four non-coding intergenic
regions could be found larger than 10 bp: 1) atp6-trnK; 2) nad6-nad1; 3)
trnE-trnP and 4) trnP-cox3. The intergenic region located between trnP
and cox3 is the largest, which was defined as major non-coding region
(MNR), with the variation among the three specimens in length (Fig. 4).
AT contents of this regions were much higher than GC contents in the
three mitogenomes. AT skew of A. neglectus-a is much lower than those
of the others, which indicated skews of the latter are far away from T in
favor of A (Table S4). Compared with A. neglectus, the MNRs of A. ne-
glectus-a and A. neglectus-b were truncated in different positions (Figs. 4,
5). In each MNR, a conserved sequence block was detected located
between two nonconservative regions. Several distinct tandem repeat
motifs (TRMs) could be detected in the three MNRs and folded into
stem-loop secondary structures under minimized free energy (Fig. 5).

Four TRMs (1, 3, 4, 5) were detected in A. neglectus (Fig. 5A). The
former three TRMs were specific for A. neglectus, of which the TRM3
and TRM4 were found in the conserved region, with several bases dif-
ference from A. neglectus-a and A. neglectus-b (Fig. 5A). TRM5 in A.
neglectus and TRM6 in A. neglectus-b were consistent and were predicted
to be the same stem-loop structures (Fig. 5). TRM2 found in A. neglectus-
a was composed of two stem-loop structures with high AT contents
(Fig. 5B).

3.5. Nonsynonymous and synonymous substitution

In order to detect the influence of selection pressure in Amphioctopus
mitogenomes, the pairwise ratios of non-synonymous (Ka) and synon-
ymous (Ks) substitution of 13 PCGs were calculated among eight
Amphioctopus species (Fig. 3). The values varied from 0 (between A.
neglectus and A. neglectus-b in cox1, cytb, nad6) to 0.773 (between A.
neglectus and A. fangsiao in nad4l). Overall, the Ka/Ks values in nad4l,
nad6, atp8 were higher than those in cox1, cox2, cytb.

3.6. Interspecific genetic distance and phylogenetic analysis

Pairwise genetic distances based on 13 PCGs within the A. neglectus
complex ranged from 0.027 to 0.065, which was lower than those
within other octopods (0.077–0.238). Genetic distance between A. ne-
glectus-a and A. neglectus-b (0.027) was lower than any other pairwise
genetic distances, while the distance between A. neglectus-a and A. ne-
glectus (0.065) was close to that between A. rex and other species of the
A. neglectus complex (0.077–0.079) (Table 4).

Table 3
Organization of the mitogenome of Amphioctopus neglectus (AN), A. neglectus-a (ANa) and A. neglectus-b (ANb).

Gene Size (bp) Start codons Stop codon Strand Intergenic regions

AN ANa ANb AN ANa ANb AN ANa ANb AN ANa ANb

cox3 780 780 780 ATG ATG ATG TAA TAA TAA + 663 582 502
trnK(ttt) 69 67 69 + 8 8 8
trnA(tgc) 68 68 70 + −2 −2 −2
trnR(tcg) 64 65 64 + 0 0 −1
trnN(gtt) 67 67 67 + 0 0 0
trnI(gat) 67 67 67 + 0 0 0
nad3 357 357 357 ATA ATA ATA TAA TAA TAA + −6 −6 −6
trnS1(gct) 69 69 69 + −2 −2 −2
nad2 1056 1182 1056 ATA ATA ATA TAA TAA TAA + −18 −18 −18
cox1 1533 1533 1533 ATG ATG ATG TAA TAA TAA + −29 −155 −29
cox2 687 687 687 ATG ATG ATG TAA TAA TAA + 6 6 6
trnD(gtc) 67 67 67 + −2 −2 −2
atp8 156 156 156 ATG ATG ATG TAA TAA TAA + 1 1 1
atp6 693 693 693 ATG ATG ATG TAG TAG TAG + 1 1 1
trnF(gaa) 67 68 67 − 24 25 24
nad5 1737 1737 1737 ATG ATG ATG TAA TAA TAA − −44 −44 −44
trnH(gtg) 65 64 65 − 0 0 0
nad4 1344 1338 1344 ATA ATA ATA TAA TAA TAA − 3 3 3
nad4l 306 306 306 ATA ATA ATA TAG TAG TAG − −4 2 −4
trnT(tgt) 64 64 64 + −5 −5 −5
trnS2(tga) 66 66 66 − 2 2 2
cytb 1146 1146 1146 ATA ATA ATA TAA TAA TAA − −2 −2 −2
nad6 513 513 513 ATG ATG ATG TAG TAG TAG − −14 −14 −14
nad1 942 942 942 ATG ATG ATG TAA TAA TAA − 74 74 74
trnL2(taa) 71 71 71 − 0 0 0
trnL1(tag) 65 65 65 − 0 0 0
rrnL 1314 1315 1321 − 3 3 3
trnV(tac) 69 69 69 − −3 −3 −3
rrnS 960 964 968 − 4 6 6
trnM(cat) 68 68 68 − −1 −1 −1
trnC(gca) 65 65 65 − 3 3 3
trnY(gta) 64 64 64 − 0 0 0
trnW(tca) 66 67 66 − 0 0 0
trnQ(ttg) 68 68 68 − 0 0 0
trnG(tcc) 66 66 66 − 3 3 3
trnE(ttc) 71 71 71 − 5 6 5
trnP(tgg) 70 70 70 − 146 152 143
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Both construction methods of ML and BI revealed phylogenetic trees
of identical topology (Fig. 6). Argonauta hians was sister to the rest of
the octopuses within Octopoda in phylogenetic tree. In Octopodidae,
the phylogenetic tree supported a polyphyletic genus of the Octopus and
two monophyletic genera (Amphioctopus and Cistopus) with high sup-
port values. Octopus conispadiceus and O. minor were recovered at the
deeper nodes. The other members of Octopus clustered into one group,
and this group was sister to Cistopus. In the genus Amphioctopus, the
relationship of (A. neglectus-a + (A. neglectus + A. neglectus-b)) was
supported strongly.

4. Discussion

4.1. Population genetic analysis

Both phylogenetic trees and haplotype networks showed three dis-
tinct groups of A. neglectus, which were separated by many mutational
steps and are likely to represent at least two separate lineages of A.
neglectus in India. In cox1 analysis, Group I contained specimens from
coastal waters of China and Vietnam. Group II was formed by speci-
mens from Pakistan and India, which differed from that in the cox3
analysis. The different topologies were supposed to be associated with
the different conserved gene sequences within A. neglectus complex. In
most metazoans, three subunits of the cytochrome c oxidase and

cytochrome b had a higher degree of conservation than NADH dehy-
drogenase genes [62]. In any case, all haplotypes in CWI gathered into
Group II and III in both cox1 (Fig. 1) and cox3 (Fig. 2) analysis, in-
dicating that at least two highly divergent mitochondrial cryptic
lineages exist in A. neglectus populations.

In this study, the CWI and CWP populations differed from the other
A. neglectus populations, which may be due to the ocean currents. Ocean
currents are an important factor in the genetic exchange of marine
organisms and play a key role in population structure of cephalopods
[63–65]. In contrast to the other populations, CWI and CWP are located
in the northern Indian Ocean, where the influence of the southern
subtropical monsoon climate creates a peculiar northern Indian Ocean
monsoon circulation. The formation of the CWI-a population may be
related to the ocean eddy located in Bay of Bengal in the Indian Ocean,
which may reduce gene flow between the inside- and outside-of eddy
populations. Due to the monsoonal currents, genetic exchange between
other Indian population located outside the eddy (i.e. CWI-b) and the
CWP population may occur, which may account for the clustering of
CWP and CWI-b populations in the cox1-based haplotype network
analysis.

The π value is important in terms of population genetic variations
[13,66]. The relatively high genetic diversity of BH population might be
attributed to large population sizes within their natural habitats [67].
Overall, the π value of cox3 is higher than that of cox1, which may

Fig. 3. The ratio of nonsynonymous and synonymous substitutions (Ka/Ks) estimated in all 13 protein genes of eight species of Amphioctopus. AA, Amphioctopus
aegina; AF, A. fangsiao; AM, A. marginatus; AN, A. neglectus; ANa, A. neglectus-a; ANb, A. neglectus-b; AO, A. cf. ovulum; AR, A. rex.

Table 4
Interspecies genetic distance of A. neglectus (AN), A. neglectus-a (ANa), A. neglectus-b (ANb), A. rex (AR), A. marginatus (AM), A. aegina (AA), A. cf. ovulum (AcO), A.
fangsiao (AF), Cistopus chinensis (CC), C. taiwanicus (CT), Octopus bimaculatus (OB), O. vulgaris (OV), O. minor (OM) and O. conispadiceus (OC) under K2P model based
on 13PCGs.

AN ANa ANb AR AM AA AcO AF CC CT OB OV OM OC

AN –
ANa 0.065
ANb 0.027 0.061
AR 0.079 0.079 0.077
AM 0.104 0.103 0.101 0.103
AA 0.125 0.126 0.122 0.118 0.124
AcO 0.118 0.122 0.118 0.117 0.123 0.122
AF 0.149 0.155 0.152 0.146 0.152 0.146 0.147
CC 0.199 0.206 0.199 0.189 0.198 0.190 0.196 0.180
CT 0.193 0.201 0.192 0.188 0.197 0.188 0.190 0.177 0.133
OB 0.182 0.191 0.181 0.185 0.188 0.178 0.185 0.171 0.179 0.174
OV 0.187 0.192 0.187 0.188 0.188 0.186 0.191 0.178 0.184 0.181 0.145
OM 0.226 0.228 0.226 0.219 0.224 0.216 0.218 0.207 0.212 0.212 0.204 0.207
OC 0.233 0.238 0.232 0.229 0.234 0.230 0.228 0.220 0.226 0.226 0.225 0.231 0.222 –
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account for the differences in phylogeny and haplotype network based
on cox1 and cox3 analyses.

The genetic divergence of the A. neglectus complex was best ex-
plained by the variation between lineages, with the AMOVA suggesting
that differences between CWI and remaining populations explained
most of the genetic variance within A. neglectus complex, consistent
with the phylogenetic analyses and the haplotype networks (Fig. 1-2).
Both AMOVA analyses supported that CWI-a and CWI-b could be two
lineages due to their genetic heterogeneity.

4.2. General features of three mitogenomes

Compared with the mitogenome of A. neglectus reported before [25],
two newly sequenced mitogenomes in this study shared similar fea-
tures. The three species share the same genome arrangement with a
translocation of trnP, which differed from the typical pattern reported
before [40,68–73]. Moreover, three mitogenomes showed typical pat-
terns of skews (positive AT skews vs. negative GC skews), which were
detected as a common feature of Cephalopods [74]. The strand asym-
metry was explained by the frequent deamidation of the adenine and
cytosine in single-stranded DNA, and the specific pairing [74,75]. To be
specific, when DNA exposed as single-stranded, deamination of A nu-
cleotide yields hypoxanthine, pairing with C rather than T, while dea-
mination of C nucleotide yields uracil, pairing with A instead of G,
leading to an excess of A relative to T and an excess of C relative to G.

Overlaps between adjacent genes are widely distributed and varied
in many mitogenomes in animals [76,77]. The three mitogenomes are
highly compact, which is common in octopods with over 90% of the
genome encoding for structural genes [71]. Thus, many overlaps were
recognized between adjacent genes in the present study, most of which
are consistent in size. The differences of overlaps among three mito-
genomes are reflected in the addition (trnA-trnR in A. neglectus-b), de-
letion (nad4-nad4l in A. neglectus-a) and variation in length (nad2-cox1
in A. neglectus-a) due to the varied sizes of adjacent genes. The unique
overlap between nad2 and cox1 in A. neglectus-a was also reported in
Cistopus chinensis with the same position and length [71].

The non-coding intergenic regions among three mitogenomes are
similar both in size and in number (Fig. 4), of which the variation re-
flected a positive correlation between mitogenome size and the length
of non-coding regions [78]. Each mitogenome contains one MNR,
which has been frequently observed in other cephalopods [79]. The
highly conserved part of the MNR was colored in Fig. 5A and was de-
tected with poly-T stretches, TRMs and high AT contents, which is ty-
pically believed to play an important role in sequence transcription
initiation and replication in animal mitochondrial DNA [80–83].
Tandem repeat motifs were predicted to be stem-loop structures and
varied within three MNRs except for the TRM5 in A. neglectus and TRM6
in A. neglectus-b (Fig. 5). In addition, the sequence deletions of MNRs
were detected in A. neglectus-a and A. neglectus-b, which can be ex-
plained by slippage events that occur in regions with high AT contents
[84]. Without regard to the regions with sequence deletions, a non-
conservative region was detected (Fig. 5A), showing another main
difference within three MNRs.

4.3. Nonsynonymous and synonymous substitution

The Ka/Ks is a crucial value in exploring the evolutionary dynamics
of PCGs across closely related species [30,85,86]. Selective pressure in
PCGs has been widely studied in marine invertebrates, revealing a
pattern of widespread purifying selection [30,86,87]. In the present
study, the Ka/Ks ratios were less than 1, indicating the existence of
purifying selection among all species. The PCGs of cox1, cox2, cytb have
much lower Ka/Ks rates compared with those of nad4l, nad6, atp8, in-
dicating that the former are evolving under stronger purifying selection
and evolutionary constraints [88]. Notably, nad4l showed an ex-
ceptionally high Ka/Ks ratio by comparison with the other protein-
coding genes, suggesting it still have potential for positive selection in
nad4l gene [86]. The Ka/Ks ratio close to 1 was also observed in nad2
gene of other invertebrate (e.g. clams) and vertebrate mitochondrial
genomes (e.g. fishes). As a PCG immediately upstream of the MNR in
above mitogenomes, the nad2 genes were exposed as single-stranded
for the longest time during replication, rendering it more likely to ac-
cumulate mutations in the highly mutagenic environment of the mi-
tochondrion [86,89]. In our study, the nad4l were located in the middle
of 13 PCGs, suggesting a large distance from the origin of replication.
Thus, the reason why the nad4l showed an exceptionally high Ka/Ks
ratio merited further study. Additionally, the Ka/Ks ratio of cox3 was
higher than that of cox1, which may reflect lower purifying selection in
the former than in the latter, and supporting the general observation
that cox1 shows a higher degree of conservation than cox3.

4.4. Interspecific genetic distance and phylogenetic analysis

In this study, the pairwise genetic distances were obtained based on
13 PCGs within 14 octopods, involving Amphioctopus, Cistopus and
Octopus. Without regard to the extreme values produced by A. neglectus-
a, the overall mean genetic distance of the genus Amphioctopus (0.120)
is lower than those in Cistopus (0.133) and Octopus (0.206). This could
be explained by the fact that Octopus radiated earlier than Cistopus and
Amphioctopus. On the other hand, this phenomenon also indicated the
closer relationships within the members of Amphioctopus. The genetic
distance between A. neglectus-a and A. neglectus is quite similar to the
lowest pairwise distances within congeneric species in Amphioctopus,
which indicated that A. neglectus-a might be a cryptic species of A. ne-
glectus complex.

In the Octopodidae, the phylogenetic analyses showed that the
deeper nodes of the tree were reconstructed as O. conispadiceus and O.
minor. Other two Octopus species grouped together and clustered into a
sister taxon with the genus Cistopus. The polyphyly of the genus Octopus
was clearly supported, which has been found in many studies [9,90,91].
Amphioctopus neglectus and A. neglectus-b were sister taxa and have a
close relationship with A. neglectus-a, A. rex, A. marginatus, A. aegina, A.
cf. ovulum and A. fangsiao, successively, which was consistent with the
long-established theory that the genus Amphioctopus is monophyletic
[25,40,72]. This phylogenetic analysis provided further evidence that
the variation of overall mean genetic distance above could be due to
differences in divergence times among genera. Moreover, the phylo-
genetic trees constructed based on the concatenation of 13 PCGs and
haplotypes of two genes showed congruent topologies of (A. neglectus-

Fig. 4. Intergenic regions (below the gene ruler) and overlaps (above the gene ruler) in A. neglectus (AN), A. neglectus-a (ANa) and A. neglectus-b (ANb) mitogenomes.
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a + (A. neglectus + A. neglectus-b)), shedding light on the possibility of
the cryptic species of this complex. Interestingly, these species are of
extremely high external morphological similarity. Because the speci-
mens are damaged during collection, we measured only a portion of
available characters. Our unpublished morphometric data indicated
that all these characters (i.e., mantle length, mantle width, head width,
arm length, hectocotylus suckers count, ocellus ring width) are shared
by A. neglectus-a and A. neglectus-b. We were unable to find any mor-
phological difference among the complex. Cryptic species with no
morphological differences but distinct genetic differences (cryptic spe-
cies) have frequently been found in previous studies. Khatami et al.
[92] identified potential cryptic species of Sepia, Amphioctopus and
Uroteuthis, but found no morphological difference among the geneti-
cally distinct groups they proposed as cryptic species. Carlini et al. [93]
demonstrated the existence of three distinct clades of North Atlantic
Illex species with undistinguishable morphological characters.

Moreover, this situation was also reported for other marine organisms
[94–96]. Typically, boundaries between species become increasingly
evident with the progress of the speciation process. De Queiroz [97] has
proposed a point known as the grey zone that the boundaries between
the species may be difficult to identify due to incipient speciation
process. This might be the reason for the undistinguishable morpholo-
gical characters among species with distinct genetic differences.

5. Conclusion

In the present study, we explored population genetic diversity of A.
neglectus by comparing the number of polymorphic sites, number of
haplotypes, haplotype diversity, nucleotide diversity, average number
of nucleotide differences, and constructing phylogenetic tree and hap-
lotype network using cox1 genes of 96 samples and cox3 genes of 76
samples, respectively. In addition, we determined two mitogenomes of
the representative species separated in the population genetic analyses
above. Phylogenetic analysis in the context of available mitogenome
data of 16 octopods was also performed. The main findings are as fol-
lows: a) the cryptic diversity of A. neglectus is inferred according to the
phylogeny and network based on population haplotypes; b)
Amphioctopus neglectus-a differs from A. neglectus in gene length, inter-
genic regions and the secondary structure of tandem repeat motifs in
MNR; c) Amphioctopus neglectus-b shows a little difference within three
species mainly reflected in the non-coding region; d) the topology of (A.
neglectus-a + (A. neglectus + A. neglectus-b)) is strongly supported in
present phylogenetic analysis.

In a word, this study shed light on the presence of the cryptic di-
versity of A. neglectus complex. Our population genetics and compara-
tive mitogenomic analyses presented the possibility of cryptic species,
that is, A. neglectus-a. Nevertheless, a further verification is still needed
to clarify whether A. neglectus-b can be defined as species or subspecies
level.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygeno.2020.06.036.
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an asterisk.
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