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Abstract: The population genetic structure of 211 samples of Loliolus (Nipponololigo) beka, which were
selected from across seven geographic localities—in the Bohai Sea, the Yellow Sea and the East China
Sea—were analyzed using mitochondrial COI and 165 rRNA gene markers. Phylogenetic trees and
a haplotype network both showed that the L. (N.) beka localities were genetically distinct, forming
two homogeneous lineages: Lineage A and Lineage B. The results of an AMOVA showed that the
genetic variation in the L. (N.) beka populations was dominated by the genetic variation between
the two lineages, and both the genetic distance and genetic differentiation indices indicated that the
genetic differentiation between the two lineages of L. (N.) beka in Chinese waters had reached the
level of species divergence. To further confirm the differences between the two lineages shown in
the molecular results, we performed a detailed analysis based on morphometric observations and a
multivariate statistical analysis to compare the morphology characteristics of Lineage A and Lineage
B. The results showed that there were significant differences (p < 0.05) in the ventral mantle length
(VML); the mantle width index (MWI); the fin width index (FWI); the head length index (HLI); the
left Arm IV length index (LALI4), the right Arm III length index (RALI3), the right Arm IV length
index (RALI4), and the hectocotylized proportion of the left Arm IV length (HcL%) between the two
lineages. The differences between the two lineages were also supported by the analysis results for the
number of sucker ring teeth. Accordingly, the results of the morphological analysis further confirmed
the molecular analysis and provided additional evidence for the presence of the cryptic species of
L. (N.) beka in the coastal areas of China.

Keywords: population variations; morphological diversity; cytochrome c oxidase I; 165 rRNA;
cryptic species

1. Introduction

Cephalopods are appealing to researchers due to their extraordinary brains and mirac-
ulous mimetic abilities. In addition, they are also an important fishery resource as they are
popular among consumers all over the world because of their high protein content and
good taste. They also have unique life history characteristics, such as a short lifespan; high
natural mortality and turnover rates; rapid and, often, non-asymptotic growth; and diver-
sified habitats. These characteristics mean that they can adapt quickly to environmental
changes, thereby giving them a competitive advantage over other biological populations
as they can fill the niche left by them in the wake of environmental changes. This results
in relatively complex populations [1-3]. Furthermore, cephalopods show a wide variety
of morphologies due to their wide distribution. In recent years, many hidden species of
Cephalopoda have been found, such as Uroteuthis duvaucelii [4], Amphioctopus neglectus [5],
and Octopus minor [6].

Loliolus (Nipponololigo) beka belongs to the class Cephalopoda, and is of the Myopsida
order and of the Loliginidae family. It is mainly distributed across temperate to tropical
environments, such as the western Pacific Ocean, and all along the south-east Asian coastal
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waters—from southern Japan and Hainan Island, to the Gulf of Thailand and the Andaman
Sea [7]. Its distribution across Chinese waters ranges over a wide area, which covers the
Bohai Sea, the Yellow Sea, the East China Sea, and the South China Sea [8]. L. (N.) beka
is a type of small squid with a poor swimming ability, which mainly lives offshore [8].
To date, studies on L. (N.) beka have mainly focused on its life history [9], classification
characteristics [10,11], phylogenetic relationship [12], and nutritional composition [13].
Yang and Tan (2000) conducted a preliminary analysis of the feeding habits of L. (N.)
beka in the Bohai Sea and showed that they are a benthic species [9]. Yang et al. (2012)
conducted a comparative analysis on the morphological characteristics of the beak of the L.
(N.) beka in the East China Sea using geometric measurements. They found that some of the
characteristics were stable and did not change with the growth of the individuals [10]. L.
(N.) beka is a widely distributed species, and the large habitat variation of the squids makes
them likely to have a complex genetic structure. However, very few relevant studies on
L. (N.) beka’s population genetics and phylogeography have been reported; therefore, the
population genetic variation and genetic structure of this species in Chinese waters has yet
to be studied.

In the study of population differentiation, the traditional method is the most intuitive
approach. This approach is mainly based on meticulous and methodical descriptions of the
morphology, color patterns, and other such characteristics. In the past decades, modern
taxonomy has benefited much from the progress of molecular technology and tools [14,15].
Mitochondrial DNA—with features such as a maternal inheritance, rapid evolution rate, and
the negligible chances of recombination—have played a paramount role in the population
genetics studies of aquatic creatures such as Coilia nasus [16], Acanthopagrus schlegelii [17], and
Johnius grypotus [18]. Cytochrome c oxidase I (COI) and 16S rRNA (16S), in particular, have
been used in species identification [19,20]. Dai et al. (2012) analyzed the possible existence of
hidden species of L. (N.) beka in the coastal waters of China [21]. Xu et al. (2019) suggested the
existence of a cryptic species of L. (N.) beka in China waters by analyzing the COI data of L.
(N.) beka in Qingdao, Shandong [22]. In this study, in order to address the above questions
about the differentiation of L. (N.) beka, we conducted molecular and morphological analyses
of L. (N.) beka. The samples were taken from seven geographic localities along the Chinese
coast to further investigate their genetic structure.

2. Materials and Methods
2.1. Sample Collection and Laboratory Procedures

L. (N.) beka was sampled from 7 regions along the Chinese coast, including Dalian
(DL), Liaoning; Yantai (YT), Shandong; Qingdao (QD), Shandong; Lianyungang (LYG),
Jiangsu; Nantong (NT), Jiangsu; Wenzhou (WZ), Zhejiang and Ningde (ND), Fujian (Table
51; Figure 1). These samples, collected from offshore fishing boats, are common species in
the local areas; therefore, this study did not involve any endangered or protected species.

The squid samples were moved to the laboratory using cold-chain transport. A small
piece of mantle muscle tissue was obtained from each individual squid and was preserved
in 100% alcohol until the DNA extraction. Sucker ring samples were removed with tweezers
under a stereoptometry microscope with a camera system (model: Nikon SMZ 800N, Japan),
and then photographed and recorded. The samples for the morphology analysis were
then fixed in a 10% formalin solution and transferred to 75% alcohol one week later for
long-term storage [23] and standardized measurements.

2.2. DNA Extraction, PCR Amplification and Sequencing

The total DNA was extracted by the CTAB method, as modified by Winnepenninckx et al.
(1993) [24]. The COI and 165 fragments for the population analysis were amplified through
the use of the primers LCO1490/HCO2198 [25] and 165 rRNA-F/165 rRNA-R [26], in a
total volume of 25 pl—which contained 9.5 pl of sterile distilled H20; a 1 pl template
DNA (approximately 100 ng); 1 pl of each primer (10 uM); and 12.5 ul 2 x Taq Master
Mix (Vazyme, Nanjing, China). A PCR was run under the following cycle conditions:
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pre-denaturing at 95 °C for 3 min. This was followed by 32 cycles of denaturing at 95 °C,
for 15 s; annealing at 60 °C (COI) or 56 °C (16S) for 20 s; extending at 72 °C for 1 min; and
then extending at 72 °C for 5 min. The PCR products were checked in 1.5% agarose gel
and then sequenced using forward PCR primers on an ABI 3730x], purchased from Sangon
Biotech Company (Shanghai, China).
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Figure 1. The sampling sites of L. (N.) beka and the distribution frequencies of Lineage A and Lineage
B of mitochondrial DN A-based results (see below) in 7 localities. (Note: DL: Dalian; YT: Yantai;
QD: Qingdao; LYG: Lianyungang; NT: Nantong; WZ: Wenzhou; and ND: Ningde. The blue in the
pie chart represents Lineage A, and the orange represents Lineage B).

2.3. Sequence Data Analysis

All the sequences were aligned in SeqMan v.7.2 [27], multiplexed using Clustal W [28],
and then verified separately in GenBank. MEGA v.11 [29] was used to calculate the average
base composition and number of variant sites (S) for all sequences. Genetic diversity indices
were calculated using DnaSP v5.10 [30], and the genetic differentiation index (Fs;) was
further evaluated using Arlequin 3.11 [31], to ascertain the level of genetic differentiation
among the localities. Haplotype network maps were constructed by the median linkage
method, using Popart v.1.7 [32], and then visualized and manually adjusted. Genetic
distances were then calculated using MEGA v.11 [29]. Based on the haplotype network
map results, an analysis of molecular variance (AMOVA) was performed using the Kimura
2-parameter model, by Arlequin 3.11, to assess the reliability of the grouping and the main
drivers of genetic variation in the population [31].

Phylogenetic trees were constructed using the Bayesian inference (BI) and maximum
likelihood (ML) methods, using IQ-TREE v1.6.12 [33] and MrBayes v.3.2 [34], respectively,
with Uroteuthis duvaucelii as an outgroup. The best nucleotide substitution models were
calculated using ModelFinder [35]—under the BIC (Bayesian information criteria) criterion
(Table S2)—and the phylogenetic trees were further edited and visualized using FigTree
v1.4.3 (http:/ /tree.bio.ed.ac.uk/software/figtree, accessed on 23 January 2022)).
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Based on the results of the phylogenetic analysis, neutrality tests (i.e., Tajima’s D test [36]
and Fu'’s Fs test [37]) were calculated for each locality and the two lineages of L. (IN.) beka,
using the Arlequin 3.11 [31] software. The mismatch distribution for all the localities and
lineages was constructed using DnaSP v5.10 [30], to infer the historical population dynamics.

2.4. Morphology Data Analysis

The results of the molecular experiments divided all the L. (N.) beka samples into two
lineages: Lineage A and Lineage B. Consequently, we selected fifteen morphologically well-
preserved individuals from each lineage and carried out morphological analyses on them.
Fifteen morphometric characteristics and eight meristic characteristics (e.g., the number
of sucker ring teeth on the largest arm sucker ring on each arm of both male and female
squids) were recorded (Table S3). Male and female individuals were analyzed separately
due to the differences in the hectocotylized arm (Tables S4 and S5). Most characteristics
were analyzed in proportion to the dorsal mantle length (DML) to avoid the effect of
size differences between the samples (Table S3) [23,38]. SPSS 26.0 was then used for an
independent t-test and principal component analysis (p < 0.05).

Based on the 15 morphological indicators of the two lineages, the uncorrelated princi-
pal components that dominated the group differences were calculated. The contribution
rate of the principal components and cumulative contribution were calculated according
to the method of Brzeski et al. (1988) [39]. The morphological indicators were similarly
analyzed using the stepwise discriminant method, and the discriminant function was con-
structed based on the discriminant parameters. The formula for the discriminant accuracy
was calculated with reference to Gao et al. (2019) [40].

3. Results
3.1. Population Genetic Analysis, Based on Mitochondrial DNA Markers
3.1.1. Genetic Diversity of L. (N.) beka

In this study, 201 partial COI sequences and 192 partial 16S sequences were obtained
from the squid samples. Of the 646 bp aligned for COI, 76 were variable, accounting for
11.8% of the total sequence, and 53 were parsimony-informative. The average percentages
of T, C, A, and G were 35.8%, 18.8%, 29.3%, and 16.2%, respectively. With an aligned length
of 478 bp in the 16S, 59 individuals were variable (accounting for 12.3% of the total length),
and 35 were parsimony-informative. The average percentages of T, C, A, and G were 33.0%,
19.1%, 38.0%, and 9.9%, respectively, and the content of A + T was much higher than that
of G + C, indicating an obvious AT bias.

The average values of the haplotype diversity (Hd) and nucleotide diversity (7r) for all
the L. (N.) beka populations were high overall (i.e., COI: 0.866 and 0.0310; 16S: 0.623 and
0.0214). In terms of a single locality, the diversity of the localities from DL, YT, QD, and
LYG were relatively high for both COI and 16S, while the ND locality had a low value of
both the Hd and 7t. As for the NT and WZ localities, the 7t values were relatively low and
the Hd values differed between the COI and 16S results (Table 1).

Table 1. The genetic diversity indices for geographic localities of L. (N.) beka.

COI 16S
Group
N Hap Hd T N Hap Hd T
DL 39 19 0.896 0.017 36 9 0.727 0.012
YT 29 16 0.916 0.029 27 5 0.553 0.017
QD 36 16 0.895 0.014 35 10 0.632 0.01
LYG 29 14 0.825 0.028 27 3 0.53 0.019
NT 14 7 0.795 0.002 14 3 0.385 0.004
Wz 28 9 0.587 0.002 28 6 0.331 0.001
ND 27 7 0.456 0.001 25 4 0.23 0.001
Total 201 64 0.866 0.031 192 20 0.623 0.021
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3.1.2. Phylogenetic Relationships and Two Lineages

A total of 64 haplotypes were obtained, based on the COI sequences, of which 49
were unique haplotypes. Hap 1 and Hap 15 were the main shared haplotypes. A total of
20 haplotypes were obtained from the 16S sequence, of which four were shared haplotypes
and the others were unique. Similar to the COI, 165 also had two major shared haplotypes:
Hap 1 and Hap 3. Hap 1 was shared by all the localities, while Hap 3 was only shared by
four localities.

The phylogenetic trees were constructed based on the 64 haplotype sequences of COI,
and both the ML tree and the BI tree formed two independent branches: Lineage A and
Lineage B, with the support of 1/100. The haplotype network diagram of COI also formed
two independent lineages (Figure 2). For Lineage A, a total of 19 haplotypes were defined
from 89 sequences, and the remaining 112 sequences belonged to Lineage B, yielding a
total of 15 haplotypes. The ML and BI trees that were constructed from the 16S haplotype
sequences were also identical, and both showed that the L. (N.) beka localities were divided
into two independent clades: Lineage A and Lineage B (Figure 3). The haplotype network
diagram was consistent with the phylogenetic tree results, and the evolutionary relationship
was simple. The 20 haplotypes diverged into two lineages, with the star structure centered
on Hap 1 and Hap 3, respectively.
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Figure 2. Maximum likelihood (ML) and Bayesian inference (BI) phylogenetic tree and haplotype
network of L. (N.) beka based on COI haplotypes. 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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Figure 3. Maximum likelihood (ML) and Bayesian inference (BI) phylogenetic tree and haplotype
network of L. (N.) beka based on 16S haplotypes. 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.

The results of the COI and the 165 sequence analysis were consistent. Lineage A and
Lineage B were sympatric and regularly distributed across DL, YT, QD, and LYG stocks,
while Lineage A was only distributed across DL, YT, QD, and LYG localities, and Lineage B
was distributed across all the seven localities (Figures 1-3).

3.1.3. Population Structure

The AMOVA, based on COI and 165, divided all the seven localities into Lineage
A and Lineage B. The COI result revealed a 89.78% variation among the lineages, 9.77%
within populations, and 0.44% among the populations. The 16S result revealed a 96.38%
variation among the lineages, 3.61% within populations, and 0.01% among the populations
(Table 2). The Fst among the different geographical localities was —0.015 (QD vs. DL) to
0.838 (QD vs. ND) for COI, and —0.015 (QD vs. DL) to 0.841 (QD vs. WZ) for 16S. The
F,t between the Lineages A and B was 0.900 for COI and 0.52 for 16S (p < 0.05), and both
results indicated that there was significant genetic differentiation between Lineage A and
Lineage B in L. (N.) beka localities (Table 3, Table S6).

According to the above analysis results, the genetic distance between Lineage A and
Lineage B and the genetic distances within the lineages were calculated. Based on COlI,
the genetic distances within Lineages A and B were 1.0% and 0.2%, respectively, and the
genetic distance between Lineage A and Lineage B was 5.9%. Based on 16S, the genetic
distances within both lineages were 0.1%, while the genetic distance between both lineages
was 4.2% (Table S6). The results of both the COI and 165 showed that the genetic distance
between Lineage A and Lineage B was significant.
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Table 2. AMOVA analysis of L. (N.) beka localities, based on COI and 16S.

Source of df Sum of Variance Percentage of F Statistic
Variation Squares Component Variation/(%)
Gene pool (Lineage A; Lineage B)
Among groups 1 1137.067 17.04307 Va 89.78 FSC: 0.04352
COI Among populations 3 11.951 0.08438 Vb 0.44 FST: 0.90230
Within populations 128 237.394 1.85464 Vc 9.77 FCT: 0.89785
Total 132 1386.412 18.98209
Gene pool (Lineage A; Lineage B)
Among groups 1 518.089 9.86162 Va 96.38 FSC: 0.00324
165 rRNA Among populations 2 0.801 0.00120 Vb 0.01 FST: 0.96392
Within populations 101 37.284 0.36915 Vc 3.61 FCT: 0.96380
Total 104 556.174 10.23197
Table 3. Fy; between populations of L. (N.) beka, based on COI (below diagonal) and 16S (above diagonal).
Group DL YT QD LYG NT WZ ND
DL 0.017 —0.015 0.344 * 0.735* 0.791 % 0.785*
YT 0.067 * 0.065 * 0.166 * 0.597 * 0.681* 0.671*
QD —0.015 0.111* 0.417 0.791* 0.841 % 0.836 *
LYG 0.386 * 0.137 * 0.442* 0.260 0.337 * 0.327 %
NT 0.738 * 0.513* 0.792 * 0.204 0.111 0.090
A4 0.779 * 0.588 * 0.826 * 0.271 % —0.012 0.000
ND 0.791 * 0.604 * 0.838 * 0.291 0.079 * 0.022 *
* Significant at p < 0.05.

3.1.4. Population Demography

Tajima’s D and Fu's Fs statistics of both the COI and 16S were all significantly neg-
ative (Table 4), indicating a possible population expansion event for the L. (N.) beka. The
unimodal mismatch distributions were detected in each lineage (A and B), which further
demonstrated that a population expansion event had happened in the species (Figure S1).
The bimodal mismatch distribution was detected in all samples—corresponding to both
Lineage A and Lineage B—which showed obvious genetic differentiation in the population.

Table 4. Results of neutrality test for lineages of L. (N.) beka based on COI and 16S.

COI 16S
Lineage
Tajima’s D Fu’s Fs Tajima’s D Fu’s Fs
Lineage A -1.391* —2.208 * —2.690 * —5.297 *
Lineage B —2.327* —16.074 * —2.360 * —1.925*
* Significant at p < 0.05.

3.2. Morphological Analysis
3.2.1. Multi-Analysis of Morphology

For the Lineage A squids, the total length (TL) was between 97.5 and 130.5 mm; the
dorsal mantle length (DML) was between 29.5 and 41.5 mm, which was approximately
between 1.8 and 2.0 times the mantle width (MW); the total weight (TW) was between 0.95
and 2.19 g; the arm formula was 3 > 4 > 2 > 1; Arm IV, on the left side of each of the male
squids, was specialized as the hectocotylized arm, with a pointed and protruded apparatus
accounting for approximately 50% of the total arm lengths (AL). Regarding the squids
of Lineage B, the TL was between 109.5 and 155.5 mm and the DML was between 32.5
and 55.1 mm, which was approximately between 1.4 and 1.6 times the MW; the TW was
between 2.23 and 9.25 g; the arm formula was the same as that of Lineage A; the apparatus
accounted for approximately 60% of the total length of the hectocotylized arms. There were
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no significant differences in the HWI, FLI, EDI, HW/HL, RALI1, and RALI2 between the
Lineage A and Lineage B squids, while significant differences were observed in the VML,
MWI, FWI, HLI, LALI4, RALI3, RALI4, and HcL% (p < 0.05), which proved that these two
lineages had both similarities and differences (Figure S2).

The principal component analysis (PCA) results showed that the four components
explained over 79.646% of the total morphological variance. The first principal component
had contributions from MWI, HWI, HLI, FWI, LALI1, RALI1, RALI2, RALI3, RALI4,
and FW/FL loadings as the most important loadings for the explained variance, which
accounted for nearly 43.153% of the total variance. The second principal component had
the VMLI and FLI as the most important loadings for the explained variance, with a
total contribution rate of 15.321%. The third and the fourth components were HWI/HLI
(12.261%) and DML (8.910%), respectively (Table S7). Shown below is a scatter plot based
on the principal components one and two (Figure 4). The formula for the discriminant
accuracy was calculated as follows (X1 is DML, X2 is VMLI, X3 is MWI, X4 is RALI1 and
X5 is RALI2):

Lineage A: Y1 = 2.819X1 + 1.069X2 + 2.955X3 — 1.13X4 + 2.195X5 — 214.989 1)

Lineage B: Y2 = 3.787X1 + 0.683X2 + 4.48X3 — 2.511X4 + 3.108X5 — 311.528 )

2 wauodwod edioutig
.
.
Zwonodun,

Principal component1 Function 1

Figure 4. The scatter plot of (a) principal component analysis and (b) discriminant analysis.

The analysis showed that Lineage A and Lineage B could be clearly distinguished,
with a discriminant accuracy of 100% (Table S8, Figure 4).

3.2.2. Comparison of Sucker Ring Morphology

The sucker rings from the common arms of the squids from Lineage A and Lineage
B were compared. The results showed that the rings from Arm I and Arm IV of the
Lineage A squids had 3—4 wide plate teeth, and that the rings from Arm II and Arm III
had 4-5 wide plate teeth. The sucker rings of Arm I and Arm IV of the Lineage B squids
had the same shape and number of teeth as those of Lineage A; however, the sucker rings
of Arm II and Arm IIT had 6-8 wide plate teeth (Figure 5). Based on this, the Lineage A
and Lineage B samples could be clearly distinguished through the significant differences in
the sucker rings of Arm I and Arm III. We then compared the sucker rings of the Lineage
A and Lineage B samples with those of the type specimen described in 1929 (Sasaki) [41].
Through this comparison, we found that the number of sucker ring teeth in the Lineage A
squids was basically the same as the number described in the type specimen; however, the
number of sucker ring teeth found in the squids of Lineage B differed significantly from
the number described in the type specimen (Figure 6).
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Figure 5. Sucker rings of L. (N.) beka. (Note: 1: Lineage A; 2: Lineage B; a: Arm I sucker ring (?);
b: Arm II sucker ring (?); ¢: Arm III sucker ring (?); d: Arm IV sucker ring (?); e: Arm I sucker ring
(0); f: Arm II sucker ring (d"); g: Arm IIl sucker ring (); and h: Arm IV sucker ring (d")).

Figure 6. Sucker ring of type specimen from L. (N.) beka (Sasaki, 1929) 38. (a) proximal most sucker;
(b) largest sucker; and (c) a distal sucker.

4. Discussion
4.1. Genetic Diversity of L. (N.) beka

The haplotype number (N), the haplotype diversity (Hap), and the nucleotide diversity
(7r) are important indicators of a population’s genetic diversity, and a higher haplotype di-
versity and nucleotide diversity indicates a higher genetic diversity in a population [42,43].
Cephalopods are recognized as a group of organisms with relatively poor genetic variation,
and data from previous studies indicate that, with the exception of a few species [44],
marine cephalopods show low levels of genetic variation, which usually occurs only in
populations with severe declines and which are rare in any other invertebrate group [45]
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However, the results of our study showed that the L. (N.) beka populations had high
haplotype diversity and nucleotide diversity.

L. (N.) beka is a short-lived species, with a short sexual maturation cycle and long
breeding seasons. Such life history characteristics may contribute to the rapid population
growth of this species and the preservation of new mutations and high Hd values [46].
The high number of single-base variants may have contributed to the relatively high 7
value of the population. In this study, the L. (N.) beka along the Chinese coast formed two
branches with a large divergence in their phylogeny, and the different branches nevertheless
showed a homogeneous distribution in the same region. Such a phylogeographic pattern is
generally formed by the re-mixing of historically heterogeneously-divergent taxa, which,
although living in the same area after mixing, have led to reproductive isolation between
lineages due to long-term disruptions in the gene exchange [47]. Interestingly, we found
that squids from Lineage A only occurred in northern China, and speculate that the cause of
this phenomenon may be the salinity and temperature of the seawater. The temperature and
salinity of the northern Chinese waters are relatively low, and the two lineages have long
been distributed in waters with widely different geographical spans and environmental
differences, while the long-term selective effect of marine environmental factors may also
be an important factor in the north—south divergence of L. (N.) beka in China. In previous
studies on cephalopods, Chen et al. screened genes related to osmoregulation in the
adaptive differentiation of Amphioctopus fangsiao in different Chinese seas [45], and Du et al.
suggested that the main influencing factor for the adaptive differentiation of Octopus minor
in different Chinese seas was the salinity of the water column [46]. Therefore, we speculate
that the differentiation of L. (N.) beka in the different Chinese waters in this study is similarly
related to the large span of temperature and salinity differences along the Chinese coast.

4.2. Genetic Differentiation and Historical Dynamics

The results of the phylogenetic analysis and the haplotype network analysis indicated
that there were two significantly genetically-differentiated lineages in the L. (N.) beka
localities. The AMOVA analysis showed that the genetic variation in the L. (N.) beka locality
mainly existed between the lineages (i.e., COL 5.9%; 16S: 4.2%) (Table S6). Tang et al.
(2010) [48] suggested that the different lineages of the sympatric distribution belonged to
the different species. In this study, Lineage A was distributed and dominated only in DL,
YT, QD, and LYG; however, Lineage B was distributed across all the sampling sites, but
only dominated in the following four groups: LYG, NT, WZ, and ND. These two lineages
were distributed homogeneously in DL, YT, QD, and LYG. This distribution is similar to
the genealogical distribution of the cryptic species of the Eriocheir sensu (Xu et al., 2009) [49],
Cyclina sinensis (Ni et al., 2012) [50], and Reticunassa festiva (Yang et al., 2020) [16]. Taken
together, the genetic evidence suggests that the genetic relationship between Lineages A
and B has reached the level of species differentiation; however, this needs to be further
supported by the results of the morphological analysis.

In recent years, several studies have shown that, during the Pleistocene period, climate
change was dramatic and had a drastic effect on the distribution and genetic structure of
most marine organisms [51-53]. Considering the geographical isolation between marginal
seas, the aforementioned climate change must be the main factor in the genetic differentia-
tion in the L. (N.) beka populations. During the Pleistocene period, the sea level dropped
and the area of each sea shrank, and both the Bohai and East China Seas were isolated,
with less genetic exchange with other seas [54,55]. Thus, in turn, this led to the random
divergence of L. (N.) beka. Glacial melt—the propulsive effect of the seawater and currents
following the rise in the sea levels—caused the Lineage A and Lineage B populations to
rapidly expand and to occupy new ecological niches [56]. This finding has been supported
by mismatch distribution maps and neutrality tests. The divergent lineages, which were
generated by the aforementioned geographic isolation during this age, came into contact
with each other twice during the late Pleistocene population expansion and, thus, formed a
suture zone [50,53,57]. In contrast to the Mugil cephalus lineage, which only made secondary
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contact between relatively close sea area intervals and for which the genetic differences
between the two sides of the suture zone were significant, the suture zone of the L. (N.) beka
lineage ran through all the sampling sites of Lineage A. We speculate that this phenomenon
may be due to the wide range of temperature and salinity adaptations in the ancestral
locality of Lineage B [58], which may have resulted in the present distribution pattern.
Whether there is hybridization or gene mixing between Lineage A and Lineage B needs to
be verified by a subsequent analysis of the nuclear genes among the localities. In addition,
previous studies have also shown that geohistorical events and currents are important
factors, which have influenced the differentiation of cephalopods in China [59]. In the
present study, the population history dynamics test indicated that the L. (N.) beka taxa have
experienced population expansion in history; however, determining whether geohistorical
events and ocean currents are the causes of the divergence between the two lineages will
require a further in-depth study.

4.3. Morphological Variation among Localities

In this study, the morphological characteristics of Lineage A and Lineage B were
compared using 15 morphological parameters. The results showed that there were char-
acteristics that did not differ between the two lineages, which indicates the homology of
the morphological characteristics of L. (N.) beka; however, the results also showed that
there were characteristics with significant differences, which could be used to differentiate
between the two lineages. Both a principal component analysis and a discriminant anal-
ysis were able to effectively distinguish the squids of Lineage A from those of Lineage B
(Figure 4). It is noteworthy that the hectocotylized arms of the male squids are specialized
and found on the fourth arm on the left side. These arms have the function of transmitting
spermatophore during mating. The morphology and length of the hectocotylized arms of
the different species were found to be significantly different, which is an important morpho-
logical trait that can be used to distinguish between the different species of squids [5,60].
The hectocotylized proportion of the Lineage B samples accounted for a larger proportion
of the hectocotylized arms, approximately 58%, while the Lineage A samples accounted for
approximately 50%.

Moreover, the numbers and shape of the sucker ring teeth were stable in mature
individuals, and this characteristic varied significantly among the species, which is an
important basis for the taxonomic discrimination of squids 5. In this study, the numbers of
sucker ring teeth in the squids from Lineage A (4-5) and Lineage B (6-8) were significantly
different, which could be used as a strong indicator to distinguish individuals from these
two lineages.

Thus, we compared the morphometric indices and sucker rings of Lineage A and
Lineage B squid samples with the type specimens of L. (N.) beka described by Sasaki (1929)
(Table 5, Figure 6) [41]. It was found that most of the characteristics that were described
for the Lineage A samples were the same or similar to those of Sasaki’s type specimens,
while differences in other indices (such as HcL%) may be due to incomplete data coverage
with the type specimens; however, for Lineage B, only LALI4, FWI, RALI1, and RALI2
showed any similarity to the description of the type specimens (Table 5, Figure 6). Such
results suggest that the Lineage A individuals of L. (N.) beka were consistent with the
type specimens originally described by Sasaki, while the Lineage B L. (N.) beka differed
significantly from them. Therefore, we have assumed that the squids of Lineage B are a
cryptic species of L. (N.) beka in coastal China, due to the apparent differences in the number
of sucker ring teeth and the HcL%.
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Table 5. Comparison of morphological measurements of L. (N.) beka Lineage A and Lineage B with type specimens.

Lineage A ¢ Lineage A & Lineage B ¢ Lineage B & L. (N.) beka *

Mean SD Range Mean SD Range Mean SD Range Mean SD Range Q d
DML/mm 37.8 3.5 33.5-41.5 33.3 2.3 29.5-36.5 424 8.0 32.5-55.1 38.5 3.9 31.5-42.8 67.0 53.0
VMLI 84.9 3.4 80.7-89.0 87.5 3.9 81.4-94.5 81.0 5.3 69.9-85.5 83.9 6.1 78.3-93.6 83.6 83.0
MWI 43.8 3.0 39.8-46.8 47.5 4.5 42.0-57.4 59.6 4.8 52.2-66.2 59.4 43 50.9-65.1 29.9 34.0
HWI 40.2 7.9 30.1-49.3 46.4 5.3 40.3-57.4 46.0 4.1 40.1-52.1 51.1 3.5 45.9-55.3 239 28.3
HLI 32.1 3.6 29.1-37.3 34.7 3.4 30.0-39.7 36.4 2.0 33.6-38.5 38.7 3.9 33.3-42.8 23.9 321
FLI 55.4 2.6 53.0-58.2 55.5 3.8 49.3-60.7 55.3 3.2 49.3-59.6 56.8 1.6 53.2-58.7 59.7 66.0
FWI 56.0 6.4 49.3-64.6 62.6 5.3 54.9-70.5 70.2 3.3 66.3-74.6 715 5.8 65.9-81.5 61.2 66.0
LALI4 52.9 3.9 49.4-58.2 51.7 4.4 42.5-57.8 57.0 5.0 51.8-67.7 74.6 10.1 63.9-94.8 52.2 56.6
RALI1 34.1 2.8 31.5-38.0 344 4.0 29.6-41.0 29.3 3.4 25.1-35.4 38.6 2.3 36.1-42.5 37.3 49.1
RALI2 50.8 7.9 39.8-58.2 50.4 6.2 43.3-63.1 46.6 5.1 41.5-55.6 65.5 7.3 55.5-76.6 522 66.0
RALI3 60.0 59 51.8-64.4 64.5 5.6 56.2-74.6 67.1 6.6 58.4-77.8 81.4 3.8 74.6-87.0 59.7 69.8
RALI4 39.8 26.6 50.7-55.2 52.0 3.5 45.2-57.1 57.8 3.2 54.9-64.2 70.3 6.7 60.3-79.2 52.2 60.4
HW/HL 1.3 0.2 1.0-1.4 1.3 0.1 1.1-1.5 1.3 0.1 12-1.4 1.3 0.2 1.1-1.5 1.0 0.9
FW/FL 1.0 0.1 0.9-1.1 1.1 0.1 1.0-1.2 1.3 0.1 1.1-15 1.3 0.1 1.1-14 1.0 1.0
HL% / / / 50 0.0 43.3-61.3 / / / 60 0.0 52.3-65.1 / 66.0

* Type specimens of L. (N.) beka described by Sasaki (1929) 41.
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Combined with the molecular data, these morphological data further indicate the
possible existence of a cryptic species of L. (N.) beka in coastal China; however, to accurately
discern the relationship between the two lineages of L. (N.) beka by morphology, more
samples need to be measured, using more morphological features, especially the internal
anatomical features, which were not measured in this paper. Further studies are also
needed to distinguish the factors that drive the variation in the morphological indices of L.
(N.) beka, among the different geographic groups.

5. Conclusions

In this study, we collected 211 squid samples, from seven natural localities of L. (N.)
beka. We analyzed their genetic diversity and genetic structure, based on their mitochondrial
DNA sequences and morphological data. A multivariate analysis of 15 morphological
characteristics revealed that there were two different types of L. (N.) beka off the coast of
China, with significant differences in the morphological data of VML, MWI, FWI, HLI,
LALI4, RALI3, RALI4, and HcL%. This result was also supported by the number of
sucker ring teeth on the arms of the squids from each lineage. Meanwhile, a molecular
data analysis, which was based on the mitochondrial genes COI and 16S, classified the
L. (N.) beka into two lineages, between which the genetic distances (i.e., COI: 5.9%; 16S:
4.2%) and genetic differentiation indices (i.e., COI: 0.900; 16S: 0.952) reached the level of
species differentiation. This indicates the existence of a cryptic species of L. (N.) beka in
Chinese waters. This study has provided a theoretical reference for the study of species
diversification and the reasonable exploitation of L. (N.) beka fishery resources in China.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/d15010041/s1, Table S1: Sample collection information of seven
geographical localities of L. (N.) beka; Table S2: The optimal nucleotide substitution model of L. (N.)
beka COI and 16S; Table S3: Morphological characters recorded on L. (N.) beka; Table S4: Standardized
data of L. (N.) beka Lineage A for morphological characteristics analyses (D: damaged); Table S5:
Standardized data of L. (N.) beka Lineage B for morphological characteristics analyses (D: damaged);
Table S6: Mean genetic distances within (below diagonal) and between (diagonal) lineages and F;
(above diagonal) of L. (N.) beka based on COI and 16S; Table S7: Contribution and load of principal
components on morphological characteristics of L. (N.) beka; Table S8: Discriminant results of Lineage
A and Lineage B of L. (N.) beka; Figure S1: Mismatch distribution based on COI and 16S of L. (N.) beka;
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