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Species delimitation by traditional morphological methods is challenging in cephalopods due to their flexible bodies, changeable pigment traits, and sometimes high morphological homoplasy. Molecular information provides important assistance for taxonomic decision. In this study, we applied three species delimitation methods on 132 cephalopods from 7 families along Chinese waters, and we found anunderestimated species diversity in these taxa. A maximum of 56 molecular operational taxonomic units was detected, and possible cryptic diversities were revealed in Loliolus beka, Uroteuthis edulis, Octopus minor, Amphioctopus fangsiao, and Hapalochlaena lunulate. This study provides molecular evidence for the hidden species diversity along Chinese waters, and it provides insight into further taxonomic research on these morphologically variable taxa.
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Introduction

The Cephalopoda is the third largest class of Mollusca, comprising 845 known species (Hoving et al., 2014) and 134 known taxa records (69 genera, 35 families) in Chinese waters (Lu et al., 2012). Lacking hard structures, changing in colors, and with morphological homologies to closely related species are the major difficulties in determining cephalopod species. In addition, the arm length, the number of suckers on each arm, and the ratio of the mantle to the arm length are important morphological traits for accurate species classification in cephalopods. However, these traits can sometimes be misleading if different preservation methods were used. Some cephalopods have extremely different morphological characteristics between females and males, which further increase the difficulty for accurate morphological diagnosis. As a complement to traditional taxonomy diagnosis, DNA barcoding is currently applied in this class, but most studies have been devoted to identifying new species and phylogenetic analysis (Wiens, 2007). The growing concern over biodiversity threats and the growing availability of molecular data have led to a new focus on species delimitation to identify species accurately and quickly. The delimitation of multiple species using DNA barcoding relies on several different approaches, such as genetic distance and phylogenetic relationships. One of the most popular methods based on genetic distance is Automatic Barcode Gap Discovery (ABGD) (Puillandre et al., 2012), which applies an inferred barcode gap to partition the data and then recursively utilizes the limit and gap detected to decide the final partitions. The other two widely used tree-based methods are Bayesian Poisson Tree Processes Model (bPTP) and Species Tree and Classification Estimation Yarely (STACEY) (Jones, 2017). On a phylogenetic input tree, bPTP estimates hypothetical species boundaries using heuristics to maximize likelihood and Bayesian algorithm (Zhang et al., 2013), while STACEY uses a threshold and birth–death–collapse model to discriminate species in Bayesian framework under a multispecies coalescent model (Jones, 2017).

Recently, several studies reported cryptic diversities in the Cephalopoda, including Bobtail squids (Fernández-Álvarez et al., 2021), Graneledone taniwha (Ibáñez et al., 2020), Sepioteuthis lessoniana (Triantafillos and Adams, 2005), Loliolus beka (Dai et al., 2012), Uroteuthis duvauceli (Sales et al., 2013), Doryteuthis plei (Sales et al., 2017), and D. pealei (Sales et al., 2013). Two studies have examined cryptic diversity in Cephalopoda along Chinese waters (Dai et al., 2012; Zou and Li, 2016), which prompted us to conduct a larger study involving more specimens from a wider range of taxa. In this study, we collected 132 specimens covering 49 diagnostic morphospecies belonging to 7 families, and we used both distance-based method (ABGD) and tree-based methods (bPTP and STACEY) for molecular species delimitation. We hope that our results would provide useful implications for detecting marine biodiversity and enhancing species conservation.



Materials and Methods


Sample Collection and Morphospecies Identification

A total of 132 specimens were collected from 18 locations along Chinese waters during 2006–2021 (Figure 1 and Supplementary Table S1). The detailed information is shown in Supplementary Table S1. Specimens were identifed based on morphological characteristics (Jereb and Roper, 2010; Lu and Chung, 2017). All the specimens used in this study were preserved in 95% ethanol or stored at -30°C and deposited in Fisheries College, Ocean University of China. A portion of the mantle muscle tissue was removed and preserved in 100% alcohol for DNA extraction. Fixation and preservation were performed according to the guidelines (Sweeney and Roper, 1983). The undetermined specimens were named by letters according to their taxonomic status (Supplementary Table S1).




Figure 1 | Map of collecting locations for 132 specimens in Chinese waters.A symbol may cover more than one collecting site. DL, Dalian; WH, Weihai; QD, Qingdao; RZ, Rizhao; NB, Ningbo; WZ, Wenzhou; ND, Ningde; YL, Yilan; DS, Dongshan; XM, Xiamen; YJ, Yangjiang; BH, Beihai; FCG, Fangchenggang; HK, Haikou; LG, Lingao; LS, Linshui.





DNA Extraction, PCR Amplification, and Sequencing

The total genomic DNA was extracted by mantle muscle tissue using improved CTAB method (Winnepenninckx, 1993). The cytochrome c oxidase subunit I (COI) fragments were amplified through universal primers LCO1490 and HCO2198 (Folmer et al., 1994). The polymerase chain reactions (PCRs) were carried out in a volume of 50 μl, which included 1 μl template DNA (∼100 ng/μl), 5 μl 10 mM dNTP, 5 μl 10× buffer (Mg2+ plus), 0.25 μl (1 U) rTaq DNA polymerase, 1 μl of each primer (10 μM), and sterile distilled H2O up to 36.75 μl. The processes of PCR amplification consisted of hot start of 94°C for 3 min; followed by 32 cycles of denaturation at 94°C for 45 s, annealing at 50°C for 1 min, extension at 72°C for 1 min; and followed by extension for 5 min at 72°C and holding at 4°C indefinitely. The PCR products were checked in 1.5% agarose gel. All PCR products were purified by EZ-10 Spin Column PCR Product Purification Kit (Sangon, Shanghai, China) following the manufacturer’s protocol. The purified products were sequenced using forward PCR primers on an ABI 3730xl at Sangon Biotech Company (Shanghai, China).



Sequence Analysis and Genetic Distance

A total of 132 sequences for 49 morphospecies were generated in the present study (Supplementary Table S1). The sequences were manually modified in SeqMan v.7.2 (DNASTAR software package) in DNAstar Lasergene (https://www.dnastar.com/software/). All modified sequences were imported into MEGA v.6.0 (Tamura et al., 2013) to be aligned by ClustalW based on amino acid sequences using default settings. The sequences were submitted to GenBank database (Supplementary Table S1). The uncorrected genetic distances (p-distances) between species (excluding the outgroup taxa) were calculated with MEGA6.0 (Tamura et al., 2013).



Barcode Tree Analysis and Species Delimitation

Nautilus pompilius was used as the outgroup for the phylogenetic analyses. Before the molecular phylogenetic analysis, nucleotide substitution models were selected according to the Bayesian information criterion in jModelTest (Posada, 2008). GTR+I+G+F were selected as the best suited models, and the phylogenetic tree was built in MrBayes v3.2 (Ronquist et al., 2012). In MrBayes-partitioned Bayesian analyses, after running 10 million generations for COI and sampling every 1,000 generations with the default prior and Markov chain Monte Carlo (MCMC) settings, the first 25% trees were discarded as burn-in. Additionally, a maximum likelihood tree was also constructed through IQTree with automatic-detect model (Trifinopoulos et al., 2016; available at http://iqtree.cibiv.univie.ac.at).

To estimate the number of molecular operational taxonomic units (MOTUs), we performed three methods: ABGD, STACEY, and bPTP. The ABGD analysis of MOTU detection was performed on the web interface (https://bioinfo.mnhn.fr/abi/public/abgd/) with the default settings by Jukes-Cantor (JC69), K2P, and simple distance (SD) models, the relative gap width was set to (X = 1.0) because the default value returned no results. The partition steps and number of bins were set to 100 and 50, respectively, and the default values were used for all the rest of the parameters. In the bPTP server (https://species.h-its.org/), the Bayesian tree from MrBayes and the maximum likelihood tree from IQTree were used as input trees, respectively. The MCMC generation was set to 500,000, which was enough to get a converged MCMC chain with the thinning of 100 and burn-in of 0.2. The STACEY template implemented in BEAST v2.6 (Bouckaert et al., 2019) was used, and a strict clock for each partition and Yule model species tree prior were selected. Four independent MCMC chains were run for 10 million generations and sampled every 5,000 generation. Because COI is a mitochondrial gene, the ploidy was set to 1. After running BEAST, the log files were then examined in Tracer v1.7.1 (Bouckaert et al., 2019), and a maximum clade credibility tree was generated after discarding 50% of all estimated trees in Tree Annotator v2.6 (Bouckaert et al., 2019). Finally, species delimitation based on the estimated trees were assessed by species DA (http://www.indriid.com/2014/speciesDA.jar) using a burn-in of 200 trees, a collapse height of 0.00001, and a cutoff of 1.0. All other parameters were set as default.




Results


Morphospecies Identification

The specimens used for this study were morphologically diagnosed by specialized taxonomists of Cephalopoda (see Acknowledgements). Aside from the certain species name, “sp.” (indeterminate species) and “cf.” (confer to the given species) were used for the uncertain species (Supplementary Table S1). Based on morphological diagnosis, the 132 specimens collected in this study were assigned to 49 morphospecies belonging to 7 families (Supplementary Table S1). Among them, Sepia sp.1, Octopus sp.1, Octopus sp.2, Octopus sp.3, Uroteuthis sp.1, Uroteuthis sp.2, Hapalochlaena sp., and Thaumoctopus sp. probably represent undescribed species, which require more species for formal description.



MOTU Estimation

Three species delimitation methods (ABGD, bPTP, and STACEY) were compared, and the number of MOTUs detected by each method is shown in Figure 2. The relationship between the undescribed morphospecies and the other species was indicated by the phylogenetic tree. Sepia sp. 1 and Sepia sp. 2 were sister species to Sepia esculenta, and intriguingly these two species were collected in the same location and were diagnosed as the same morphospecies. Uroteuthis sp. 1 and Uroteuthis sp. 2 showed a close relationship to Uroteuthis chinensis. Octopus sp. 1 formed a sister clade to the O. minor and O. sp. 2. Octopus sp. 3 formed a sister clade to Abdopus guangdongensis and O. cf. sasakii. Hapalochlaena sp. showed a close relationship to H. maculosa, and Thaumoctopus sp. showed a close relationship to T. mimicus. The MOTUs identified by the three different methods were highly overlapped. ABGD provides three distance measuring methods—Jukes–Cantor (JC69), Kimura (K80), and simple distance (SD)—for species delimitation, and the results could be varied with different prior intraspecific divergence (P). After partitioning, all three methods implemented in ABGD yielded the same MOTUs of 55 at the minimum P of 0.0129 (Figure 2). Five morphospecies, L. beka, U. edulis, A. fangsiao, H. lunulate, and O. minor showed two MOTUs inferred by ABGD. Consistently, STACEY assigned 1,665 trees (92.45%) from all the samples into the same 55 MOTUs (Figure 2). As shown in Figure 2 and Supplementary Figure 1, the phylogenetic trees based on Bayesian and maximum likelihood methods present an inconsistent topological structure, with the Bayesian tree splitting in Loliginidae. According to bPTP, 56 MOTUs were detected based on the tree generated by the Bayesian method (Supplementary Figure 1), while 55 MOTUs were detected based on the maximum likelihood tree (Figure 2). All three species delimitation methods shared the same 55 MOUTs, while one more MOTU in A. fangsiao I was revealed by bPTP based on the Bayesian tree (Figure 2).




Figure 2 | Summary of species delimitation results via Species Tree and Classification Estimation Yarely, automatic barcode gap discovery, and Bayesian Poisson tree processes model. The phylogenetic structure was induced by the Maximum Likelihood tree. Each column with a different color represents a species detected by molecular delimitation. The number in each node represents the bootstrap values.





Genetic Distance

The genetic distances between different species based on COI sequences are shown in Supplementary Table S2, and the p-distances between MOTUs ranged from 2.5 to 23.5%. As described above, two potential MOTUs were revealed in L. beka, U. edulis, O. minor, and H. lunulate by all three methods, and the average distances between two potentially cryptic species were 6.3, 6.2, 2.5, and 6.9%, respectively (Supplementary Table S2). For A. fangsiao, two MOTUs were suggested by ABGD and STACEY, with a genetic distance of 4.8%, while bPTP further suggested a MOTU in A. fangsiao I with a genetic distance of 1.6% between each other (Supplementary Table S2).




Discussion

In this study, we successfully used single-gene DNA barcoding for species delimitation in cephalopods along Chinese waters. Our results revealed an underestimated possible cryptic diversity in the Cephalopoda across a wide range of taxa. Moreover, we also found several undescribed morphospecies in genera Sepia, Uroteuthis, and Octopus.

In the family Loliginidae, four genera were collected, and all of them are important commercial species along the coast of China (Jereb and Roper, 2010). Loliginid monophyly was indicated by the maximum likelihood tree, in line with the results from other studies (Anderson, 2000; Jiang et al., 2018). Nevertheless, the Bayesian tree showed a subdivision within this family. A larger dataset with multiple genes would be helpful to solve such inconsistency. Despite such inconsistency in the phylogenetic tree, the species delimitation from these two methods showed similar results. These results were also in line with the results from the distance-based ABGD method, indicating that two different phylogenetic relationships inferred from the COI sequences might have a minimal influence on species delimitation. Although a single mitochondrial gene may not reflect the real taxa evolution, several studies in the Cephalopoda have successfully discriminated the cryptic species from a wide range of taxa using a single barcode (Eshragh and Leander, 2014; Van Nieuwenhove et al., 2019; Fernández-Álvarez et al., 2021).

Due to the considerable morphological variation in Loliginidae, cryptic diversity has also been reported in this family (Sales et al., 2013). When comparing all the obtained L. beka sequences, two well-supported branches were found (Figure 1). Cryptic species in L. beka have already been discovered in Zou and Li (2016) and Dai et al. (2012) using distance-based and character-based barcode analyses. Here we further confirmed the result with the tree-based approach. U. edulis is widely distributed in the Indo-Pacific, and it was reported that this species presents a considerably high morphologic and genetic variation (Yeatman and Benzie, 1993; Sin et al., 2009). Our results further indicated a possible cryptic diversity in U. edulis, and high genetic distances between two MOTUs (6.2%) were observed. U. edulis I was collected from Xiamen, while U. edulis II was collected from farther south Sanya. Considering that high morphological and genetic variation existed in this species, future studies involving more samples from different locations would help to further uncover the taxonomic uncertainties in this species. Another closely related species–U. chinensis—has been reported to be with high morphological similarities to U. edulis and high intraspecific diversity (Sin et al., 2009). In the present study, we found two undescribed species—U. sp. 1 and U. sp. 2—presented a close relationship to U. chinensis with the genetic divergence of 10.2 and 10.8%, respectively. However, we found no evidence of cryptic diversity in this species.

Hidden diversity was also discovered in genus Octopus, which belongs to the family Octopodidae that contains numerous undescribed highly contentious species (Norman and Lu, 2000; Söller et al., 2000). O. minor is characterized with a prominently nice, spoon-shaped terminal organ on the right arm 3 in mature males and has been morphologically classified into three subspecies: O. minor minor, O. minor typicus, and O. minor paradalis (Sasaki, 1929; Toll and Voss, 1998). In this study, the COI sequences of O. minor I showed a high similarity to the specimen classified as O. minor typicus in the research of Kaneko et al. (2011). However, according to our previous morphological study on 11 O. minor populations along Chinese waters (Gao et al., 2019), we found that O. minor I clustered together with the Northeast Chinese populations (O. minor II, known as O. minor) based on some morphological characteristics. Taken together, we speculated that O. minor I and O. minor II could most likely be the cryptic species. It was proposed that O. minor may comprise many morphological and genetic divergent species, namely, O. minor group. Therefore, a more comprehensive study on this species would be necessary and would help to uncover the taxonomy in this group. Although accurate classification still requires further morphological diagnosis, the molecular evidence provided straight and distinct clues for hidden diversity in this group.

Amphioctopus fangsiao is another taxonomically complicated species with different morphological types being reported, and two different varieties or subspecies have been recognized in a previous study: A. fangsiao var. typicus (with a brick-colored patch on the head between the eyes) and A. fangsiao var. echuanus (with a crescent-shaped patch on the head between the eyes) (Toll and Voss, 1998). In our result, A. fangsiao I showed a dumbbell-shaped patch, and A. fangsiao II showed an elliptical patch. At least two MOTUs were suggested by all three methods with a p-distance of 4.8% (Supplementary Table S1). However, due to some vague morphological descriptions, it is hard to determine whether our samples are the same as those of Toll and Voss’s (1998). According to recent studies, the genetic diversities and structures were observed in A. fangsiao between the northern and southern seas separated by the Yangtze River (Muhammad et al., 2019; Lashari et al., 2020). However, in this study, all the samples were from the same region (Xiapu, Fujian), eliminating the possibility that genetic differentiations were caused by geographical restrictions. Hence, we speculated that the species that we studied may represent a possible cryptic species in the A. fangsiao group, and the cryptic diversity in this species could be still underestimated.

Hapalochlaena genus, also known as blue-ringed octopus, includes only four confirmed species: H. lunulate, H. fasciata, H. maculosa, and H. nierstraszi (described only on one single specimen) (Norman and Lu, 2000; Norman et al., 2016; Lu and Chung, 2017; Morse et al., 2018). The taxonomic diversity in this genus is largely unknown. We found two MOTUs in H. lunulate, and high genetic distance was observed between two MOTUs (6.9%), indicating the possibility of cryptic species. In addition, we found overlooked biodiversity in this genus: an undocumented blue-ringed octopus Hapalochlaena sp. with distinct morphological characteristics compared to the four existing documented species, clearly two separated clades, and a relatively high p-distance; therefore, it could be a potentially undocumented species. Our results indicated that the species diversity in this genus are highly underestimated. Considering our poor understanding of the genus, a combination of molecular and morphological revision would be necessary in this genus. Moreover, our study covered several other unrecognized species belonging to the family Octopodidae that could be potentially new species in China seas. Four unrecognized species—Octopus sp. 1, Octopus sp. 2, Octopus sp. 3, and Thaumoctopus sp.—presented a relatively high p-distance in comparison to the other species in Octopodidae and highly supported clades, indicating the high possibility of undocumented species.

Large intraspecies morphological variations in cephalopods raise a great challenge to accurate species delimitation. In this study, we just provided the implications for species delimitations and clues for identifying potentially cryptic and new species. The barcoding evidence for potentially cryptic/new species was provided, and future works from more samples with both morphological diagnosis and multiple molecular markers would be necessary to generate more informative conclusions.
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