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Introduction
The sea cucumber is a commercially and medically important 

member of the phylar group Echinodermata, which is one of the most 
abundant and ecologically successful marine-invertebrate clades. More 
than 1,250 species of sea cucumber have been identified on the sea floor 
worldwide and approximately 20 of them are edible. One especially 
important species is the sea cucumber (Apostichopus japonicas, Selenka 
1867), which is mostly found off the coasts of Northeast Asia including 
Northern China, Korea, Japan, and Far East Russia, as it is used as a 
source of seafood and in traditional medicine[1,2]. Sea cucumbers 
also can regenerate their missing organs within a few months, and this 
has generated particular interest among the biomedical-research field. 
One of the most important traits of the Apostichopus japonicus species 
is body color. According to their dorsal/ventral color types, three 
variants (red, green, and black) have been found, and they have distinct 
morphological differences (e.g., ossicle shape, habitat preference, 
spawning period, and polian vesicles) [1,3].

The body color of A. japonicus affects the price and taste of the 
corresponding products, whereby the rare red-color type is the most 
favored and expensive. The recent global exploitation of sea cucumbers 
to meet consumer demand, however, continues to motivate a rising 
conservation concern [4,5]. To establish genetic and breeding systems 
for sea-cucumber aquaculture as part of the overall management 
of natural resources, it is clearly necessary to clarify the taxonomic 
relationships among these color variants; to this end, several studies 
have sought to address this issue. For example, using the mitochondrial 
genomes of A. japonicus, observed very low levels of divergence among 
the three color variants, indicating that they belong to a single species; 
furthermore, they also showed that there are no obvious phylogenetic 
relationships among the geographically adjacent individuals, thereby 
suggesting the non-monophyletic origin of the three color variants of 
A. japonicas [6,7]. However, there are a number of caveats that should
be considered when interpreting and generalizing these results. First,
simple comparisons of the mean genetic distances between interspecific 
and intraspecific divergences are not adequate for the assessment of
phylogenetic relationships and estimated the mean pair-wise sequence
differences (0.67% - 0.74%) among the three color variants of A.
japonicus based on the p-distances method [8], and then compared
them to those (1.3% intraspecific and 16.9% interspecific divergences)

that are based on the Kimura 2-parameter method [9] among the species 
of the Stichopodidae family. Without the adjustment of the estimation 
methods and the completion of comprehensive phylogenetic analyses, 
the authors concluded that the three color variants of A. japonicus 
belong to a single species, which can lead to misleading or incorrect 
results. Second, the selection of outgroups for phylogenetic analyses is 
an important factor because the inappropriate selection of an outgroup 
can affect the ingroup topology [10,11]. Several studies have therefore 
proposed that a multiple-outgroup approach can solve this problem 
by improving the accuracy of a phylogenetic estimation; where a 
single outgroup is used, the tree topology like that of the three color 
variants of A. japonicas that was inferred by Zhang can be distorted 
[12,13]. In this study, to verify and better understand the taxonomic 
status of the three color variants of A. japonicus, we reconstructed 
the phylogenetic trees by using the sequences of partial cytochrome 
c oxidase subunit 1 (COI) and 16S rRNA genes from A. japonicus 
samples including our new sequences, with 17 Stichopodidae species 
used as the outgroups [14]. The maximum-likelihood (ML), neighbor-
joining (NJ), and maximum-parsimony (MP) methods all support the 
same tree topology, whereby (1) red-, green-, and black-color variants 
are clustered in the same group; and (2) the color variants are not 
monophyletic. Our results confirm the taxonomic statuses of the three 
color variants of A. japonicus, and they will help to facilitate the rapid 
growth of the sea cucumber aquaculture industry and its breeding 
programs.

Materials and Methods
Sample collection and DNA preparation

We obtained all three of the body-color-types of wildlife specimens 
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Abstract
The economic value of Apostichopus japonicus products is primarily determined by their dorsal/ventral color variation (red, 

green, or black), yet the taxonomic relationships between these color variants are not clearly understood. By performing numerous 
phylogenetic analyses of the Stichopodidae family, based on nucleotide sequence comparisons of the cytochrome c oxidase subunit 
1 (COI) and 16S rRNA gene sequences, we observed that these three color variants exhibit very low levels of sequence divergence 
and are not monophyletic. In this paper, we propose that the different dorsal/ventral color types of A. japonicus belong to a single 
species.
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of the sea cucumber A. japonicus from the same geographic region near 
the coast of Geomun-do in South Korea (34°1′35″N, 127°18′45″E). 
The total genomic DNA samples of the three color variants were 
extracted from the body wall. Approximately 5 g of the body wall tissue 
was dissected and digested for 1 h at 65°C in 10 ml of CTAB (cetyl 
trimethylammonium bromide) lysis buffer (2% CTAB, 1.4 M NaCl, 
20 mM EDTA, 100 mM Tris–HCl, and pH 8.0) and 50 μl of RNase A 
(20 mg/ml). The solution was extracted twice with phenol/chloroform. 
The DNA was precipitated with isopropanol and ammonium acetate 
and finally dissolved in TE buffer (10 mM Tris-HCl, 1mM EDTA, pH 
8.0). 

PCR and sequencing

To amplify two short fragments of the partial COI and 16S rRNA 
from the mitochondrial genome, we used the following two pairs of 
universal primers: COIeF (5’- ATA ATG ATA GGA GGR TTT GG -3’) 
and COIeR (5’- GCT CGT GTR TCT ACR TCC AT -3’) [14], and 16 
Sar (5’- CGC CTG TTT ATC AAA AAC AT -3’) and 16Sbr (5’- CTC 
CGG TTT GAA CTC AGA TCA -3’) [15]. The PCR reactions were 
performed with a SimpliAmpTM thermal cycler (Life Technologies). 
The first step was preceded by an initial denaturation for 5 min at 
94°C, and the following 40 cycles consisted of a 30 sec denaturation 
at 94°C, annealing for 30 sec at 50°C (53°C for the 16S rRNA), and a 1 
min extension at 72°C. The last cycle was followed by a final extension 
for 10 min at 72°C. The reaction volume amounted to 50 μl reactions 
containing 25 μl of 2 × AmpmasterTM HS-Taq (GeneAll), 18.5 μl of sterile 
deionized water, 2 μl of each primer (10 pmol), and 50 ng of genomic 
DNA. All of the PCR products were purified using the QIAquick PCR 
purification kit (QIAGEN), and they were sequenced using the ABI 
BigDye Terminator v3.1 Cycle Sequencing Kits on an ABI 3730xl DNA 
Analyzer (Applied Biosystems). All of the newly acquired sequences 
were deposited into the GenBank (KT625443, KT625444, and KT625445 
for COI; KT724356, KT724357, and KT724358 for 16S rRNA).  

Phylogenetic analysis

The COI and 16S rRNA gene sequences from the 17 
Stichopodidae species (Apostichopus japonicus, Astichopus multifidus, 
Australostichopus mollis, Isostichopus badionotus, Isostichopus fuscus, 
Parastichopus californicus, Parastichopus parvimensis, Stichopus 
chloronotus, Stichopus herrmanni, Stichopus horrens, Stichopus 
monotuberculatus, Stichopus naso, Stichopus ocellatus, Stichopus vastus, 
Thelenota ananas, Thelenota anax, and Thelenota rubralineata) were 
retrieved from the GenBank, with the accession numbers AB525437, 
AB525760, AB525761, AY852281, EU294194, FJ594963, FJ594967, 
FJ594968, FJ906623, FJ986223, GU557147, GU557148, EU848293, 
EU822453, EU856598, EU856599, EU856667, EU848276, JN207495, 
AF486424, AF486425, AY153494, DQ777096, U32198, U32199, 
EU848298, EU856618, EU856619, EU856614, EU856693, EU856544, 
EU848278 to 281, EU856545, EU856634, EU856554, EU848282, 
JQ657263, EU856557, EU856559, EU856543, EU856586, EU848279, 
EU848280, FJ001809, EU856607, EU220814, EU856608, EU856680, 
EU848275, EU856622, EU856709, EU848258, EU848259, EU848261, 
AY700771, EU848257, EU848243, EU848292, EU848260, and 
EU822452. The gene sequences were aligned using ClustalW [16] with 
default parameters. The phylogenetic trees were constructed using the 
NJ, MP, and ML methods with the Kimura-2-parameter [9] correction 
and 1,000 bootstrap replications. MEGA version 6 [17] was used for 
these evolutionary analyses 

Figure 1: Phylogenetic trees of COI genes from the Stichopodidae family. 
(A) The maximumlikelihood tree. Each branch length was measured by 
the number of substitutions per site. (B) The neighbor-joining tree. The 
evolutionary distance was computed using the Kimura 2- parameter method, 
and a unit of the number of base substitutions per site was used. (C) The 
maximum-parsimony tree. Bootstrap percentage in % of 1,000 replications was 
shown on the interior branches with support when it is higher than or equal to 
50 %. Several clades within the same genus (depicted as black wedges) were 
collapsed.

https://tools.wmflabs.org/geohack/geohack.php?pagename=Port_Hamilton&params=34_1_35_N_127_18_45_E_type:isle
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Results and Discussion
Because the COI barcode sequences have proved to be useful in 

the process of identifying and discovering species in Echinodermata 
[18], the available genetic information and newly generated COI 
sequences were analyzed to reconstruct the phylogenetic trees. Using 
the ML, NJ, and MP methods, we reconstructed the phylogenetic trees 
of the COI genes. All of the methods group the three color variants 
of A. japonicus into a single cluster (Figure 1), and the robustness of 
this cluster is strongly supported by the bootstrap values of ≥ 99% 
(Figure 1); Furthermore, the three color variants of A. japonicus 
have a very short branch length compared with other Stichopodidae 
groups. We also confirmed that Parastichopus is the closest genus 
(with bootstrap values of ≥ 99%) to the Apostichopus species (Figure 
1), which is consistent with a previous study [7]. The same pattern was 
observed when we examined the phylogenetic trees of the 16S rRNA 
genes that contain species-specific signature sequences that are useful 
for identifying species (Figure 2) [19,20]. These results confirm and 
demonstrate convincingly that the three different dorsal/ventral color 
types of A. japonicus belong to a single species. 

More than five decades ago, Choe and Oshima posited that the red-
color A. japonicus is morphologically, physiologically, and ecologically 
different from the green-color variant [1]. Our phylogenetic trees show 
that the A. japonicus population is divided into two clades with strong 
support (bootstrap values > 75%) (Figure 1), as follows: one clade 
contains two (out of three) black individuals, while the other contains 
mixed individuals (one black, five red, and six green). Although three 
out of the five red individuals are clustered together with the bootstrap 
values of > 60%, the remaining two red individuals are nested separately 
within the other distinct clades. The same pattern was observed for 
the green individuals (Figure 1); however, this evidence disappeared 
when the 16S rRNA genes were used to construct the trees (Figure 
2) because the 16S rRNA sequences are too conserved to explore the 
intraspecies diversity of A. japonicus. Next, we investigated whether 
the hydrographic process and geographic distance shape the genetic 
variability and population structure of the sea cucumber A. japonicus. 
We collected a total of 15 A. japonicus sample data from the following 
three countries: Korea, China, and Japan. Two evenly distributed 
samples were taken from each of the color variants of Korea. Only three 
green color individuals were gathered from China. From Japan, the 
numbers of samples for the red, green, and black variants are one, three, 
and one, respectively. We observed that the geographically segregated 
individuals were not clustered together (Figure 1), indicating that 
geographic distance is not coupled with genetic differentiation. Taken 
together, our results suggest that the color variants of the A. japonicus 
populations are not monophyletic.

In conclusion, to explore and assign a taxonomic status to the three 
color variants of A. japonicus, we generated the phylogenetic trees 
of the family Stichopodidae based on COI and 16S rRNA sequences 
using multiple phylogenetic analysis approaches. After considering the 
caveats and limitations that are associated with the use of the incorrect 
phylogenetic analysis and the selection of inappropriate outgroups, 
our results strongly support the single-species hypothesis for the three 
color variants of A. japonicus, and also confirm their non-monophyletic 
origin. As a result, the conclusions presented in this study will help to 
establish the rapidly growing sea cucumber aquaculture industry and 
the corresponding breeding programs.
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