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Abstract

The species-level taxonomy of the marine brown algal genus Sargassum is problematic. To resolve some of these systematic 
issues in the northern China seas, a molecular analysis of Sargassum species was carried out using ITS-2, cox3, and rbcL 
DNA sequences. Phylogenetic analyses confirmed eight species, including: S. confusum, S. fusiforme, S. hemiphyllum var. 
chinense, S. horneri, S. muticum, S. siliquastrum, S. thunbergii, and S. vachellianum. The previously described S. shandon-
gense and S. qingdaoense, endemic to the Shandong Peninsula, are shown to be synonymous with S. vachellianum. Seven 
species previously described from the East China Sea were not observed, and require further investigation.

Keywords: Sargassum, diversity, molecular assessment, northern China seas

Introduction

Sargassum C. Agardh (1820: 1) is the most diverse genus in the Phaeophyceae, with 945 species, varieties and forms 
listed in Algaebase, and 353 flagged as currently accepted (Guiry & Guiry 2017). The genus is distributed worldwide, 
but particularly abundant in tropical and subtropical regions and the Indo-Pacific (Yoshida 1989, Phillips 1995). 
Sargassum beds are an important element of marine ecosystems providing substrate, food, and habitat for other marine 
organisms (Godoy & Coutinho 2002). Some species of Sargassum can be used as food, medicine for human beings, 
and fertilizer for crops (Tseng & Lu 2000, Liu et al. 2012, Van Tu 2015).
	 The traditional classification system of Sargassum mainly depends on morphological characteristics of the 
holdfast, stem, branches, blades, vesicles, and receptacles (C. Agardh 1820, J. Agardh 1849, 1889). Unfortunately, 
these criteria can be highly variable due to environmental conditions or developmental stages of the thallus. As a result, 
significant morphological variation can occur between different populations, within a single population, or within an 
individual at different seasons and growth stages (Kilar & Hanisak 1989). This variability led early authors to describe 
many ecotypes as new species, which further confused the taxonomy (Mattio & Payri 2011). It is therefore likely that 
Sargassum diversity is overestimated (Mattio & Payri 2011).
	 DNA-based molecular phylogenetic analyses have shown great promise to resolve taxonomic ambiguity and 
algal diversity (Leliaert et al. 2014). For Sargassum, the nuclear internal transcribed spacer 2 (ITS-2), mitochondrial 
cytochrome oxidase subunit 3 (cox3), and chloroplast genes (rbcL, rbcLS) have been applied to investigate Sargassum 
taxonomy and phylogenetic relationships (e.g. Stiger et al. 2003, Phillips et al. 2005, Mattio et al. 2008), and population-
level genetic differentiation and phylogeographic patterns (e.g. Uwai et al. 2009, Hu et al. 2011). Recently, the 
classification of Sargassum has been significantly revised using multiple genetic markers (Mattio & Payri 2009, 2011, 
Dixon et al. 2012, 2014, Mattio et al. 2013, 2015, Andrade-Sorcia et al. 2014, Camacho et al. 2015, Kantachumpoo 
et al. 2015). On the basis of these work, many taxonomic problems were resolved and a number of new taxonomic 
synonymies were proposed.
	 In the China seas, Sargassum systematics is particularly challenging. A total of 130 species were recorded, 17 
of which were reported from the northern Chinese coasts (Yellow Sea and East China Sea) (Tseng & Lu 2000). The 
population genetics and evolutionary biogeography of Sargassum species in the China Seas have received considerable 
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research interest (Cheng et al. 2010, Hu et al. 2011, 2013, Bi et al. 2014, Li et al. 2016), however, species diversity has 
not yet been reevaluated using a multigene molecular approach. In this study we used three DNA markers (ITS-2, cox3, 
and rbcL) to reassess the species diversity of Sargassum from the northern China seas, and show that morphology 
alone was unable to accurately classify the many Sargassum taxa.

Materials and methods

Specimen collection and species identification

FIGURE 1. Map of collection sites showing the species of Sargassum collected from the China Seas. 

Sargassum samples were mainly collected from eight localities in the Yellow Sea and East China Sea in spring and 
summer from 2014 to 2016 (Fig. 1). More than 20 individuals were collected from more than three sites in each locality 
by snorkeling or SCUBA diving. Sargassum vachellianum samples were also obtained from several sites in the South 
China Sea close to the type locality Macau, China (Greville 1848). Apical fragments from each specimen were preserved 
in silica gel for DNA extraction and a portion of the rest specimen was pressed as herbarium vouchers. The mature 
individuals were preserved in 10% formaldehyde-seawater solution for morphological examinations. Photographs 
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were taken with a digital camera (Canon, EOS700D). The morphological characteristics of new specimens were 
compared to herbaria housed at the Marine Biological Museum Chinese Academy of Sciences (MBMCAS), including 
the type specimens of S. shandongense and S. qingdaoense. All vouchers were deposited at MBMCAS. Preliminary 
identifications were accomplished using published literatures (Cotton 1915, Collins 1919, Grubb 1932, Zheng et al. 
1960, Hang & Sun 1983, Yoshida 1983, Tseng & Lu 2000, 2004) and historical diagnoses (C. Agardh 1820, 1824, 
Greville 1848, Kuntze 1880, Setchell 1931, Fensholt 1955).

DNA-extraction, amplification and sequencing
Genomic DNA was extracted from silica gel-dried tissue after grinding in liquid nitrogen using a DNeasy Plant kit 
(Tiangen Biotech. Co. Ltd., Beijing) following the manufacturer’s instructions. The PCR reactions were performed 
on the TakaRa TP600 thermocycler, using 50 μL reactions containing 1 μL of genomic DNA, 5 μL 10x PCR Buffer 
(Mg2+ included), 4 μL High pure dNTPs (2.5 mM), 0.5 μL Taq DNA polymerase, 1 μL of each forward and reverse 
primer (10 μM), and ultrapure water. The parameters included an initial denaturation at 94°C for 5 min, followed by 
denaturation at 94°C for 45s, annealing at 55°C (for ITS-2), 48°C (for cox3), or 56°C (for rbcL) for 1 min, extension at 
72°C for 1 min for 36 cycles, and a final extension at 72°C for 7 min. The primers used for PCR and sequencing were 
as follows: ITS2FC2 (Cheang et al. 2010) and 25BR2 (Yoshida et al. 2000) for ITS-2; trnY-P1 and cox3-P2 (Ni-Ni-
Win et al. 2008) for cox3; rbcL-68F (Draisma et al. 2001) and rbcS-P1 (Kawai et al. 2007) for rbcL. All PCR products 
were examined by electrophoresis on a 1% agarose gel. PCR products were directly sequenced using the ABI 3700 
autosequencer according to manufacturer’s instructions (ABI, BigDye® Terminator v3.1 Cycle Sequencing Kit).

Phylogenetic analyses
The newly generated sequences were assembled and edited using DNASTAR LASERGENE 7.1 (DNASTAR Inc., 
Madison, USA). They were then aligned using MUSCLE 3.6 (Edgar 2004) and manually examined for accuracy 
and trimmed to minimize missing characters in GeneDoc 2.7. Phylogenetic analyses were first run on individual 
markers, and then the ITS-2 and cox3 concatenated data sets were analyzed. The number of rbcL sequences published 
in GenBank was limited, and therefore they were not included in the concatenated analysis. The ITS-2 and cox3 
concatenated data set included 52 ingroup sequences and the rbcL data set included 47 sequences. The GenBank 
accessions are shown in Table 1. 

TABLE 1. Taxa, collection, publication information, and GenBank accession numbers of the ITS-2, cox3, and rbcL 
sequences.

Taxon Voucher and collection or publication GenBank accession number
ITS-2 cox3 rbcL

S. subgen. Bactrophycus
Sargassum autumnale Yoshida PF582; Cho et al. 2012 JF931831 JF931729 JF931677
Sargassum confusum C. Agardh MBMD03832; Rongcheng, May 2016 KY411080 KY411106 KY432485

PF616; Cho et al. 2012 JF931851 JF931733 JF931681
Sargassum filicinum Harvey PF958; Cho et al. 2012 JF931860 JF931740 JF931688
Sargassum fulvellum (Turner) 
C. Agardh PF634; Cho et al. 2012 JF931853 JF931741 JF931689

Sargassum fusiforme (Harvey) 
Setchell MBMD03488; Zhangpu, April 2016 KY411081 KY411107 KY432486

PF589; Cho et al. 2012 JF931859 JF931743 JF931691
Sargassum hemiphyllum 
(Turner) C. Agardh PF584; Cho et al. 2012 JF931854 JF931744 JF931692

Sargassum hemiphyllum 
(Turner) var. chinense C. 
Agardh

MBMD03466; Zhangpu, April 2016 KY411082 KY411108 KY432487

MBMD03540; Dongshan, April 2016 KY411083 KY411109 KY432488
MBMD03688; Nanji Islands, June 2016 KY411084 KY411110 KY432489

Sargassum horneri (Turner) C. 
Agardh MBMD04265; Nanhuangcheng Island, June 2016 KY411085 KY411111 KY432490

MBMD04300; Gouqi Island, July 2015 KY411086 KY411112 KY432491
PF1005; Cho et al. 2012 JF931861 JF931747 JF931695
IRD5219; Dixon et al. 2014 KF281925 KF281979 -
GENT-HV2037; Dixon et al. 2014 KF281941 KF281989 -

...continued on the next page
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table 1. (continued)

Taxon Voucher and collection or publication
GenBank accession number
ITS-2 cox3 rbcL

Sargassum macrocarpum C. 
Agardh PF588; Cho et al. 2012 JF931834 JF931748 JF931696

Sargassum micracanthum 
(Kützing) Endlicher PF1420; Cho et al. 2012 JF931838 JF931752 JF931700

Sargassum miyabei Yendo PF1452; Cho et al. 2012 JF931857 JF931755 JF931703
Sargassum muticum (Yendo) 
Fensholt MBMD04284; Nanhuangcheng Island, June 2016 KY411087 KY411113 KY432492

PF1010; Cho et al. 2012 JF931857 JF931755 JF931703
GENT-ODC1702; Dixon et al. 2014 KF281781 KF281977 -

Sargassum nigrifolium Yendo PF1359; Cho et al. 2012 JF931846 JF931756 JF931704
Sargassum ringgoldianum 
Harvey GENT-HV2003; Dixon et al. 2014 KF281937 KF281988 KF281795

Sargassum serratifolium (C. 
Agardh) C. Agardh PF1343; Cho et al. 2012 JF931840 JF931762 JF931710

Sargassum siliquastrum 
(Mertens ex Turner) C. Agardh MBMD04273; Nanhuangcheng Island, June 2016 KY411088 KY411114 KY432493

MBMD01281; Zhangzi Island, June 2014 KY411089 KY411115 KY432494
PF1423; Cho et al. 2012 JF931843 JF931765 JF931713

Sargassum thunbergii (Mertens 
ex Roth) Kuntze MBMD03177; Qingdao, March 2016 KY411090 KY411116 KY432495

PF531; Cho et al. 2012 JF931858 JF931766 JF931714
IRD5241; Dixon et al. 2014 KF281923 KF281977 -
SGAD0909017; Dixon et al. 2014 KF281936 KF281987 -

Sargassum yamadae Yoshida et 
Konno PF1356; Cho et al. 2012 JF931847 JF931767 JF931715

Sargassum yezoense (Yamada) 
Yoshida et Konno PF1350; Cho et al. 2012 JF931849 JF931772 JF931720

S. subgen. Sargassum
Sargassum piluliferum (Turner) 
C. Agardh MBMD02867; Fukui, Japan, October 2015 KY411091 KY411117 KY432496

PF949; Cho et al. 2012 JF931863 JF931760 JF931708
Sargassum qingdaoense Tseng 
et Lu* MBMD04328; Qingdao, July 2016 KY411092 KY411118 KY432497

Sargassum shandongense 
Tseng, C. F. Zhang et Lu* MBMD02308; Rizhao (Pingdao), July 2015 KY411093 KY411119 KY432498

 MBMD04356; Qingdao, July 2016 KY411094 KY411120 KY432499
Sargassum yendoi Okamura et 
Yamada MBMD02875; Chiba, Japan, March 2016 KY411095 KY411121 KY432500

PF1032; Cho et al. 2012 JF931864 JF931771 JF931719
Sargassum vachellianum 
Greville MBMD01652; Basuo, Hainan, March 2015 KY411096 KY411122 KY432501

MBMD01806; Boao, Haian, March 2015 KY411097 KY411123 KY432502
MBMD01810; Boao, Hainan, March 2015 KY411098 KY411124 KY432503
MBMD01998; Shengsi Islands, June 2015 KY411099 KY411125 KY432504
MBMD03610; Nan’ao Island, April 2016 KY411100 KY411126 KY432505
MBMD03684; Fangchenggang, April 2016 KY411101 KY411127 KY432506
MBMD03708; Shenzhen, April 2016 KY411102 KY411128 KY432507
MBMD03728; Shenzhen, April 2016 KY411103 KY411129 KY432508
MBMD03941; Nanji Islands, June 2016 KY411104 KY411130 KY432509

Other Sargassaceae
Coccophora langsdorfii 
(Turner) Greville MBMD02725; Aomori, Japan, December 2015 KY411105 KY411131 KY432510

Turbinaria rnate (Turner) J. 
Agardh IRD1536; Mattio et al. 2009 EU100772 EU833384 -

MBMD02892, Sanya, Hiannan, April 2016 - - KY432511
* synonyms of Sargassum vachellianum Greville.
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	 Phylogenetic relationships were inferred using Bayesian inferences (BI) and Maximum likelihood (ML) analyses. 
The BI was assessed with MrBayes 3.2 (Ronquist et al. 2012). For this analysis the best fit partitioning schemes 
and substitution model were determined by Partitionfinder 2.0 (Lanfear et al. 2016) under the Bayesian Information 
Criterion. For the analysis using concatenated sequences, the partition was defined by genes and codon positions (for 
cox3). The BI analysis was conducted with a random starting tree and Bayesian search included four chains, each 
chain running for 1 million generations with a tree sampling frequency of every 100 generations. The convergence was 
judged based on the average standard deviation of split frequencies (all less than 0.01) and the ESS values (more than 
200) in TRACER 1.6.0 (Rambault et al. 2014), and 25% of the resulting trees discarded as burn-in. The final tree was 
visualized in FigTree v1.4.3. The ML tree was performed with RAxML8.0 (Stamatakis 2014) using the GTR+ gamma 
models with 1000 bootstrap replicates. The tree was rooted with Coccophora langsdorfii (Turner) Greville and 
Turbinaria ornata (Turner) J. Agardh as suggested by Cho et al (2012). Nodes in the trees were considered well 
supported when Bayesian posterior probabilities (PP) were ⩾0.95 (Leaché et al. 2002) and ML bootstrap support (BS) 
was ⩾70% (Huelsenbeck et al. 1993).

Results

Morphological identification
Among the newly collected specimens, seven common species of Sargassum subgen. Bactrophycus were identified 
based on morphological characters displayed in Fig. 2. For Sargassum subgen. Sargassum, one taxon spanning the 
morphological continuum of three species (S. shandongense Tseng, Zhang et Lu, S. qingdaoense Tseng et Lu, and S. 
vachellianum) was collected (Figs. 3, 4). 

FIGURE 2. Sargassum species collected from the Yellow Sea and East China Sea. All scale bars = 5 cm. A. S. confusum. B. S. fusiforme. 
C. S. hemiphyllum var. chinense. D. S. horneri, young individual. E. S. horneri, mature individual. F. S. muticum. G. S. siliquastrum. H. 
S. thunbergii. 
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FIGURE 3. Sargassum vachellianum collected from different regions. All scale bars = 5 cm. A. Qingdao, Shandong, floating individual. 
B. Qingdao, Shandong. C. Rizhao, Shandong. D. Nanji Islands, Zhejiang. E. Nan’ao Island, Guangdong. F. Shenzhen, Guangdong. G. 
Fangchenggang, Guangxi. H. Boao, Hainan. I. Type specimen of S. shandongense. J. Type specimen of S. qingdaoense. K. Sketch of type 
specimen of S. vachellianum (in Greville 1848). 

Phylogenetic analyses 
A total of 26 ITS-2, 26 cox3, and 27 rbcL sequences were generated for the analyses. Based on the concatenated 
dataset (ITS-2+cox3), the two main strongly supported clades corresponded to Sargassum subgen. Bactrophycus and 
Sargassum subgen. Sargassum. In the Sargassum subgen. Bactrophycus clade, all specimens from the northern China 
seas were grouped with previously published Korean and Japanese specimens. In the Sargassum subgen. Sargassum, 
all specimens referred to S. shandongense, S. qingdaoense and S. vachellianum clustered within one highly supported 
monophyletic clade, with sequence identity > 99.5%. This clade was sister to S. piluliferum (Turner) C. Agardh and 
S. yendoi Okamura et Yamada from Japan. The rbcL-based phylogenetic tree (Fig. S1) showed similar topological 
structure to the ITS-2+cox3 dataset, but the relationships of some related taxa were not resolved due to the limited base 
substitution. 
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FIGURE 4. Sargassum vachellianum collected from different regions, showing morphologies of holdfast and main stem, blades, vesicles, 
receptacles. A. Qingdao, Shandong. B. Rizhao, Shandong. C. Qingdao, Shandong, floating individual. D. Nanji Islands, Zhejiang. E. 
Nan’ao Island, Guangdong. F. Shenzhen, Guangdong.
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FIGURE 5. Phylogenetic tree using Maximum likelihood (ML) and Bayesian inferences (BI) based on concatenated ITS-2 and cox3 
sequences. Node numbers indicate bootstrap support (ML/BI). The well-supported clade in red consists of specimens previously identified 
as S. vachellianum, S. shandongense (specimens referring to Fig.4. A–B) and S. qingdaoense (specimen referring to Fig.4. C). BA = Boao, 
Hainan; BS = Basuo, Hainan; DS = Dongshan, Fujian; QD = Qingdao, Shandong; FC = Fangchenggang, Guangxi; GQ = Gouqi Island, 
Zhejiang; JP = Japan; NA = Nan’ao Island, Guangdong; NH = Nanhuangcheng Island, Shandong; NJ = Nanji Islands, Zhejiang; RC = 
Rongcheng, Shandong; RZ = Rizhao, Shandong; SZ = Shenzhen, Guangdong; SS = Shengsi Islands, Zhejiang; ZP = Zhangpu, Fujian; ZZ 
= Zhangzi Island, Liaoning.
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Discussion

The main goal of this study was to re-examine the diversity of Sargassum along the Chinese coast in the Yellow Sea 
and East China Sea based on molecular analysis. Among 130 species previously recorded in China, we confirmed the 
presence of at least eight Sargassum species in the northern China seas, with seven belonging to the Sargassum subgen. 
Bactrophycus and one belonging to the Sargassum subgen. Sargassum. Our phylogenetic data indicated that none of 
the Sargassum species are endemic to the Yellow Sea and East China Sea, instead they are also in the South China Sea 
and adjacent seas.
	 Following our findings, we propose Sargassum shandongense and S. qingdaoense as taxonomic synonyms 
of S. vachellianum. This taxonomic treatment is supported by two lines of evidence. First, the morphology of type 
specimens and the original diagnoses (Greville 1848: 204, Tseng & Lu 2004: 195) revealed only one Sargassum 
subgenus Sargassum species with morphological characteristics compatible with the description of the three taxa. 
Second, our phylogenetic tree showed that the specimens from Qingdao, China (type locality of S. shandongense and 
S. qingdaoense) were not significantly distinct from those near Macao, China (the type locality of S. vachellianum). 
Rather, in the phylogenetic tree, these specimens clustered in a well-supported clade with S. vachellianum from the 
East China Sea (Shengsi Island, Nanji Island) and South China Sea (Nan’ao Island, Fangchenggang, Hainan Island). 
There were some subtle differences observed among the specimens from different localities, for example, the blades 
of specimens from Rizhao were narrow and almost linear, whereas the specimens from southern China had oval 
vesicles and spiny margins (Fig. 4). The name S. vachellianum (Greville 1848) has priority over S. shandongense and 
S. qingdaoense (Tseng & Lu 2004).
	 Sargassum in the northern China seas displayed a low genetic diversity with only one haplotype detected in 
each species. The Yellow-Bohai Sea and most of the East China Sea were entirely exposed during the glacial period, 
which probably results in a low diversity of marine flora (Oba et al. 1991, Ota 1998). The ancestral population of 
some Sargassum species may have survived in the southern warm sea during the Quaternary ice age, and the currently 
distributed northern populations might be transported from the south after the glacial period (Hu et al. 2011, 2013). 
Seawater temperature is thought to be an important factor influencing the distribution of the Chinese algal flora (Tseng 
& Zhang 1960). Recent study also indicated that the number of Sargassum species decreases northward in China, in 
correlation with decreasing seawater temperature (Huang et al. 2013). Based on our survey, Sargassum hemiphyllum 
var. chinense was not observed in the Yellow Sea, and S. vachellianum is absent in the north of Shandong Peninsula. 
However Sargassum horneri, S. fusiforme, and S. thunbergii are naturally distributed on the Chinese coasts, therefore 
it seems seawater temperature may not be an major factor restricting the distribution of some species. It is interesting to 
note that S. horneri is present in Liaodong Peninsula, but absent in Shandong Peninsula, though seawater temperature in 
Shandong Peninsula is higher (Hua et al. 2016). The high nutrient concentrations throughout the year driven by ocean 
currents may be another important oceanographic force contributing to the distribution and diversity of Sargassum 
species in the northwest Pacific (Li et al. 2016).
	 Several previously recorded species in the East China Sea were not collected in the present study, possibly due 
to historical misidentification, seasonality of thallus occurrence, or scope of this work. We collected samples every 
month in some localities, but some previously recorded species were never present. For example, Sargassum horneri 
has disappeared from the Nanji Islands, where a huge seaweed bed of S. horneri was well known for decades (Sun 
et al. 2008). In the same area, S. nigrifolioides Tseng et Lu had been described as a new species (Tseng & Lu 1985), 
but we failed to find it at the type locality. The frequent human activities in the area might be the major reason of 
the dramatic reduction of biomass and diversity of Sargassum (Sun et al. 2009). The historical sampling localities 
have been destroyed or become reclaimed land, and the low light transparency in the seawater inhibits the growth of 
seaweeds.
	 About 130 Sargassum species were previously recorded in China, of which 49 were described as new species, 
however, most species have never been confirmed using molecular phylogenetics. Consequently, further studies on 
the diversity of Sargassum from the South China Sea and adjacent seas using DNA datasets are required. Ecological 
monitoring has also been proposed as a necessary approach to document the ontogenic and phenotypic variability 
at the intra and inter-population levels (Mattio & Payri 2011, Mattio et al. 2015). Integrative investigations using 
morphological, ecological, and molecular analyses are essential to resolve Sargassum taxonomy.
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