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Chinese horseshoe crab (Tachypleus tridentatus) is a Xiphosura animal of significant commercial 
importance and in danger of extinction in China. To better estimate how genetic structure can be used 
to obtain a conservation perspective of the species, genetic variation was examined in nine locations 
covering its distributing range in the coast of Chinese mainland using ten nuclear microsatellite DNA 
loci and mitochondrial DNA control region (CR) sequences. Moderate levels of genetic diversity were 
detected (expected heterozygosity from microsatellites was 0.635, haplotype diversity from 
mitochondrial DNA was 0.800) as a whole. Significant genetic differentiation was detected only by 
mitochondrial DNA (FST = 0.0693, P < 0.01), while microsatellite markers indicated nuclear genetic 
homogeneity of these locations. Probably, nuclear genetic homogeneity was caused by outbreeding 
among different groups due to artificial transporting. Very weak genetic differentiation indicates that 
reintroduction programs of the movement and mixing of horseshoe crab from different locations will 
result in minimal negative genetic effects. Upon four management units were inferred from the results 
of CR analysis, accordingly four or more nature reserves should be established to conserve this 
endangered animal along the Chinese coast. Haplotype network pattern indicated that T. tridentatus 
population in Chinese coast has undergone historic population expansion and very recent historic 
population recession. Mismatch distributions analysis also revealed existence of historic demographic 
expansion. 
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INTRODUCTION  
 
The Chinese horseshoe crab (Tachypleus tridentatus) 
distributes mainly along the coast of the East and South 
China Sea, extending northward to the Pacific coast of 
Japan and southward to Southeast Asia (Sekiguchi, 1988; 
Yang et al., 2007). T. tridentatus was once abundant in 
the southeast coast of China, distributed from the estuary 
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of Changjiang River to Beibu Bay (Sekiguchi, 1988; Liao 
and Li, 2001). At present, its resources have declined 
rapidly because of excess fishing (Hsieh and Chen, 
2009) for seafood and wide use of amebocyte lysate in 
endotoxin tests (Swan, 2001) and habitat destruction for 
rapid economic development (Chiu and Morton, 1999; 
Liao and Li, 2001; Chen et al., 2004). It is a well accepted 
concept that the genetic diversity is a basic precondition 
for populations to react to environmental changes, and to 
keep their reproductive fitness, which will ensure the long 
term survival of species (Frankham et al., 2002; Allendorf 



 
 
 
 
and Luikart, 2007). Urgent attention is required to save 
this species from extinction in the near future, however, 
so far, little is known about its genetic diversity in Chinese 
coast in order to determine some effective measures to 
conserve this species. 

Microsatellite has been considered as one of the effi-
cient molecular markers that provide population genetic 
information, due to its abundance, randomly distributed in 
the genome, highly polymorphic, its codominant inheri-
tance and ease of scoring (Guo and Gui, 2008; Kaya and 
Yildiz, 2008). Twenty-two microsatellite markers were 
developed from Limulus polyphemus (King et al., 2004), 
which revealed significant population difference among 
two Atlantic coast and one Gulf of Mexico site. Faurby et 
al. (2010) applied 12 microsatellite loci to analyze popu-
lation dynamics in 1218 L. polyphemus sampled from 28 
localities, covering its range along the west coast of the 
Atlantic. However, our result showed that no polymerase 
chain reaction (PCR) bands were achieved with these 
twenty-two pairs microsatellites primer and DNA extrac-
ted from T. tridentatus in PCR reaction in our previous 
study (not published), which indicated that those primer 
pairs from L. polyphemus are not suited for the applica-
tion in T. tridentatus.  

Currently, a few studies have been reported in the 
microsatellite determination in T. tridentatus, for instance, 
Nishida and Koike (2009) showed eight microsatellite 
markers with low diversity (number of allele from 2 to 4). 
Also, another eight polymorphic microsatellite markers 
were developed by Li et al. (2009), with rather low diver-
sity. Although microsatellites are hypervariable nuclear 
markers, they are considered less appropriate for phylo-
geographical inference because of their tendency towards 
homoplasious mutations (Bryja et al., 2010; Hewitt, 2004).  

In phylogeographical studies, analysis based on a 
single type of marker would lead to erroneous results and 
biased conclusions since different markers each have 
their own unique genealogy, different modes of inheri-
tance, effective population sizes and sex-biased dispersal 
(Colbert et al., 2001; Hewitt, 2004). Fast-evolving mar-
kers, such as the mitochondrial control region has revea-
led much higher levels of genetic differentiation (Zink, 
1997) and often help to discover clades with significant 
geographical information (Barrowclough et al., 2005). In 
conservation genetics, the use of nuclear gene informa-
tion combining with the inferences from mtDNA sequence 
data is becoming necessary for a complete picture of the 
evolutionary forces shaping populations and species 
(Purvis et al., 2005; Shaw, 2002). More and more studies 
have applied the combination of microsatellites and 
mtDNA sequences, which is proved to be superior to that 
obtained through the use of separate sets of markers 
(Flanders et al., 2009; Bryja et al., 2010).  

In this study, ten polymorphic microsatellite loci developed 

by our lab were used to analyze genetic diversity and 
structure of T. tridentatus from nine locations covering its 
distribution in Chinese coast. Furthermore, the control 
region sequence of mtDNA was used to analyze its gene- 
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tic structure in seven locations. Combination analy-sis 
with these two sets of markers may give us more po-
pulation genetic and phylogeographical information, upon 
which we can propose scientific conservation manage-
ment strategy.  
 
 

MATERIALS AND METHODS 
 

Sampling and DNA extraction 
 

The samples of Chinese horseshoe crabs (T. tridentatus) were 
collected from nine localities across its distribution range along the 
southeast coast of China during 2007 to 2008 (Figure 1, Table 1). 
The number of samples analyzed per locality varied due to sample 
availability and analysis success. The muscles from horseshoe crab 
were kept in 95% ethanol, then in 4°C refrigerator until DNA was 
extracted using standard proteinase K digestion/phenol-chloroform 
isolation procedure. 
 
 

Genotyping in nine locations using ten microsatellite markers 
 
The polymerase chain reaction (PCR) reactions were amplified in 
10 μL reactions containing 1× PCR buffer, 2 mM MgCl2, 0.2 mM 
forward primer, 0.2 mM reverse primer, 200 mM dNTPs, 0.1 U/μL 
Taq DNA polymerase (Invitrogen), and 50 ng of genomic DNA 
template. The used primers in this study are listed in Table 1. PCR 
was performed in a BioRad PTC0200 thermocycler (BioRad Lab, 
Inc., USA) with the following program: 94°C for 2 min, followed by 
29 cycles of 94°C for 30 s, the primer specific annealing tempera-
ture (Table 1) for 20 s and 72°C for 30 s, with a final extension 
period of 7 min at 72°C, and maintained at 4°C until further use. 
The PCR products were separated on a 6% denaturing polyacryl-
amide gel and visualized by silver-staining. Product sizes were 
estimated by comparison with a 10 bp DNA ladder (Promega). A 
total of 371 individuals from nine locations (Figure 1, Table 1) were 
genotyped by ten polymorphic microsatlellite markers (CHR11, 
CHR45, CHR49, CHR51, CHR53, CHR57, CHR63, CHR77, CHR87, 
CHR91), which have been isolated using a fast isolation by Ampli-
fied fragment length polymorphisms (AFLP) of sequences con-
taining repeats (FIASCO) protocol (Zane et al., 2002). They were 
also evaluated for polymorphism and heterozygosity in 39 indivi-
duals of Chinese horseshoe crab (Table 2).  
 
 

Mitochondrial DNA amplifying and sequencing 
 

Primers for PCR were designed using Primer 5.0 software accor-
ding to mtDNA control region of L. polphymus. The primers used 
were, H-49: 5’-TTCTAGTATAATACATGGAA-3’ and H-50: 5’-
TTAGTGTAAAGGCACATT-3’. The final volume of 60 μL included 
150 ng of template DNA, 200 μM dNTPs, 0.3 μM of each primer, 
1.5 unit of Taq polymerase (Takara), 10× PCR buffer with 1.5 mM 
MgCl2. PCR was  performed   in  a  BioRad PTC0200  thermocycler 
(MJ Research, Waltham, MA, USA) with the following program: 
94°C for 5 min, followed by 35 cycles of 45 s at 94°C, 50 s at 40°C, 
and 1 min at 72°C; with a final extension period of 7 min at 72°C, 
and maintained at 4°C until further use. The results of PCR were 
checked in routine 2% agarose gel electrophoresis. The PCR 
products were purified using QIAGEN PCR Purification kit (50) 
(Biotools, Madrid, Spain). Samples were sequenced in both direc-
tions, using an ABI 310 automated sequencer (Applied Biosystems) 
of Invitrogen Biotechnology Company, Limited. Total of 116 indivi-
duals from seven locations (Table 1) were analyzed.  
 
 

Data analysis 
 

The frequency of Null alleles was calculated by MICRO-CHECKER
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Figure 1. The map of sampling sites of T. tridentatus from Southeast coast of China. NH, 
Ninghai; WZ, Wenzhou; LJ, Lianjiang; PT, Pingtan; MZ, Meizhou Island; ZP, Zhangpu; ZJ, 
Zhanjiang; BH, Beihai; DZ, Danzhou. 

 
 
 

2.2.3 (Oosterhout et al., 2004) using Brookfield algorithms (Brook-
field, 1996). Microsatellite genetic diversity was quantified as num-
ber of alleles (NA), average number of alleles per locus (A), effective 
number of alleles per locus (Ne) (estimates the reciprocal of homo-
zygosity) (Hartl and Clark, 1989), FIS (estimates for each allele) 
(Weir and Cockerham, 1984), observed heterozygosity (H0), expec-
ted heterozygosity (HE), which were estimated with GENEPOP 
version 4.0.1.0 (Rousset, 2008). The polymorphic information con-
tent (PIC) value was calculated using CERVUS 3.0 software pack-
age (Marshall et al., 1998; Kalinowski et al., 2007). PIC is a measure 
of informativeness related to expected heterozygosity and is like-
wise calculated from allele frequencies (Botstein et al., 1980; Hearne 
et al., 1992). Tests for Hardy-Weinberg equilibrium (HWE) and link-
age disequilibrium (LD) were performed using GENEPOP. Genetic 
differences between locations were evaluated by calculating pair-
wise FST values and testing their significance by bootstrapping 
analysis (10,000 replicates) using Arlequin 3.0 (Excoffier et al., 
2005). This program was also used to partition variation within and 
between locations using the AMOVA (Analysis of Molecular 
Variance) procedure.  
The control region sequences were edited and aligned with MEGA 

4.0 (Tamura et al., 2007). The nucleotide composition, numbers of 
variable sites and population diversity parameters were calculated 
using DNASP 4.10 (Rozas et al., 2003). A mantel test was 
performed with 10,000 permutations in Arlequin to assess the 
statistical significance in correlation between genetic and the 
geographical distances. Correlation between microsatellites and CR 
genetic diversity was calculated by SPSS 12.0. Phylogenetic 
relationships between the identified haplotypes were determined by 
calculating an unrooted haplotype median network using 
NETWORK 4.5.1.0 (Bandelt et al., 1999). Demographic history was 
examined using mismatch distribution (Slatkin and Hudson, 1991), 
and neutral test was conducted by Tajima`s D-test and Fu`s Fs-test 
based on mitochondrial DNA variation by Arliquin3.0.  
 
 

RESULTS 
 

Genetic diversity of T. tridentatus from microsatellite 
and mtDNA analysis 
 

Most of these ten microsatellite loci were high polymorphic
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Table 1. Sampling sites of T. tridentatus across its range of the east and south coast of China. 
 

Locality Province Coordinates 
Number of individual 

Microsatellite analyses Mitochondrial analyses 

Ninghai (NH) Zhejiang 29º9′29’’N, 121º42′54’’E 12 20 

Wenzhou (WZ) Zhejiang 27º57′04’’N, 121º07′00’’E 25 0 

Lianjiang (LJ) Fujian 26º13′56’’N, 119º42′19’’E 36 19 

Pingtan (PT) Fujian 25º25′33’’N, 119º46′07’’E 50 0 

Meizhou Island (MZ) Fujian 25º03′40’’N, 119º04′39’’E 50 16 

Zhangpu (ZP) Fujian 23º48′12’’N, 117º33′53’’E 50 15 

Zhanjiang ((ZJ) Guangdong 20º55′17’’N, 110º33′32’’E 50 13 

Beihai (BH) Guangxi 21º21′27’’N, 109º05′44’’E 50 16 

Danzhou (DZ) Hainan 19º51′33’’N, 109º07′28’’E 48 17 
 
 
 

(PIC > 0.5) and only two loci (CHR53, CHR91) were de-
viated from Hardy-Weinberg equilibrium, no significant 
linkage disequilibrium was detected among them (Table 
2), thus they were suitable for genetic analysis. Three 
hundred and seventy-one (371) horseshoe crab indivi-
duals from nine locations of T. tridentatus covering its 
range distributed in Chinese coast were genotyped by 
these polymorphic microsatellite loc. The results showed 
that nuclear genetic diversity is moderate, with a mean 
number of alleles over loci across nine locations ranging 
from 4.714 to 8.571 (7.018 averagely), and the mean 
effective numbers of alleles ranged from 2.915 to 3.837 
(3.697 averagely) (Table 3). The observed heterozygosity 
(Ho) over all locations was 0.620 and ranged from 0.599 
(ZP) to 0.701 (NH), while the HE was 0.635 and varied 
from 0.598 (PT) to 0.655 (LJ).  

In total, 18 polymorphic sites (accounting for 5.0% of 
the total number of sites), including nine parsimoniously 
informative sites, were detected based on 368 bp of full 
length mitochondrial control region (CR) from 116 indivi-
duals (Table 4), which were sampled from seven loca-
tions. The polymorphic sites were all transitions, without 
transversion or insertion/deletion. The average base com-
position of the control region sequence in T. tridentatus 
was in a strong adenine-thymine bias (43.3% thymine, 
40.9% adenine, 6.7% cytosine and 9.1% guanine). The 
AT content (84.2%) was much higher than GC one (15.8%). 
Twenty-seven haplotypes were defined (H1 ~ H27) (Table 
4) (GeneBank Accession Numbers JX437089-JX437115). 
The nucleotide diversity (Pi) over these locations was 
0.00549 and ranged from 0.00207 to 0.00667, and haplo-
type diversity (h) was 0.80 and ranged from 0.524 to 
0.889, which indicated moderate high levels of genetic 
diversity of this species. Nucleotide and haplotype diver-
sities for different locations are shown in Table 5.  

Four sample-specific haplotypes were in Ninghai locali-
ty, while three in Lianjiang, one in Meizhou, one in Zhanjiang, 
three in Beihai, but none in Zhangpu and Danzhou. H1 
was the dominant haplotype in 49 individuals (43%), exis-
ting in all locations. The constructed phylogenetic rela-
tionships among these 27 haplotypes were constructed, 

yielding a complex network (Figure 2). Haplotypes such 
as H1, H20 and H2 were in the center of star-like net-
works, indicating that they were ancestral types. The star-
like network indicated a likely existence of historic popu-
lation expansion of horseshoe crab population. As shown 
in Figure 2, H20 was an ancestral type, but there were 
only two individuals in it, which indicated very recent 
historic population recession. 
 
 

Comparison between microsatellites and CR genetic 
diversity 

 
There was a significant correlation (r = 0.686, P < 0.05) 
between the values of He evaluated from microsatellite 
markers and Pi from CR, which stand for nuclear and 
mitochondrial genetic diversities, respectively (Figure 3). 
This result suggested that microsatellite data could be 
used to predict mitochondrial genetic diversity, and vice 
versa.  
 
 

Analysis of molecular variance (AMOVA) analysis 
 

The AMOVA analysis by microsatellite data partitioned 
99.20% of the total genetic variation within location, and 
the value of the part among locations was only 0.80 with 
FST not significant (P > 0), which indicated there was not 
genetic differentiation among nine locations of T. triden-
tatus. However, the fixations index at the level of inter-
locations was significant (P < 0.01) when analyzed with 
mtDNA sequences data. As shown in Table 6, significant 
genetic variance was discovered among locations, although 
most molecular variances were observed to occur within 
location (94.62%). 
 
 

Pairwise FST analysis 
 

Pairwise FST analysis was calculated for each pair of 
locations over ten microsatellite loci, with values ranging 
from -0.04084 to 0.02615, and no statistically significant 
difference existed among these locations (P > 0) (Table 7).
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Table 2. Characterization of the ten polymorphic microsatellite loci used in this study. 
 

Locus Primer sequences(5’→3’) 
Repeat 
motif 

Size range 
(bp) 

Ta 
(ºC) 

NA PIC HO HE 
Null allele 
frequence 

FIS 
GenBank accession 

number 

CHR11 
F: CTCGTATCAAGACAAACAATCA 

(GT)8 146-168 46 9 0.732 0.744 0.768 0.008 0.026 JX443509 
R: AGAAAAGTCTACTGAAAGCACA 

            

CHR45 
F: CCACAAGCACCCATTGAAACAC 

(TG)15 195-205 50 7 0.652 0.641 0.702 0.030 0. 087 JX443503 
R: ATCGGAACTGTGAACAACTACA 

            

CHR49 
F: ATAACATGGCGGATTATTACAT 

(GT)9(GA)10 145-197 48 22 0.932 0.974 0.948 0. -0.030 JX443504 
R: GTTGCTGTTTAGTCCTGTTCAT 

            

CHR51 
F: CAAGCCGGGTCCCATCTTTGAT 

(TG)15 160-184 51 11 0.840 0.872 0.868 0 -0.005 JX443506 
R:AGCGCTCAGTTAGACTTACCATTTAC 

            

CHR53 
F: GTAGAATTATCTGTTATACACGCA 

(CA)10(AT)9 154-180 47 5 0.402 0.359 0.450 0.059
#
 0.204* JX443505 

R: TTACCATAACCTGGAGACAATA 

            

CHR57 
F: AAACATCAGCCTTATCTAACGG 

(TG)14 74-90 48 8 0.725 0.769 0.770 0 0.001 JX443507 
R: CGACAAGAAAGTAAAAGCAAAA 

            

CHR63 
F: TTGAAAGCCTATTCCTTTACGT 

(TA)5(AC)17 64-110 47 8 0.653 0.769 0.699 0 -0.101 JX443508 
R: AAGTGCAATGAAGAAGCAGTGT 

            

CHR77 
F:CGAGATAACATAAAAGTATACAT 

(AT)5(TG)13 118-130 45 7 0.703 0.821 0.749 0 -0.097 JX443510 
R:TGGGATTCTGTTGTATTGTA 

            

CHR87 
F: TCCAGGACAAACGTTAAAGAAT 

(TG)12 173-189 48 8 0.747 0.744 0.790 0.019 0.055 JX443511 
R: ACAGGTGATCTTTGAGTGTTGC185 

            

CHR91 
F:AGTCCAGAGGCCAGTTTCATAT 

(GT)15 162-192 51 8 0.274 0.180 0.283 0.078
#
 0.370* JX443512 

R: TGGTTTCACTTTCCCAACAATC 

Average     9.2 0.678 0.709 0.714    
 

Ta, Annealing temperature; NA, number of alleles; PIC, polymorphic information content; HO, observed heterozygosity; HE, expected heterozygosity; FIS, fix index; *indicates significantly deviating from 
Hardy–Weinberg equilibrium (P < 0.05);

 #
 indicates null allele existed (greated than 0.05). 

 
 
 

As a result, FST indicated high level of gene flow 
between these locations, thus weak genetic struc-

ture of T. tridentatus along Chinese coast was re-
vealed by the analysis with microsatellite markers. 

However, analysis according to control region of 
mitochondrion DNA showed significant difference
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Table 3. Polymorphic characteristics of nine locations of T. tridentatus from ten microsatellite loci analysis. 
 

Location A Ne HO HE 

NH 4.714±2.215 2.915±1.151 0.701±0.234 0.623±0.212 

WZ 6.286±2.828 3.401±1.626 0.660±0.264 0.640±0.222 

LJ 6.714±2.812 3.517±1.722 0.647±0.266 0.655±0.201 

PT 7.857±2.795 3.388±1.952 0.605±0.267 0.598±0.246 

MZ 7. 714±3.039 3.399±1.963 0.609±0.247 0.619±0.214 

ZP 7.286±2.690 3.565±2.126 0. 599±0.261 0.613±0.242 

ZJ 7.286±2.628 3.511±1.938 0.609±0.251 0.619±0.253 

DZ 7.429±2.225 3.633±1.841 0.637±0.236 0.647±0.223 

BH 8.571±2.230 3.837±1.764 0.614±0.249 0.646±0.236 

Species level 7.018±2.107 3.697±2.122 0.620±0.241 0.635±0.229 
 

A, average number of alleles per locus; Ne, effective number of alleles per locus; HO, observed heterozygosity; HE, expected heterozygosity. 

 
 
 

 
 

Figure 2. Median-Joining network showing phylogenetic relationships between 27 mtDNA control region haplotypes 
found in T.tridentatus. Each line represents a mutational step, numbers cross the lines represent the sites of 
nucleotide substitutions, circle areas depict proportions of haplotypes, yellow circles represent existing hyplotypes, red 
circles represent hypothesized sequences which were required to connect existing sequences within the network. 
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Table 4. Twenty-seven haplotypes, their mutation sites and their distribution in seven locations. 
 

Haplotype 
Variable nucleotide sites Distribution of haplotypes 

51 58 77 127 139 145 148 151 167 194 238 243 246 268 284 291 299 334 NH LJ MZ ZP ZJ BH HN total 

H1 T T T A A A T A C T A A C T T T A A 5 6 4 9 9 6 10 49 

H2       C         C   2 3 7 1   2 15 

H3       C      T   C   1  1     2 

H4                C  G 1       1 

H5       C         C  G 4 1 1     6 

H6       C           G 3       3 

H7       C  T       C        2  2 

H8       C    G     C     2   1 1 4 

H9       C    G       G      1  1 

H10      G C               3   2 5 

H11             T       1  1    2 

H12       C    G             2  2 

H13       C    G G    C    2     1 3 

H14       C G     T   C  G  1      1 

H15              C      1      1 

H16       C    G    C C    1  1 1 1 1 5 

H17  C     C   C      C        1  1 

H18       C  T              1   1 

H19       C     G    C        1  1 

H20       C            1 1      2 

H21 C               C    1      1 

H22         T           1   1   2 

H23                 G    1     1 

H24    G   C      T      1       1 

H25         T    T      1       1 

H26   C    C         C   1       1 

H27     G  C           G     1 1  2 

Total                   20 19 16 15 13 16 17 116 
 
 
 

among seven locations. NH population was signi-
ficantly different from ZJ, two Beibu Bay locations 
(BH, DZ) and ZP (collected from semienclosed 
bay of Dongshan Bay) (P < 0.01). The significant 
difference also existed between BH and ZP, MZ 
and ZP, ZJ and BH (Table 7). 

Mantel test 
 
To test the degree of correlation between genetic 
variation and geographical distances, the Mantel 
test was used. The results indicate that genetic 
differentiation for T. tridentatus along Chinese 

mainland coast was not correlated with total geo-
graphical distance by the analysis with microsate-
llite markers (r

2 
= 0.026, P > 0.05). However, con-

verse result revealed by mtDNA sequences (r
2 

= 
0.346, P < 0.05), which indicated that the geogra-
phical distance is an important fact to restrict
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Table 5. Genetic diversity parameters of mitochondrial control region (CR) among seven locations of T. tridentatus. 
 

Location 
Number of 

sample 
Haplotypes 
observed 

Haplotype 
diversity (h) 

polymorphic 
site (S) 

Mean number of pairwise 
difference (k) 

Nucleotide 
diversity (Pi) 

NH 20 10 0.895 7 2.074 0.00564 

LJ 19 11 0.889 11 2.456 0.00667 

MZ 16 6 0.767 6 1.525 0.00414 

ZP 15 5 0.629 6 1.467 0.00399 

ZJ 13 5 0.538 7 1.436 0.00390 

BH 16 9 0.858 9 2.408 0.00654 

HN 17 6 0.654 6 1.721 0.00468 

Total 116 27 0.800 18 2.020 0.00549 
 
 
 

Table 6. AMOVA analysis of genetic variation of T. tridentatus. 
 

Parameter Microsatellite analysis Control region analysis 

Source of variation Percentage of variation FST Percentage of variation FST 

Among locations 0.80 0.00803
a
 5.38 0.0538

b
 

Within locations 99.20  94.62  
 

The superscript ‘a’ indicated P > 0.01 and ‘b’ for P < 0.01. 
 
 
 

gene flow of T. tridentatus.  
 
 

Demographic analysis 
 

Fu`s Fs and Tajima`s D were used to test for se-
lective neutrality and population equilibrium. Signi-
ficant values of Fs and D can be due to factors 
other than selective effects, like population expan-
sion or bottleneck (Fu, 1997; Tajima et al., 2007). 
The values of Tajima`s D were negative except for 
that of NH locality, but they were not significant (P 
> 0.05) for all locations. Fu (1997) has noticed that 
the Fs statistic was very sensitive to population 
demographic expansion which generally led to 
large negative Fs values. The values of Fs were 
also negative, furthermore they were significantly 
negative (P < 0.02) for three locations (NH, LJ and 
BH) and the whole data set, which indicated histo-

ric population expansion of horseshoe crab in the 
coast of China. Mismatch distributions analysis 
revealed that there was no significant difference 
between the observed and expected distribution 
under the expansion model, not only for each 
locality but also for the whole data set (τ = 2.625; 
θ0 = 0.005; θ1 = 9.023; SSD = 0.025; P = 0.074) 
(Table 8, Figure 4). This indicated that the whole 
population of T. tridentatus in Chinese coast has 
undergone a historic demographic expansion, 
which was consistent with the result of star-like 
network of haplotypes and Fs test.    
 
 

DISCUSSION 
 

Genetic diversity of T. tridentatus distributed 
in Chinese coast 
 

In  general,  genetic  variation  of  nine locations in 

Chinese coast is still moderate according to allele 
numbers (7.018 averagely), HE values (0.635 ave-
ragely) from microsatellite loci and h values (0.80 
averagely) from mtDNA control regions in this 
study, although the horseshoe crabs are so rare in 
most of Chinese coast now. Compared with other 
population of T. tridentatus, it was higher than that 
of the population from Japan (HE values 0.53 ave-
ragely) (Nishida and Koike, 2010), also higher 
than that of the population from Taiwan Strait (h 
values 0.626, averagely). The Chinese horseshoe 
crab (T. tridentatus) used to distribute mainly along 
the offshore of the East and South Sea of China, 
extending northward to estuary of Changjiang 
River and southward to Beibu Bay. The samples 
in this study cover the historical distribution region 
in China. The moderate genetic diversity of T. 
tridentatus may be due to historical abundance
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Figure 3. Genetic diversity comparison between microsatellites and mitochondrial loci (r = 
0.686, P = 0.044). Each location is characterized by its expected heterozygosity (He, 
microsatellites) and nucleotide diversity (Pi, mtDNA). 

 
 
 

 
 

Figure 4. Mismatch distributions of CR haplotyes. Observed frequency distribution (dotted line) for the 
number of pairwise nucleotide differences among the total individuals of T. tridentatus. Solid line shows the 
expected distribution given a population expansion. 

 
 
 

in resources and high in genetic diversity along China's 
southeast coast.  

According to our survey, Chinese horseshoe crabs 
were still quite abundant in Chinese coast even 30 years 
ago. During summer, there were once a large number of 
horseshoe crabs spawning in many beaches several de-
cades ago. But in recent years, the number of Chinese 
horseshoe crab in China drastically declined, almost 
disappeared in most sea water (weng et al., 2012). 
Accordingly, the reduction of the genetic diversity of 
Chinese horseshoe crab will be inevitable. It is surely 
necessary to take urgent and effective measures to pro-
tect the horseshoe crab from extinction in Chinese sea. 
 
 

Genetic structure in T. tridentatus 
 

The result of population differentiation tests at microsatel-

lite loci indicated no genetic differentiation among differ-
ent locations in Chinese coast, and none evolution signifi-
cant unit was found. However, mtDNA markers revealed 
distinct subpopulation among these locations. Therefore, 
it is necessary to combine the analysis of microsatellites 
and mtDNA sequence in order to identify the population 
genetic and phylogeographical information. Actually, lack 
of congruence between nuclear and mitochondrial-based 
variation has also been previously reported, for example 
in terrestrial mammal the African elephant (Nyakaana and 
Arctander, 1999), cartilaginous fish, the blacktip shark 
(Keeney et al., 2005), teleost, the European bitterling (Bryja 
et al., 2010). This discrepancy between mtDNA and mic-
rosatellite data in these studies was thought to be due to 
male-biased gene flow which would lead to homogeniza-
tion of nuclear alleles while the maternally inherited such 
as mitochondrial markers would remain restricted to native
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Table 7. Genetic difference (FST) for mtDNA control region (above diagonal) among seven locations and for microsatellites (below diagonal) 
among nine locations. 
 

Parameter NH WZ LJ PT MZ ZP ZJ DZ BH 

NH   0.02446  0.05343 0.14898 0.1644 0.10272 0.06519 

WZ 0.0148         

LJ -0.0034 0.0085   0.00391 0.04625 0.06327 -0.01534 -0.01436 

PT 0.0262 -0.0154 0.0347       

MZ -0.0037 0.0088 -0.0021 -0.0083  0.20734 0.26066 0.09328 0.0355 

ZP 0.0049 -0.0031 -0.0106 -0.0408 0.0039  -0.00723 -0.02673 0.08133 

ZJ 0.0152 0.0037 0.0139 -0.0312 0.0172 0.0039  0.02111 0.08399 

DZ 0.0117 0.0065 0.0037 -0.0208 0.0103 0.0039 0.0076  0.00325 

BH 0.0038 -0.0035 -0.0052 -0.0393 0.0009 0.0031 0.0063 -0.0089  
 

FST values are calculated with the method of Tajima and Nei (1984). Statistically significant values are shown in bold text (P < 0.05). 
 
 
 

Table 8. Historical demography analysis based on control region variation in seven locations of T. tridentatus. 
 

Location NH LJ MZ ZP ZJ DZ BH Total 

Tajima`s D 0.168 -0.789 -0.536 -0.718 -1.378 -0.102 -0.412 -1.125 

PD 0.608 0.257 0.323 0.278 0.060 0.497 0.384 0.190 

Fs -4.421 -5.204 -1.432 -0.571 -0.863 -0.981 -3.394 -19.849 

PFs 0.001 0.002 0.134 0.323 0.202 0.245 0.017 0.003 
 

PD, PFs, Pr, refer to P-value of Tajima`s D, Fs, Raggedness index, respectively. Statistically significant values are shown in bold text (P < 0.05). 
 
 
 

localities (Nyakaana and Arctander, 1999). How-
ever, for horseshoe crab, the female is larger than 
male generally, and the male does not seem to be 
more movable or migrate farther distance than the 
female. Therefore, it needs more research to find out 
the reason for the inconformity in horseshoe crab.  

According to the result revealed by CR, the NH 
location was significantly different from those 
sampling from South sea and Beibu Bay such as 
ZP, ZJ, BH and DZ. This can be interpreted by the 
fact that the geographical distance played an 
important role in genetic differentiation. Interes-
tingly, ZP population was significantly different 
from MZ, although their distance is only about 200 

km. The ZP population was sampled from semien-
closed bay, Dongshan Bay (500 km in diameter), 
and the geographical barriers may play an impor-
tant role in genetic differentiation. Likewise, Leizhou 
Peninsula might separate ZJ population from BH 
for genetic exchange. Similar pattern was also ob-
served on the distribution in L. polyphemus. There 
is a genetic break between the Gulf of Mexico and 
Atlantic populations, and Florida Peninsula may 
be the barrier for gene flow (Pierce et al., 2000). 
Yang et al. (2007) also discovered that geographi-
cal barriers played an important role in genetic 
subdivision of T. tridentatus.  

However, it was difficult to be interpreted by 

geographical distance for the LJ locality, since the 
population was not significantly different from any 
other locations even BH (1,360 km in distance), 
DZ (1,310 km in distance) and ZJ (1,130 km in 
distance) as well. Unlike most migration marine 
animals, the horseshoe crab has no significant 
potential for long distance dispersal and gene flow 
(Pierce et al., 2000; Yang et al., 2007), since adults 
stay on the offshore sea bottom and migrate to 
intertidal areas for reproduction, trilobite larvae 
settle right after hatching, and juveniles spend their 
life stages at or near the natal beach for feeding 
(Sekeguchi, 1988; Chen et al., 2004). A factor con-
tributing to the poor structure of Chinese horseshoe
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crab at microsatellite markers and confused population 
structure pattern at CR sequences may be the influence 
of artificial movements of individuals due to commercial 
fishing and discharging among the south-eastern coast of 
China. Due to the fact that the horseshoe crab is popular 
as delicious seafood in China, and with the sharp drop in 
resources around Chinese coast, the horseshoe crab 
was extensively transported from south coast to the 
north, most from Beibu Gulf to other places for commer-
cial purposes. However, this activity is illegal, a large 
number of horseshoe crab were confiscated and then 
discharged to local coast, which may mix with native 
species or even take the place of the native individual. 
The phenomenon of mixture of native species may be 
common in Chinese coast, which have been frequently 
found in news. However, due to the lack of available 
data, it is difficult to estimate their exact contribution to 
the genetic structure of Chinese horseshoe crab.  

In this study, the divergence was much more pronoun-
ced revealed by mtDNA than microsatellites. This may 
reflect increased rate of differentiation by genetic drift at 
the mitochondrial compared with the nuclear genome, 
which was caused by the smaller effective population 
size of the former genome (Haavie et al., 2000). As a 
fast-evolving marker, the mitochondrial control region 
indicated much higher levels of genetic differentiation in 
this study, and similar results can be found in other reports 
(Scribner et al., 2001; Kerth et al., 2002; Clemencet et al., 
2005; Brito, 2007).  
 
 

Conservation implications for T. tridentatus 
 

A drastic decline has occurred in the size of the horse-
shoe crab population in Chinese southeast coast, so it is 
urgent to carry out effective management strategies, such 
as reintroducing the species into those coasts where the 
horseshoe crabs have disappeared, determining mana-
gement units, establishing nature reserves and so on. 
The microsatellite survey indicated weak population 
structure of horseshoe crabs along Chinese coast. Taken 
alone, these data would not distinguish separated evolu-
tion significant units and mandate the species in Chinese 
coast as a single management unit. The weak genetic 
differentiation suggests that exchangeability of individuals 
between locations will make minimal negative genetic 
impacts, and this may facilitate re-introduction efforts in a 
region that is suffering the greatest impacts in terms of 
habitat loss and resources destruction. The economic de-
veloped area such as Zhejiang Province, where horse-
shoe crab resources are extremely scarce is especially 
necessary for the introduction of Chinese horseshoe crab 
from other locations for population rejuvenation. Mean-
while, when we introduce horseshoe crab to other loca-
tions, we should avoid introgression by mixing differen-
tiated populations which has been revealed by CR mar-
ker. Therefore conservation strategies such as ex situ 
conservation should be carried out.  

 
 
 
 

However, mitochondrial DNA survey displayed signifi-
cant difference among these locations, four management 
units were implied including locations from Beibu Bay, 
ZP, MZ and NH. There are only six municipal nature re-
serves of horseshoe crab established in China mainland 
nowadays, all merely in Guangdong Province. Upon four 
management units we proposed above, four or more 
nature reserves except six existing reserves should be 
established accordingly. Dongshan Bay and Meizhou 
Island were expected to be selected as nature reserves 
of Fujian Province, Shanmen Bay where NH location was 
sampled as nature reserve of Zhejiang Province, and 
Beihai coast selected as the representative reserve of 
Beibu Bay. For the species were just regarded as the 
province-level of “key protected aquatic wildlife” in 
zhejiang, Fujian, Guangdong Province and Guangxi Zhuang 
autonomous region, another important conservation stra-
tegy is the need to promote horseshoe crab to be inclu-
ded in wildlife conservation species list in China.  

In the future, more conservation strategies such as 
extensive survey of the population size, artificial propaga-
tion should be carried out.  
 
 

ACKNOWLEDGEMENTS 
 

We thank everyone who assisted in the collection of 
horseshoe crab for this study, especially Kaichong Xu, 
Weiwen Li, Ziqiu Pan, Qiang Lin. This work was finan-
cially supported by the National Natural Science Founda-
tion of China (41106144), Project of the Open Foundation 
from Ocean Fishery Science and Technology in the Most 
Important Subjects of Zhejiang (20100210). 
 
 
REFERENCES 
 
Allendorf FW, Luikart G (2007). Conservation and the genetics of 

populations. Blackwell Publishing, Oxford, UK. 
Bandelt HJ, Forster P, Rohl A (1999). Median-joining networks for 

inferring intraspecific phylogenies. Mol. Biol. Evol. 16:37-48. 
Barrowclough GF, Groth JG, Mertz LA, Gultiérrez RI (2005). Genetic 

structure, introgression, and a narrow hybrid zone between northern 
and California spotted owls (Strix occidentalis). Mol. Ecol. 14:1109-
1120. 

Botstein D, White RL, Skolnick M, Davis RW (1980). Construction of a 
genetic linkage map in man using restriction fragment length 
polymorphisms. Am. J. Hum. Genet. 32:314-331. 

Brito PH (2007). Contrasting patterns of mitochondrial and microsatellite 
genetic structure among Western European populations of tawny 
owls (Strix aluco). Mol. Ecol. 16:3423-3437.  

Brookfield JFY (1996). A simple new method for estimating null allele 
frequency from heterozygote deficiency, Mol. Ecol. 5:453-455. 

Bryja J, Smith C, Konecny A, Reichard M (2010). Range-wide popu-
lation genetic structure of the European bitterling (Rhodeus amarus) 
based on microsatellite and mitochondrial DNA analysis. Mol. Ecol. 
19:4708-4722. 

Chen CP, Yeh HY, Lin PF (2004). Conservation of horseshoe crabs in 
Kinmen, Taiwan: strategies and practices. Biodivers. Conserv. 13: 
1889-1904. 

Chiu HMC, Morton B (1999). The biology, distribution and status of 
horseshoe crab, Tachypleus tridentatus and Carcinoscorpius 
rotundicauda (Arthropoda: Chelicerata) in Hong Kong: recommend-
dations for conservation and management. The Swire Institute of 
Marine Science, University of Hong Kong, Hong Kong. 



 
 
 
 
Clemencet J, Viginier B, Doums C (2005). Hierarchical analysis of 

population genetic structure in the monogynous ant Cataglyphis 
cursor using microsatellite and mitochondrial DNA markers. Mol. 
Ecol. 14:3735-3744. 

Colbert J, Danchin E, Dhondt AA, Nichols JD (2001). Dispersal. Oxford 
University Press, New York, USA. 

Excoffier LGL, Laval G Schneider S (2005). Arlequin ver. 3.0：An 

integrated software package for population genetics data analysis. 
Evol. Bioinform. (Online) 1:47-50. 

Faurby S, King TL, Obst M, Hallerman EM, Pertoldi C, Funch P (2010). 
Population dynamics of American horseshoe crabs—historic climatic 
events and recent anthropogenic pressures. Mol. Ecol. 19:3088-
3100. 

Flanders J, Jones G, Benda P, Dietz C, Zhang S, Li G, Sharifi M, 
Rossiter SJ (2009). Phylogeography of the greater horseshoe bat, 
Rhinolophus ferrumequinum: contrasting results from mitochondrial 
and microsatellite data. Mol. Ecol. 18:306–318. 

Frankham R, Ballou JD, Briscoe DA (2002). Introduction to conservation 
genetics. Cambridge University Press, UK. 

Fu YX (1997). Statistical tests of neutrality of mutations against 
population growth, hitchhiking and background selection. Genetics 
147:915-925. 

Guo W, Gui JF (2008). Microsatellite marker isolation and cultured 
strain identification in Carassius auratus gibelio. Aquacult. Int. 
16:497-510. 

Haavie J, Saetre GP, Moum T (2000). Discrepancies in population 
differentiation at microsatellites, mitochondrial DNA and plumage 
colour in the pied flycatcher-inferring evolutionary processes. Mol. 
Ecol. 9:1137-1148. 

Hartl DL, Clark AG (1989). Principles of population genetics. 2nd ed. 
Sinauer Associates, Sunderland, MA. 

Hearne CM, Ghosh S, Todd JA (1992). Microsatellites for linkage 
analysis of genetic traits. Trends Ecol. Evol. 8:288-94. 

Hewitt GM (2004). The structure of biodiversity—insights from 
molecular. phylogeography. BMC Front. Zool. 1:1-16. 

Hsieh HL, Chen CP (2009). Conservation program for the Asian 
horseshoe crab Tachypleus tridentatus in Taiwan: characterizing the 
microhabitat of nursery grounds and restoring spawning grounds. In: 
Tanacredi J T Botton M L, Smith DR eds., Biology and conservation 
of horseshoe crab. Springer, New York, USA. 

Kalinowski ST, Taper ML, Marshall TC (2007). Revising how the 
computer program CERVUS accommodates genotyping error 
increases success in paternity assignment. Mol. Ecol. 16:1099-1006. 

Kaya M, Yildiz MA (2008). Genetic diversity among Turkish native 
chickens, Denizli and Gerze, estimated by microsatellite markers. 
Biochem. Genet. 46:480-491. 

Keeney DB, Heupel MR, Hueter RE, Heist EJ (2005). Microsatellite and 
mitochondrial DNA analyses of the genetic structure of blacktip shark 
(Carcharhinus limbatus) nurseries in the northwestern Atlantic, Gulf of 
Mexico, and Caribbean Sea. Mol. Ecol. 14:1911-1923. 

Kerth G, Mayer F, Petit E (2002). Extreme sex-biased dispersal in the 
communally breeding, nonmigratory Bechstein’s bat (Myotis 
bechsteinii). Mol. Ecol. 11:1491-1498. 

King TL, Eackles MS (2004). Microsatellite DNA markers for the study 
of horseshoe crab (Limulus polyphemus) population structure. Mol. 
Ecol. Notes. 4:394-396. 

Li QZ, Li Q, Liu J, Ni LH, Kong LF (2009). Isolation and characterization 
of microsatellite loci in the horseshoe crab (Tachypleus tridentatus). 
Conserv. Genet, 10:1879-1881. 

Liao YY, Li XM (2001). Present situation of horseshoe crab resources in 
the sea area of China and tactics of preservation. Resources Sci. 
Sinica 23:53-57.  

Marshall TC, Slate J, Kruuk LEB, Pemberton JM (1998). Statistical 
confidence for likelihood-based paternity inference in natural 
populations. Mol. Ecol. 7:639-655. 

Nishida S, Koike H (2010). Isolation and characterization of compound 
microsatellite loci in the tri-spine horseshoe crab (Tachypleus 
tridentatus). Conser. Genet. Resour. (2Supplement) 31-33. 

Nyakaana S, Arctander P (1999). Population genetic structure of the 
African elephant in Uganda based on variation at mitochondrial and 
nuclear loci: evidence for male-biased gene flow. Mol. Ecol. 8:1105-
1115. 

Weng et al.         2099 
 
 
 
Oosterhout CV, Hutchinson WF, Wills DM, Shipley P (2004). MICRO-

CHECKER: software for identifying and correction genotyping errors 
in microsatellite data. Mol. Ecol. Notes 4:535-538. 

Pierce JC, Tan G, Gaffney PM (2000). Delaware Bay and Chesapeake 
Bay populations of the horseshoe crab Limulus polyphemus are 
genetically distinct. Estuaries 23:690-698.  

Purvis A, Gittleman JL, Brooks T (2005). Phylogeny and conservation. 
Cambridge University Press, New York, USA. 

Rousset F (2008). Genepop'007: a complete reimplementation of the 
Genepop software for Windows and Linux. Mol. Ecol. Resour. 8:103-
106.  

Rozas J, Sánchez-Delbarrio JC, Messeguer X, Rozas R (2003). DanSP, 
DNA polymorphism analyses by the coalescent and other methods. 
Bioinformatics 19:2496-2497. 

Sekiguchi K (1988). Biology of Horseshoe crab. Science House, Tokyo. 
Scribner KT, Petersen MR, Fields RL, Talbot SL, Pearce JM, Chesser 

RK (2001). Sex-biased gene flow in spectacled eiders (Anatidae): 
inferences from molecular markers with contrasting modes of 
inheritance. Evolution 55: 2105–2115. 

Shaw KL (2002). Conflict between nuclear and mitochondrial DNA 
phylogenies of a recent species radiation: What mtDNA reveals and 
conceals about modes of speciation in Hawaiian crickets. P. Natl. 
Acad. Sci. USA. 99:16122-16127. 

Slatkin M, Hudson RR (1991). Pairwise comparisons of mitochondrial-
DNA sequences in stable and exponentially growing populations. 
Genetics 129:555-562. 

Swan BL (2001). A unique medial product (LAL) from the horseshoe 
crab and monitoring the Delaware Bay horseshoe crab population. In: 
Tanacredi JT eds., Limulus in the limelight. Kluwer Academic/Plenum 
Publishers, New York, USA.  

Tamura K, Dudley J, Nei M, Kumar S (2007). MEGA4: Molecular 
Evolutionary Genetics Analysis (MEGA) software version 4.0. Mol. 
Biol. Evol. 24:1596-1599.  

Weir BS, Cockerham CC (1984). Estimating F-statistics for the analysis 
of population structure. Evolution 38:1358-1370. 

Weng ZH, Xie YJ, Xiao ZQ, Huang LM, Li J, Wang SH, Zhang YZ 
(2012). Survey on resource distribution of Chinese horseshoe crab 
(Tachypleus tridentatus) in Fujian and other coast water of China. 
Chinese J. Zool. 47(3):40-48.  

Yang MC, Chen CA, Hsieh HL, Chen CP (2007). Population subdivision 

of the tri-spine horseshoe crab，Tachypleus tridentatus, in Taiwan 

Strait. Zool. Sci. 24:219-224. 
Zane L, Bargelloni L, Patarnello T (2002). Strategies for microsatellite 

isolation: a review. Mol. Ecol. 11:1-16. 
Zink RM (1997). Phylogeographic studies of North American birds. In: 

Mindell DP eds., Avian Molecular Evolution. Academic Press, San 
Diego, California. 

 

http://www.genetics.org/content/147/2/915.short
http://www.genetics.org/content/147/2/915.short

