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Species with limited dispersal capabilities are often composed of highly genetically
structured populations across small geographic ranges. This study aimed to investigate the
haplotype diversity and genetic connectivity of the coastal horseshoe crab (Tachypleus
gigas) in Indonesia. To achieve this, we collected a total of 91 samples from six main T.
gigas habitats: Bintan, Balikpapan, Demak, Madura, Subang, and Ujung Kulon. The
samples were amplified using primers for mitochondrial (mt) AT-rich region DNA
sequences. ;I’Chfe results showed 34 haplotypes, including six shared and 22 unique
haplotypes, from all localities. The pairwise genetic differentiation (F;) values were low (0

o\

to 0.13) and not significantly different (p>0.05), exceptziin sésmples from Ujung Kulon-
Madura and Kulon-Subang (p<0.05). Additionally, the analysis of molecular ve‘(ignce
(AMOVA) showed the most variation within populations (95.23%) compared to:among
populations (4.77%). The haplotype network showed evidence of shared haplotypes
between populations. Tajima’s D and Fu’s F test values indicated a population expansion.

Our results showed a low level of differentiation, suggesting a single stock and high
connectivity. Therefore, a regionaIly-baseg»»‘tonservation strategy is recommended for the
coastal horseshoe crab in Indonesia. L/“‘t
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Abstract

Species with limited dispersal capabilitiey are often composed of highly genetically structured
populations across small geographic ranées. This study aimed to investigate the haplotype
diversity and genetic connectivity of thé coastal horseshoe crab (Tachypleus gigas) in Indonesia.
To achieve this, we collected a total of 91 samples from six main 7. gigas habitats: Bintan,
Balikpapan, Demak, Madura, Subar;é, and Ujung Kulon. The samples were amplified using

primers for mitochondrial (mt) ATJ{fich region DNA sequences. The results showed 34
haplotypes, including six shared and 22 unique haplotypes, from all localities. The pairwise

genetic differentiation (Fsr) valyes were low (0 to 0.13) and not significantly different (p>0.05),
except in samples from Ujung, Kulon-Madura and Kulon-Subang (p<0.05). Additionally, the
analysis of molecular variange (AMOVA) showed the most variation within populations
(95.23%) compared to amoﬁg populations (4.77%). The haplotype network showed evidence of
shared haplotypes betwee,ﬁ populations. Tajima’s D and Fu’s Fy test values indicated a
population expansion. Otr results showed a low level of differentiation, suggesting a single stock
and high connectivity. Therefore, a regionally-based conservation strategy is recommended for
the coastal horseshog’/crab in Indonesia.

Introduction

High rates of gene flow are common in marine organisms that are spread across large
geographic ranges (Palumbi, 1994; Crandall et al., 2019). Several marine organisms also exhibit
low levels of genetic differentiation across large geographic scales (Avise, 2000). Population
structures areeportedty affected by genetic drift, strong post-settlement selection (Hedgecock,
1986), and spatial-landscape patterns (Johnson & Black, 1998; Watts & Johnson, 2004). Species
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(1o
with limited| dispersal capabilities are often composed of highly genetically structured
populations with small geographic ranges (Collin, 2001). This creates opportunities to compare
the depths and positions of intraspecific genetic differentiation when using location as an
extrinsic factor (Bernardi & Talley, 2000).

Horseshoe crabs, an interesting group of marine organisms considered “living fossils”
(Eldredge & Stanley 1984), have been extant for almost 500 million years. There are four extant
species of horseshoe crabs: the American horseshoe crab (Limulus polyphemus) found along the
eastern coast of North America from Maine to Mexico (Walls et al., 2002; Rutecki et al., 2004),
and three Asian horseshoe crabs species (the mangrove horseshoe crab [Carcinoscorpius
rotundicauda), the coastal horseshoe crab [Tachypleus gigas], and the tri-spined horseshoe crab
[Tachypleus tridentatus]) (John et al., 2018; Vestbo, 2018) that are sporadically distributed
across Southeast Asia and Japan. They are ancient marine arthropods that exhibit life-histories
and habitat preferences that suggest a restricted dispersal capability (Sekiguchi, 1988). The Asian
species are found in Indonesian coastal waters, dispersed around Sumatra, Java, Kalimantan, and
Sulawesi (Rubiyanto, 2012; Mashar et al., 2017; Meilana et al., 2016).

Throughout their life cycle, horseshoe crabs are highly dependent on environmental n
conditions in coastal habitats. Most researgl&suggests that they are declining both locally and e 3anv
regionally due to over-harvesting for food, biomedicine, and coastal development (Itow, 1993;
Botton, 2001; Chen et al., 2004) and the 1052 of suitable spawning grounds. 7. gigas was once
relatively common along the northern JavaSea: However, coastal and mangrove horseshoe crab
populations have an undetermined conservation status due to insufficient data (World
Conservation Monitoring Centre, 1996). Furthermore, most population genetic studies on
horseshoe crabs have focused on the American horseshoe crab, with little attention paid to the
Asian horseshoe crab (Pierce et al., 2000; King et al., 2004; King et al., 2005; Yang et al., 2007;
Rozihan & Ismail 2011; King et al., 2015). Therefore, this study examined the genetic diversity,
connectivity, and population structure of coastal horseshoe crabs by screening an AT-rich region
of mitochondrial DNA, an established genetic marker for arthropods (Brehm et al., 2001). Our
aim was to use genetic evidence to facilitate horseshoe crab conservation efforts in Indonesia.

Materials & Methods
Study area and sample collection

With the help of a local fisherman, adult and juvenile 7. gigas specimens were collected
from shallow waters in six locations around Indonesia: Bintan, Balikpapan, Demak, Madura,
Subang, and Ujung Kulon (Fig. 1). We collected the hemolymph from a total of 91 7. gigas
specimens between April 2019 and August 2020. There were eight, 14, 16, 13, 20, and 20
samples from Bintan Island (BT), Balikpapan (BP), Demak (DK), Madura (MD), Subang (SB),
and Ujung Kulon (UK), respectively. The hemolymph was collected from each individual and
immediately preserved in absolute ethanol. Field experiments were approved by the Research
Council of the Study Program from IPB University (letter number
1426/IT3.F3.2/KP.03.03.2019).

Genomic DNA extraction, amplification, and DNA sequencing P :}
Genomic DNA was isolated from the hemolymph using the GeneAiD extraction kit,{:;‘\f\lfwi,"x”f'& Y

following the manufacturer’s instructions. A fragment of the AT-rich region was amplified using

a pair of primers, Hb-12S (5’-GTCTAACCGCGGTAGCTGGCAC-3") and Hb-trna

(5’GAGCCCAATAGCTTAAATTAGCTTA-3’), designed from the mitochondrial genome of
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92 the A#lantre horseshoe crab (Lavrov et al., 2000). A 25-pd. PCR reaction was carried out with
93 12.5 uL MyTaq HS Red Mix, 9 puL ddH,0, 1.25 pL forwarnd and reverse primer, and 1 uL. DNA
94 template. The entire reaction mixture was amplified using a' polymerase chain reaction (PCR)
95 thermocycler, following Yang et al.”’s (2007) amplification steps. The mixture underwent pre-
96 denaturation at 95°C for 3 mins, followed by 30 cycles of denaturation at 94°C for 30 sec,
97 annealing at 50°C for 1 min, extension at 72°C for 2 min, one cycle at 72°C for 2 min, and 25°C
98 for 5 min. The PCR product was visualized using electrophoresis on 1% agarose gel in TAE
99  buffer with ethidium bromide at 100 V for 30 min. After electrophorgsis, the gel was placed

100 under UV light for band detection to determine the presence of a DNA fragment. The DNA

101 sequencing was performed by 15t BASE DNA Sequencing Serviceg, Selangor, Malaysia.

102

103 Data analysis N

104 A total of 91 AT-rich region sequences were obtained, and MEGA X (Kumar et al., 2018)

105 was used to generate multiple alignments of the edited sequences. Genetlc versity was 9
. J\V\D 106 measured using the number of haplotypes (Hn), haplotype diversity (Hd),,nucleotlde 2jfes e

m DNASp v6 (Rozas et al., 2017). The population structure was dreatéd using Wright’s
108 fixation index (Fst) and ana1y31s of molecular variance (AMOVA). The significance level
109  threshold (@), used to determine the pattern of differentiation between locations, was 0.05. The

\ airwi Ff tatistic (Fs7) was calculated as the genetic distance based on the population
KV 111 differences using DNASp v6 (Rozas et al., 2017). The haplotype network across populations was

112  estimated using a median joining (MJ) network (Bandelt et al., 1999) and was calculated using
113  Network v 4.6.1.0 based on haplotype data. The haplotype composition across all study areas
114  was illustrated in a map to show e distribution and genetic connectivity patterns across the
115 populations. Tajima’s D (1989) and Fu’s | Fs (1997) statistical tests were used to assess the

116  population equlllbrluméﬂrvmgj?&%eﬂ&uﬁed using the Arlequin v.3.5 program (Excoffier
117 & Lischer, 2010). Y N

118 ity

119 Results

120 Genetic diversity o

121 We obtained a total of 91 AT-rich sequences air approximately 670 bp across all sampling
122  locations,including Java (UK, SB, DK, and MD), Sumatra Istend, and=mrestly—n Bintan and

123 Borneo (Balikpapan). In total, 43 variabl tide sites and 34 haplotypes were observed. The

124 haplotypes consisted of both unique (onlyl found*in certain locations) and common haplotypes
125 (Table 1). The genetic diversity of thé coastal horseshoe crab Varled across sampling sites (Table
126  2). The percentage of A+T composition i each location, t, wiweh was

127 al))prommately 81%. & 7 whidh el Lored Jl\jl‘\l\\j

128 At a glance, the obtained haplotype diversity was high, ranging from 4 = 0.783 to 0.945,
129 with a mean gene diversity per population 2 = 0.935. Conversely, the nucleotide diversity was
130 relatively low in all locations, ranging from 7t = 0.004 to 0.009. The overall diversity was similar
131 across populations, asd-DK had the lowest haplotype and nucleotide diversity (4 =0.783, = =
132  0.004). BP had the highest haplotype and nucleotide diversity (2 = 0.945 = 0.009), followed by
133 UK (h=0.942, n = 0.005), SB (#=0.926, 7 = 0.005), MD (h=0.910, zz = 0.006), and BT ( =

134  0.892, = =0.006) (Table 2).

135

136 Population structure
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Pairwise Fgr values ranged from 0 to 0.13 across the populations (Table 3). Generally, the
Fsy value among locations was not significantly different (p>0.05) with the exception of UK-MD
and UK-SB, indicating the restricted gene flow i these populations. Populations with higher
pairwise Fgy values included BT-MD (p>0.05), BT-SB (p>0.05), UK-MD (p<0.05), and UK-SB
(p<0.05). The pairwise Fgr values of UK-BT, DB-DK, and SB-MD were effectively zero. Our
AMOVA results showed that the majority of variatior§ rad found within (95.23%) rather than
among (4.77%) populations (Table 4).

Population connectivity
The relationship of the 34 haplotypes was illustrated using a median-joining network (Fig.
2). The haplotype network showed that there were shared haplotypes (H1, H3, HS, H8, H9, and

) Ip‘\
H18) across the geographic sites. H3 was the most common, and was identified in @@kt 15— i ﬁb’\!\'j
ingi_\y.u&%s. HS5 was found in 12 individuals from the BT, BP, DK, SB, and UK populations. ‘;‘W/‘ IS
However, specific haplotypes were only found in certain locations. The UK population had the ¢,
highest number of specific haplotypes (seven). Meanwhile, BT had the lowest number of / ﬂ”bf’ ‘\“') i ”’
haplotypes (two) (Fig. 3). s 3_,,9!,&}?" P
We assessed historical demography based on mtDNA AT-rich region haplotype i A

frequencies. There were shared haplotypes in all locations (Fig. 2). Furthermore, the Tajima’s\D ) ;ﬁu)
test values (Table 5) were negative across all populations, with the exception of DK, MD, and
SB. They showed no;significant p-values, indicating that there was no evidence of selection.
Similarly, the Fu's Fs test results (Table 5) were negative (except in DK), with no significant p-
values across all six populations. This indicated an excess number of haplotypes, as expected due
to a recent populatibn expansion.
Touvd

Discussion

In this study, there was high haplotype diversity in six coastal horseshoe crab populations
in the northern Java Sea, Bintan, and Balikpapan waters of Indonesia. There was also a high
number of polymorphic sites (43, with 34 defined haplotypes) in Indonesian coastal horseshoe
crab populations. The mean haplotype diversity (2= 0.935) was quite high, while nucleotide
diversity (= 0.006) was low across all populations. Similarly high haplotype diversity values
were reported in 7. gigas (h = 0.797+0.129 and 7 = 0.058+0.001; Rozihan & Ismail, 2011) in
Malaysia and tri-spined horseshoe crab (7. tridentatus) in Taiwan (h = 0.626+0.075 and ©n =
0.003+0.005; Yang et al., 2007). .4 4 ,1'\\4 2o

Previous studies reported generally high genefic diversity in coastal horseshoe crab. k=this
sra'd—y,@ur results showed¢high genetic diversity, but\low nucleotide diversity. The high number of
haplotypes indicates that these populations were large enough to maintain a high level of genetic
diversity. These small differences are the signature of rapid demographic expansion from a small
amb effective population size (Avise, 2000). Nucleotide divergity is a sensitive index when
analyzing population genetic diversity (Nei & Li, 1979), wHieh 1s influenced by life-history
characteristics, environmental heterogeneity, lagge population size (Nei, 1987; Avise, 2000), lfzud 4 1,:
fishing pressure (Madduppa et al., 2018), reduéed larval transport, and lsssted exchange with ’
other populations (Timm et al., 2017). The rate of mitochondrial evolution and historical factors ™ Ae §ree al
play an important role in determining genetic variability patterns (Grant et al., 2006; Xiao et al.,
2009; Yamaguchi et al., 2010). -

We detected very low exsesssve differentiation across populations (refsignificant Fsr
values between 0 and 0.13), with exceptions betweenpUK—l\/[D and UK-SB. This indicated that

{,‘u{‘ viZ»H@MJ r s‘v‘\'\'

1
¢ ntt
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' o Rwsaser,
183 there was little subdivision across populations. Eenrversety;the horseshoe crab life-history
184 characteristics and habitat preferences suggested restricted dispersal capabilities (Sekiguchi,
185 1988). The crab showed limited movement capabilities only in their home range area. Individual
186  distances up to 30 km have been observed in Malaysian crabs (Mohamad et al., 2019), while the
187 movement capabilities of tri-spined horseshoe crab did not exceed 150 km (Yang et al., 2007).
188 Similarly, the American horseshoe crab in the Great Bay Estuary (USA) has a maximum mean
189 annual linear distance ranging between 4.5 km and 9.2 km (Schaller et al., 2010). Studies by
190  Swan (2005) over multiple years found that Limulus moved from 104 to 265 km from their
191 release sites. Ecological observations showed that their hatched larvae swim freely for
192 approximately 6 days and then settle in the bottom of shallow waters around their natal beaches
193  (Shuster, 1982). However, larvae have a strong tendency to concentrate in inshore rather than
194  offshore waters (100-200 km) (Botton & Loveland, 2003), suggesting a limited capability for

~2 195 long-range dispersal between estuaries. Additionally, tie low F'sy levels reflect inter-population

ZS 196 movement over mutigenerational intervals that short-term tagging studies ca ent. B

s 197 Long-term tagging studies have found that horseshoe crabs can move 5-500 km M [ “1)
j% 198 dommmated-in 5-30 km (Beekey & Mattei, 2015), white-areutid 767 km over their long lifetimes 2"¢"
éi 199 (E. Hallerman, 2020, personal communication). A similar study by Rozihan & Ismail (2011)

200 reported that the crab’s Fsr value along the west coast of peninsular Malaysia ranges from 0.111
201 —0.557, indicating moderate to high genetic differentiation (Wright, 1978; Hartl & Clark, 1977).
202  Other reports in the area used microsatellite markers to find a Fsr value between 0.144 and \

203 0.846. . SRul—. N \(l'iTLQ J)Jcrv&ﬂ Lmong 1 G )
204 There were only stxshared haplotypes amongzt e 34 total haplotypes discovered-from all l v\v&’“(
205 91 samples. The median-joining network analysis past population expansions with i

206 shared haplotypes among localities. Overall, relationship patterns at the mtDNA level #
207 geographical structure. The haplotype network revealed recent demographic processes, but the
208 small sample sizes also limited thg possibility of observing the intermediate haplotypes inferred
209 to exist in the network. MoreoVe‘r‘%Fa; ima’s D and Fu’s Fg testgndicated the occurrence of
210 population ?xpansion. Common haplotypes shared between localities r@n/%-c} be explained by | er
211  the histofy=ef biogeography in this Southeast Asian region known as the Sunda Shelves, which -
212  includes Java, Sumatera, and Borneo. Historically, Sundaland experienced both dewatering and

213 inundation during the Plei%tocene period. Haplotype sharing in this study is attributed to breeding

. : iTp g2k .
214 migration and Pelfgic far¥ae, as well as the sharing of common ancestors (Frankham, 1996). The

.\0;21 5 \ ggcggrence of manyspecific haplotypes can be explained by the small sample size and perhaps . Z%Q
o 0’(“’{/2‘1-6\"\“\13041ati0n during the/Last Glacial Maximum. Many species became isolated in;refugia, but'genetic
' 217 differentiation and|divergence occurred due to the retreat and dispersal of g}ziql ice sheets A
218 (Hewitt, 2000). 6Rogephic frie- glea Ny
219 A proactive management approach regarding the Asian coastal horseshoe crab (7. gigas) in
220 Indonesia should consider population genetics. High haplotype diversity that occurs with low
221 nucleotide diversity has been associated with population growth or expansion after a period of
222 low effective population growth (Grant & Bowen, 1998). Mereesser, Qur findings indicate that 7.
223  gigas in Indonesia have low ’_genetic differentiation but high population connectivity and
224  expansion. Therefore,-a-ll—cdae results suggest that there is a single stock of Indonesia coastal
225 horseshoe crab. He-wever',’fhe best conservation strategy & one that combines both local and
226 regional management. Itt y, an advanced populatfon genetic analysis based on male and
227 female horseshoe crabs apd the nuclear genome (e.g., mdcrosatellites or SNPs) should be

-~ Q v ’V.ﬁ\)\& bi_,
T{) @(PZM 07 f \"Bt
kAW‘“L&S"*/

Peer] reviewing PDF | (2020:10:54456:2:0:NEW 10 May 2021)




228
229
230
231
232
233
234
235
236
237
238
239
240
241

242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
27
272
273

J

-

Condv ched) fho Sl A d\, gz
explored-n-thefature. This -wea-%é»also require expanding the scope of geographic sampling
around Indonesia.

Conclusion

High genetic diversity and low levels of differentiation across coastal horseshoe crab (7.
gigas) populations in Indonesia indicated a single-sgeeres stock with high connectivity. A
locally-based conservation management method is suggested as eme precautionary approach to
conser‘[;ng the Indonesian coastal horseshoe crab. X

\L'\v\\]’
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Table 1: Fo k=
Variable sites found in a fragment of the AT-rich region of Tachypleus gigas in each populations. Fousty three variable sites were
found in a fragment of the AT-rich region in 91 horseshoe crabs defining 34 haplotypes (H1-H34)

A WN =

Nucleotide positions =
T T 5 7 3 3 3 5 3 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 455 5 5 5 666 6~
7 3 T 7 ¢ 5 6 6 7 8§ 1 4 4 4 5 6 7 7 7 8 0 1 1 1 3 3 4 6 7 7 9 9 0 6 6 6 8 2 47 8.~
5 2 T 0 1 ¢ 5 4 2 3 2 3 4 9 6 2 3 46 1 3 4 5 0 7 6 7 2 7 I 2 336 7 907 25
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1 Tabgl2 N
2 Genetic diversity of Tachypleus gigas in each 1ocation}k

Population Code A+T% ln, Nh h T
Bintan BT 81.597 / 8 6 0.892 0.006
Balikpapan BP 81473 [ 14 10 0.945 0.009
Demak DK 81.568 | 16 6 0.783 0.004
Madura MD 81.412 13 8 0.910 0.006
Subang SB 81.548 / 20 11 0.926 0.005
Ujung Kulon UK 81434, 20 12 0.942 0.005
Total or Me2~ ( “fp\;\Uﬁ 91 0.935 @064

-

Notesﬂ% number of samples; N= number of haplotype; /= haplotype diversity; 7= nucleotide
diversity

N o oo
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Tabel 3

Pairwise Fgr between populations of Tachypleus gigas in six sampling locations

BT BP DK MD SB UK
BT -
BP 0.05 -
DK 0.08 0.00 -
MD 0.13 0.00 0.00 -
SB 0.11 0.01 0.00 0.00 -
UK 0.00 0.08 0.09 0.10* 0.10* -
1‘;’.;,\«\ R0

Notes : Fsp value significantly different, (p<0.05)*
Demak; MD=Madura, SB= Subang; UK= Ujung Kulon
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. BT= Bintan, BP=Balikpapan; DK=




1 Tabel 4 3
Vil )
2 The analysis of molecular variation (AMOVA) that conducted based on the haplotype frequencies
3 of Tachypleus gigas ™
4
Source of Percentage of
variation at variation Fsr p -Valuéf\
Among 5 477 0.04 0.006
populations
Within 85 95.23
populations
Total 90
5
6
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1 Table5:

2 Results of Tajima’s D and Fu’s Fitests including associated p-values in all locations

3

Population Tajima’s D Fu’s Fg

Bintan -0.646% -0.608 %
Balikpapan 0.601* 0.847F
Demak 0.325 -2.941
Madura -0.875™ -1.532%
Subang 0. 166‘% -0.891 ™
Ujung Kulon -0.318™ -3.865

: Np ydyey wWirt

5 Notes: ns=not significant
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Figure 1

i
Sampling locations t§f Tachypleus gigas ; There were eight, 14, 16, 13, 20, and 20
samples from Bintan Island (BT) = 8, Balikpapan (BP) = 14, Demak (DK)= 16, Madura
(MD) = 13, Subang (SB) = 20 and Ujung Kulon (UK) = 20
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Figure 2

§
Haplotype network of Tachypleus gigas (n= 91) population 'né six locations around
Indonesia, constructed v7th Median-Joining method
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Figure 3

2L
Distribution of 34 haplotypes of Tachypleus gigas population frem six locations in

akewrd Indonesia
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