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Widely distributed, broadcast-spawning Diadema sea urchins have been used as model invertebrate 
species for studying the zoogeography of the tropical Indo-Pacific. So far, the Indo-Malay archipelago, 
a wide and geographically complex maritime region extending from the eastern Indian Ocean to the 
western Pacific Ocean, has been under-sampled. This study aims to fill this sampling gap and uncover the 
phylogeographic structure of the long-spined sea-urchin D. setosum in the central Indo-West pacific region. 
D. setosum samples (total N = 718) were collected in 13 sites throughout the Indo-Malay archipelago. 
We sequenced over 1157 bp of COI gene. The Phylogeographic structure was derived from pairwise ФST 
estimates using multidimensional scaling and hierarchical clustering analysis; biogeographic hypotheses 
were tested by AMOVA; genetic relationships between haplotypes were summarised in the form of a 
minimum-spanning network; and pairwise mismatch distributions were compared to the expectations from 
demographic and spatial expansion models. All samples from the Indo-West Pacific were of the previously 
uncovered D. setosum-a lineage. Phylogeographic structure was evident: the Andaman Sea population 
and the northern New Guinea population were genetically distinct. Subtler but significant haplotype-
frequency differences distinguished two populations within the Indonesian seas, distributed in a parapatric-
like fashion. The phylogeographic partition observed was insufficiently explained by previous biogeographic 
hypotheses. The haplotype network showed a series of closely related star-shaped haplogroups with a high 
proportion of singletons. Nucleotide-pairwise mismatch patterns in the two populations from the Indonesian 
seas were consistent with both demographic and spatial expansion models. While geographic barriers to 
gene flow were inferred at the western and eastern extremities of the Indo-Malay archipelago, the subtler 
parapatric pattern observed within the Indonesian seas indicated restriction in gene flow, in a fashion that 
can hardly be explained by geographic isolation given the dynamic current systems that cross this region. 
Our results thus raise the hypothesis of subtle reproductive isolation between ecologically incompatible 
populations. While the coalescence pattern of the Andaman-Sea population suggested demographic 
stability over evolutionary timescales, that of the two populations from the Indonesian seas indicated recent 
population expansion, possibly linked to the rapid changes in available D. setosum habitat caused by sea-
level oscillations in the late Pleistocene. The phylogeographic patterns observed in this study point to likely 
allopatric differentiation in the central Indo-West Pacific region. Genetic differences between populations 
were likely reinforced during interglacials by some form of reproductive isolation. 
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BACKGROUND

Long-spined sea urchins of the genus Diadema 
play an important role in the ecology of coral reef 
ecosystems. They regulate marine algae thus helping 
to maintain or restore coral recruitment in coral reefs 
(Birkeland 1989; Carpenter and Edmunds 2006; 
Mumby et al. 2007; Muthiga and McClanahan 2007; 
Lessios 2016). Mass mortality of Diadema populations 
can contribute to phase shifts of tropical reefs from 
coral-dominated to algae-dominated communities 
(Lessios 2016). Conversely, high densities of Diadema 
sea urchins can result in increased bioerosion and, 
eventually, in the destruction of coral reefs (Dumont et 
al. 2013; Qiu et al. 2014). The demographic history of 
long-spined sea urchin populations may thus be linked 
to ecological phase shifts in modern coral reefs.

Diadema sea urchins have been used as model 
invertebrate species for studying marine speciation 
(Lessios et al. 2001). Of all extant Diadema lineages, 
the lineage ancestral to D. setosum separated early from 
the rest, presumably in the Miocene, then speciated 
3–5 million years ago into two species, one (“D. 
setosum-b”) that exclusively occurs in the northwestern 
Indian Ocean including the Red Sea and more recently 
the Levantine basin, the other one (“D. setosum-a”) with 
wide Indo-West Pacific distribution (Lessios et al. 2001; 
Bronstein and Kroh 2018). Moderate mitochondrial 
differentiation was evident among D. setosum-a 
populations across the Indo-West Pacific (Lessios et al. 
2001), consistent with its extended larval life (Dautov 
and Dautova 2016). Lessios et al. (2001) concluded that 
the phylogeographic structure uncovered in D. setosum 
may reflect either the effect of the Indo-Pacific barrier 
or isolation by distance.

So far, the Indo-Malay archipelago, a wide and 
geographically complex maritime region extending 
from the eastern Indian Ocean to the western Pacific 
Ocean, has been under-sampled. For instance, Lessios 
et al.’s (2001) extensive phylogeographic study only 
included one sample from the Indo-Malay archipelago. 
Apart from a DNA-barcoding study of Diadema spp. 
around Sulawesi Island, which included 14 individuals 
of D. setosum (Moore et al. 2019), we are unaware 
of any other phylogeographic study of D. setosum 
dedicated to studying patterns and processes of genetic 
differentiation of this species in the central Indo-West 
Pacific.

We expect that denser sampling in the Indo-
Malay archipelago will lead to a refined understanding 
of the phylogeographic structure of D. setosum and 
a more precise ability to locate potential geographic 
barriers. The aim of the present work is to fill the 
sampling gap for D. setosum in the central Indo-West 

Pacific, provide a more accurate description of its 
phylogeographic structure (using nucleotide sequences 
of the mitochondrial marker COI), and infer related 
micro-evolutionary processes including insights into its 
demographic history. 

MATERIALS AND METHODS

Sampling methodology and strategy

Long-spined sea urchins Diadema setosum (Leske, 
1778) (total N = 718) were sampled from 13 locations 
throughout the Indo-Malay archipelago between July 
2019 and November 2021 (Table 1, Fig. 1). Two distinct 
samples were collected from each Sabang, Andaman 
Sea, Mataram, Lombok Strait, and Kendari, Banda 
Sea; three distinct samples were collected from Pulau 
Pari, Java Sea and from around Sikka, Flores Sea 
(Table 1). Multiple samples from the same location 
were considered replicates. Long-spined sea-urchins 
were found on reef flats and crests at low tide, at depths 
between 0.5 m and 3 m. They were picked up using 
large metal tweezers or large wooden chopsticks and 
placed in a floating styrofoam box. All individuals 
sampled were identified as D. setosum by an orange 
ring on the anal cone, five interambulacral white spots, 
and dotted blue iridophore lines in the naked space of 
the interambulacral areas (Chow et al. 2014 2016). The 
gonad tissue of each individual was dissected, and an 
excised fragment of approximately 50 mm3 was stored 
in 95% ethanol for subsequent molecular analysis. 

DNA extraction, amplification and sequencing

Genomic  DNA was  ex t r ac t ed  u s ing  t he 
Nucleospin® 96 Tissue kit (Macherey-Nagel, Düren, 
Germany) following the manufacturer’s instructions. 
A 1157-nucleotide long segment beginning at the 5' 
end of the mitochondrial cytochrome oxidase subunit I 
(COI) gene was amplified in two distinct polymerase-
chain reaction (PCR) runs, hereafter PCR1 and PCR2. 
Specific primer pairs were designed from the alignment 
of Diadema spp. sequences available from GenBank 
(Benson et al. 2017) including D. africanum (GenBank 
no. KC622343), D. antillarum (MN683901, KC622344, 
KC626158, AY012729), D. mexicanum (MN683904, 
AY012734), D. savignyi (MH051887, MH051888, 
AY012743, AB909951), and D. setosum [NC_033522, 
KU496327, MN690257, AB909922, AY012733, 
AY012747). The PCR1 run used the DF1/DR1 
oligonucleotide primer pair, whose sequences were, 
respectively, 5'-GCCATGAGAGTRATTATCCG-3' 
and 5'-CCAAGTATTCCRATAGCGATC-3'.  The 
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PCR2 run used the primer pair DF2/DR2, respectively 
5 ' - A C C T T T T T Y G AY C C T G C M G G - 3 '  a n d 
5'-GAAATGYTGAGGRAAGAATG-3'. The PCR1 
(resp. PCR2) amplicon was a fragment 717-base-
pair (bp) long (resp. 599-bp) starting at homologous 
nucleotide position no. 5961 (resp. 6519) of NC_033522, 
the only complete mitochondrial DNA sequence of D. 
setosum published to date (Li et al. 2016). The 3' end of 

the PCR1 fragment overlapped with the 5' end of PCR2 
between homologous nucleotide positions 6519 and 
6677 of NC_033522, i.e., over a length of 159 bp. 

PCR amplif icat ion followed Ivanova and 
Grainger’s (2007) protocol and was run in 96-well 
polycarbonate plates (ThermoFisher Scientific, Waltham 
MA, USA). Each well (0.2 ml) contained 20 µl reaction 
mixture comprising 10 µl 10% trehalose, 4.6 µl ddH2O, 

Fig. 1.  Diadema setosum sampling locations. Colours refer to the results of MDS analysis (see RESULTS). Bold dotted lines indicate inferred 
geographic barriers. SoM Strait of Malacca; Mak. Str. Makassar Strait; other abbreviations as in table 1.

Table 1.  Diadema setosum sampling details and GenBank accession numbers by sample. N sample size

Sample N Locality (see Fig. 1) Coordinates Sampling date GenBank accession nos.

Sa1 11 Sabang, Andaman Sea 5.883N   95.254E Nov. 2021 OP310072-OP310082
Sa2 22 Sabang, Andaman Sea 5.891N   95.310E Jan. 2020 OP310083-OP310104
Bat 75 Batam, Malacca Strait 1.158N 104.145E May 2021 OP310105-OP310179
Pa1 36 Pulau Pari, Java Sea 5.865S 106.614E Feb. 2020 OP310180-OP310215
Pa2 31 Pulau Pari, Java Sea 5.865S 106.614E Mar. 2020 OP310216-OP310246
Pa3 42 Pulau Pari, Java Sea 5.865S 106.614E Aug. 2021 OP310247-OP310288
Mal 16 Malang, southern Java, E Indian O. 8.435S 112.682E Aug. 2021 OP310289-OP310304
Bal 47 Southern Bali, E Indian O. 8.778S 115.228E July 2021 OP310305-OP310351
Lo1 38 Mataram, Lombok Strait 8.404S 116.079E Sep. 2019 OP310352-OP310389
Lo2 21 Mataram, Lombok Strait 8.360S 116.121E June 2021 OP310390-OP310410
Lan 80 Langkai, Makassar Strait 5.030S 119.094E Aug. 2021 OP310411-OP310490
Si1 31 Sikka, Flores Sea 8.607S 122.418E Sep. 2021 OP310491-OP310521
Si2 30 Sikka, Flores Sea 8.526S 122.512E Sep. 2021 OP310522-OP310551
Si3 23 Sikka, Flores Sea 8.493S 122.402E Sep. 2021 OP310552-OP310574
Ke1 57 Kendari, Banda Sea 4.036S 122.673E July 2019 OP310575-OP310631
Ke2 61 Kendari, Banda Sea 3.894S 122.615E Aug. 2019 OP310632-OP310692
Luw 66 Luwuk, Molucca Sea 0.983S 122.791E Aug. 2021 OP310693-OP310758
Ban 8 Banggai, Banda Sea 1.588S 123.472E Nov. 2021 OP310759-OP310766
Amb 21 Ambon, Banda Sea 3.639S 128.199E Sep. 2021 OP310767-OP310787
Jay 2 Jayapura, N New Guinea 2.533S 140.737E Aug. 2021 OP310788-OP310789

N
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2 µl 10X buffer, 1 µl 50 mM MgCl2, 0.2 µl 10 µM each 
primer, 0.1 µl 10 mM dNTPs, 0.1 µl (5U/µl) Platinum 
Taq DNA Polymerase (Invitrogen, Carlsbad CA, 
U.S.A.), and 2 µl DNA template (1–15 ng). Conditions 
for PCR amplification included initial denaturation at 
94°C for 2 min, followed by 35 amplification cycles 
(94°C for 30 s, 52°C for 40 s, and 72°C for 1 min), 
with final extension at 72°C for 10 min, followed by 
indefinite hold at 4°C. PCR products were checked 
on pre-cast SYBR-stained 2% agarose gels from the 
E-gelTM-96 system of Invitrogen. PCR1 and PCR2 
amplicons were sequenced according to the Sanger 
protocol by Microsynth SAS (Vaulx-en-Velin, France) 
using DR1 and DF2 as respective sequencing primers.

Characterization of nucleotide sequences

The sequence chromatograms were verified under 
Chromas v. 2.6.5 (Technelysium, Brisbane, Australia). 
The nucleotide sequences, once assembled (N = 718), 
were aligned using the ClustalW algorithm implemented 
in MegaX v. 10.0.4 (Kumar et al. 2018). All sequences 
were deposited into GenBank and allocated accession 
numbers OP310072 to OP310789.

The sequence dataset used in the phylogeny 
of the genus Diadema consisted of 739 sequences 
aligned over 586 bp, including all Diadema spp. COI 
gene sequences of Lessios et al. (2001), including D. 
antillarum (GenBank AY012728-29), D. africanum 
(AY012730-31), D. setosum-b (AY012132-33), D. 
setosum-a (AY012746-47 from the eastern Indian ocean 
and the Ryukyu islands), D. mexicanum (AY012734-
35), D. palmeri (AY012736-37), D. paucispinum 
(AY012738-41), D. savignyi (AY012742-43), and D. 
clarki (AY012744-45), together with D. setosum-a 
from the Paracels Islands (NC_033522) and all 
D. setosum sequences of the present survey. The 
Diadematidae Echinothrix calamaris mitochondrial 
sequence (NC_050274) was added as an outgroup. 
A phylogenetic tree that was produced under MegaX 
using the maximum-likelihood (ML) algorithm based 
on Tamura’s (1992) 3-parameter nucleotide substitution 
model with discrete gamma distribution (T92+G; 
G = 0.16), selected as the best model according to the 
Bayesian information criterion (under MegaX). Node 
robustness was tested by bootstrapping nucleotide sites 
(1000 random pseudo-replicates) in the alignment of 
sequences (MegaX). Mean genetic distances between 
and within groups were calculated with MegaX. 

Phylogeographic analysis

For this analysis we used the complete D. setosum 
COI sequence dataset from the Indo-Malay archipelago, 

comprising 718 nucleotides sequences 1157 bp long 
(Vimono et al. 2022). Haplotype- and nucleotide-
diversity indices were estimated for each sample with 
Arlequin 3.5 (Excoffier and Lischer 2010). 

The pairwise genetic-differentiation index ФST 
based on the T92+G model (see above) was estimated 
under Arlequin, together with significance levels (from 
1000 random permutations) for all pairs of samples. 
The null hypothesis of no correlation between pairwise 
genetic distance [ΦST/(1-ΦST)] and geographic distance 
was tested with Mantel’s test (104 random permutations 
under Genetix v. 4.05; Belkhir et al. 2004); we used 
as geographic distance the shortest sea route between 
two sampling locations, measured on GoogleEarth 
images using the path tool (https://earth.google.com/). 
A multidimensional scaling (MDS; Gower 1966) plot 
was derived from the matrix of pairwise ΦST to place 
samples in a two-dimensional genetic space. This was 
done using the cmdscale function in R (R Core Team 
2020). Genetically consistent groups of samples were 
delineated by hierarchical clustering in R, using the 
hclust function with the complete method of Defays 
(1977).

Hierarchical analysis of molecular variance 
(AMOVA; Excoffier et al. 1992) was run to analyse 
population subdivision by partitioning genetic 
variance into its inter-individual (i.e., within a local 
sub-population), between sub-populations, and inter-
population covariance components. Covariance 
components were used to estimate the respective fixation 
index components ФST, ФSC and ФCT, the significance of 
which was tested by random permutation. Three distinct 
phylogeographic hypotheses were tested by AMOVA: 
(i) a null hypothesis analogous to Wright’s (1951) island 
model, where genetic differentiation was spatially 
uniform, i.e., with no regional structure; (ii) Spalding et 
al.’s (2007: box 1) marine ecoregional structure where 
eight ecoregions were considered (Western Sumatra, 
Southern Java, Lesser Sundas, Malacca Strait, Sunda 
shelf, Sulawesi Sea and Makassar Strait, Banda Sea, 
and Papua); and (iii) regional structure according to the 
phylogeographic breaks proposed by Carpenter et al. 
(2011: fig. 4), delimiting five sub-regions (Andaman 
Sea, Sunda Shelf and Java Sea, Southern Java and 
Lesser Sunda islands, eastern Indonesia, Papua). 
The AMOVA parameter estimates in each case were 
compared with those derived from the phylogeographic 
structure inferred from MDS analysis.

Relationships between mitochondrial haplotypes 
were described by a minimum spanning network 
constructed with Popart 1.7 (Leigh and Bryant 2015). 
Branch length between haplotypes was adjusted under 
Illustrator (Smith 2010) to make it proportional to the 
number of nucleotide substitutions. The null hypothesis 
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of mutation-drift equilibrium was tested by comparing 
Tajima’s (1989) D and Fu’s (1997) FS estimates to 
coalescent simulations under the infinite-site model 
(Hudson 1990) under Arlequin. Mismatch distributions 
computed from nucleotide sequences were compared to 
those expected under Rogers’ (1995) model of sudden 
population expansion and Excoffier’s (2004) model of 
spatial expansion under Arlequin.  

Miscellaneous

Rosner’s test for detecting outliers was run using 
the rosnerTest function of the EnvStats package v. 2.7.0 
under R (Millard 2013; Millard and Kowarik 2022).

RESULTS

Phylogenetic relationships of D. setosum 
mitochondrial sequences

All D. setosum sequences from the Indo-Malay 
archipelago clustered within a single, highly supported 
clade on the ML tree (Fig. S1) that also included the 
three homologous sequences of D. setosum-a from 
the eastern Indian Ocean, the South China Sea and 
the Ryukyu archipelago. The average genetic distance 
between sequences of the D. setosum-a clade and 
the D. setosum-b clade was 0.093 ± 0.022; it reached 
0.442 ± 0.122 between D. setosum-a and a third clade 
that included all homologous sequences available for 
all other Diadema species. The D. setosum-a clade 
displayed an average within-group genetic distance of 
0.007 ± 0.002.

From the 718 mitochondrial COI gene sequences 
analysed, we observed a total of 259 haplotypes (details 
in Vimono et al. 2022). Sixty two haplotypes (23.9% 
of total) were shared between two or more sampling 
locations. The haplotype with the highest frequency 
in the total sample, H22, was shared by 83 individuals 
from 15 sampling locations. A large proportion of 
haplotypes were singletons, i.e., haplotypes observed 
only once in the total sample (N = 191; 73.7%), or 
private, i.e., shared by two or more individuals but 
exclusive to a particular sampling location (N = 6; 2.3%). 
The frequencies of the two private haplotypes sampled 
from the Andaman Sea reached 30% and 6%. 

Phylogeographic structure

Sample-pairwise ФST estimates ranged from 
-0.050 to 0.258; consistently high values among 
groups of samples (Table 2) indicated phylogeographic 
structure within the Indo-Malay archipelago. Three 

main genetically-differentiated groups of samples 
were observed: one group (G1) that included the two 
samples from the Andaman Sea, a second group (G2) 
that comprised the single sample from the western 
Pacific ocean, and a large group (G3) that comprised 
all samples from the Indonesian seas (Fig. 2A). The 
latter was subdivided into two subgroups: one subgroup 
(G3a) was geographically centred on Makassar strait 
and reached southern Bali towards the South, and the 
Molucca Sea and the Flores Sea towards the East, and 
the other subgroup (G3b) comprised all samples from 
the Strait of Malacca to the Java Sea and the southern 
coast of Java together with all samples of the Banda Sea 
and one sample from the Flores Sea (Fig. 1). Genetic 
grouping based on hierarchical clustering (Fig. 2A) 
was thus geographically consistent, in that samples 
that clustered within the same group were spatially 
contiguous (Fig. 1). Based on the total sample set, a 
correlation was apparent between genetic distance and 
geographic distance (P < 0.001) (Fig. 2B). However, 
the distribution of data points on the plot was not 
linear, as the pairwise comparisons involving the 
samples from the Andaman Sea and the western Pacific 
Ocean clustered well above the trend line (Fig. 2B). 
When these two geographically external groups of 
samples were omitted from the analysis, no significant 
correlation was observed (P > 0.083).

The partition of the total D. setosum sample 
into geographic groups defined according to either 
Spalding et al.’s (2007) or Carpenter et al.’s (2011) 
phylogeographic hypotheses explained respectively 
2.7% and 3.3% of the total genetic variance, while 
the grouping derived from the present MDS analysis 
explained 15.8% (ΦCT = 0.157; P < 0.001) (Table 3). 
The ΦST value between sub-groups G3a and G3b was 
ΦST = 0.025 (P < 0.001). 

Departure from mutation-drift equilibrium

The nucleotide sequence dataset comprised a total 
of 259 haplotypes (Table S1). Variable nucleotide sites 
(n = 219; 18.9%) included 23 sites at first position, six 
at second position, and 190 at third position of a codon. 
The two Andaman-Sea samples displayed haplotype 
diversity values (H ≤ 0.891) clearly lower than all the 
other samples (H ≥ 0.926) (Rosner’s test for detecting 
outliers; P < 0.05).

The network of haplotypes (Fig. 3) showed a 
series of closely related star-shaped haplogroups, each 
composed of a central haplotype at high frequency, 
surrounded by a high proportion of singletons. Tajima’s 
D and Fu’s FS estimates were negative for all samples 
except those from the Andaman Sea (Table S2). 
After grouping samples according to the patterns of 
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Fig. 2.  Phylogeographic structure of Diadema setosum in the Indo-Malay archipelago. A: Multidimensional scaling plot based on the matrix of 
pairwise ФST (T92+G model; Arlequin). Ellipses delineate groups of samples designated by hierarchical clustering. Abbreviations for samples as in 
table 1. B: Pairwise estimates of genetic differentiation plotted against the logarithm of geographic distance [ln(gD), gD in km]. Black circles (●) 
intra-group comparisons; open circles (○) (resp. triangles): inter-group comparisons involving Group 1 (resp. Group 2).
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Table 2.  Diadema setosum in the Indo-Malay archipelago. Population-pairwise ФST estimates (T92+G model, 
Arlequin; below diagonal) and p-values (from 1023 random permutations of individuals in Arlequin; above diagonal)

Sample Sample

Sa1 Sa2 Bat Pa1 Pa2 Pa3 Mal Bal Lo1 Lo2 Lan Si1 Si2 Si3 Ke1 Ke2 Luw Ban Amb Jay

Sa1 0 - *** ** ** *** ** *** *** *** *** ** *** *** *** ** *** - *** -
Sa2  -0.050 0 *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** - *** -
Bat 0.138 0.152 0 - - - - - - - ** - * - * - ** - - *
Pa1 0.095 0.114 -0.011 0 - - - - - - ** - * * - - ** - - -
Pa2 0.096 0.116 0.006 -0.015 0 - - * * - *** - ** ** * - *** - - -
Pa3 0.156 0.171 -0.005 -0.005 0.008 0 - - - - - - - - - - - - - -
Mal 0.134 0.152 -0.016 -0.016 -0.009 -0.017 0 - - - - - - - - - - - - -
Bal 0.194 0.206 0.009 0.019 0.045 -0.005 -0.009 0 - - - - - - * - - - * *
Lo1 0.201 0.210 0.010 0.019 0.048 -0.003 0.000 -0.007 0 - - - - - - - - * * *
Lo2 0.184 0.196 0.001 0.002 0.028 -0.016 -0.001 -0.017 -0.017 0 - - - - - - - - - *
Lan 0.202 0.211 0.028 0.036 0.062 0.006 0.014 -0.006 0.000 -0.013 0 * - - * ** - * * *
Si1 0.086 0.098 0.012 0.000 0.010 0.006 -0.010 0.021 0.016 0.011 0.027 0 - - - - + - - -
Si2 0.221 0.230 0.025 0.037 0.069 0.003 0.010 -0.011 -0.014 -0.012 -0.008 0.025 0 - * * - * * -
Si3 0.203 0.211 0.027 0.034 0.066 0.013 0.029 0.000 0.000 -0.014 -0.006 0.022 0.000 0 - * - * * **
Ke1 0.100 0.113 0.016 0.007 0.020 0.008 0.008 0.019 0.013 0.003 0.016 -0.009 0.023 0.009 0 - * - - -
Ke2 0.107 0.116 0.004 0.000 0.011 0.004 -0.021 0.017 0.016 0.015 0.031 -0.009 0.024 0.032 0.009 0 *** - - -
Luw 0.212 0.220 0.035 0.044 0.069 0.013 0.027 0.002 0.000 -0.006 -0.006 0.029 -0.006 -0.008 0.014 0.039 0 * * *
Ban 0.060 0.069 0.035 0.015 0.014 0.037 -0.004 0.062 0.072 0.072 0.082 -0.024 0.078 0.077 0.004 -0.013 0.089 0 - -
Amb 0.097 0.119 0.026 0.007 0.008 0.012 0.008 0.039 0.033 0.020 0.039 -0.002 0.045 0.040 0.000 0.011 0.037 0.005 0 -
Jay 0.187 0.213 0.200 0.145 0.147 0.193 0.172 0.230 0.230 0.236 0.233 0.086 0.258 0.249 0.094 0.131 0.236 0.006 0.051 0

Abbreviations for samples as in table 1. * p < 0.05; ** p < 0.01; *** p < 0.001.
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geographic differentiation observed from pairwise ΦST 
values (Fig. 2A), the estimated D value were -0.75 
(P = 0.257) for Group 1, -2.37 (P < 0.001) for Sub-
group 3a and -2.43 (P < 0.001) for Sub-group 3b; the 
estimated Fs values were, respectively -0.26 (P = 0.472), 
-24.73 (P < 0.01) and -25.11 (P < 0.001).

Both Rogers’ sudden demographic expansion 
model and Excoffier-Lischer’s spatial expansion models 
were rejected for the Andaman Sea population but not 
for the populations of the Indonesian seas (Table S2).

DISCUSSION

Phylogeographic patterns

Phylogeographic structure was evident among 
D. setosum  populations across the Indo-Malay 
archipelago, where an Andaman Sea population and a 
New Guinean population were genetically distinct from 
a third population occupying the central Indonesian 
seas. Although genetic distance overall increased 
with geographic distance, the patterns observed at the 
scale of the entire Indo-Malay archipelago were not 
consistent with those expected under isolation-by-
distance (Rousset 1997), allowing us to reject isolation-
by-distance as the main driver of genetic differentiation. 
The estimated level of genetic differentiation among 
the three main population groups was markedly higher 
than the average value estimated by Lessios et al. 
(2001) between populations from Western Australia 
and the western Pacific Ocean (ΦST = 0.073 ± 0.060), 
i.e., across the Indo-Malay archipelago but based on a 

sampling design partly distinct from ours and lacking 
samples from the Andaman Sea region. The ΦST values 
presented by Lessios et al. (2001) were not significant, 
which was interpreted by the latter and by Carpenter et 
al. (2011) as a “lack of phylogeographic break” across 
the Indo-Malay archipelago. In the present study, two 
phylogeographic breaks were detected, which had thus 
not been detected earlier because of a partly different 
sampling design and possibly because of weaker 
statistical power due to smaller sample sizes. 

More-subtle but still highly significant haplotype-
frequency differences distinguished two sub-populations 
within the Indo-Malay archipelago. One sub-population 
occurred across the archipelago West to East, from the 
Strait of Malacca to the Banda Sea, while the range 
of the other population extended from the Makassar 
Strait to Lombok Strait and to the Flores Sea. The 
latter seemed to deeply penetrate into the range of the 
former, precisely where major currents that constitute 
the Indonesian Throughflow carry Pacific waters from 
North to South across the Indo-Malay archipelago 
before reaching the eastern Indian Ocean (Gordon and 
Fine 1996). The geographic distribution of the two sub-
populations may be either a stable pattern or a transitory 
one reflecting the ongoing intrusion of a genetically 
differentiated population. 

Possible determinants of phylogeographic 
structure 

In the late Pleistocene, the lowering and rising 
of sea levels greatly affected land mass configurations 
in the western and eastern parts of the Indo-Malay 

Table 3.  Diadema setosum. Summary of AMOVA results relative to nested spatial scales. Phylogeographic model 
refers to regional grouping of populations based on either marine ecoregions (Spalding: box 1 of Spalding et al. 
2007), on phylogeographic breaks (Carpenter: figure 4 of Carpenter et al. 2011), or on genetic structure assessed from 
groupings derived from MDS analysis (MDS groups; Fig. 2A)

Phylogeographic model Source of variation

Among groups Among populations within groups Within-population

d.f. var %var ФCT a d.f. var %var ФSC b d.f. var %var ФST c

No structure – – – – 19 0.080 3.06 – 698 2.554 96.94 0.031***
Spalding 7 0.074 2.79 0.028** 12 0.018 0.67 0.007 698 2.554 96.54 0.035***
Carpenter 4 0.086 3.25 0.032*** 15 0.017 0.65 0.007* 698 2.554 96.10 0.039***
MDS (3 groups) 2 0.484 15.75 0.157*** 17 0.032 1.05 0.012*** 698 2.554 83.20 0.168***

d.f., degrees of freedom; var, variance components; %var, percentage of variation; ФCT, ФSC, and ФST, resp. among-group, among-population and 
within-population components. * p < 0.05, ** p < 0.01, *** p < 0.001. aProbability of obtaining equal or lower ФCT value determined by 1,000 
randomizations by permuting populations among groups. bProbability of obtaining equal or lower ФSC value determined by 1,000 randomizations by 
permuting haplotypes among populations within groups. cProbability of obtaining equal or lower ΦST value determined by 1,000 randomizations by 
permuting haplotypes among populations among groups.
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archipelago. The Sunda shelf (which extends along the 
western half of the archipelago) and the Sahul shelf (at 
its eastern margin) were repeatedly above sea level, 
forming the Indo-Pacific  barrier (Voris 2000; Gaither 

et al. 2011; Crandall et al. 2012; DeBoer et al. 2014; 
Bertrand et al. 2017; Lim et al. 2021). Large river 
systems draining the Sunda Shelf discharged massive 
amounts of freshwater into the oceanic waters of the 

Fig. 3.  Diadema setosum. Minimum-spanning network of COI gene haplotypes. Area of circle proportional to haplotype frequency in total sample; 
length of branch proportional to number of mutations (scale bar: one mutational step) except alternative links between haplotypes, where number of 
mutational steps is represented by a series of perpendicular dashes. A few such links between distant haplotypes were omitted for better readability. 
White: haplotype sampled from Group-1 D. setosum; hachured white: Group-2; black: Sub-group-3a; grey: Sub-group-3b.
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1
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Makassar Strait and similarly, from the Sahul Shelf into 
the Seram Sea and the Timor Sea (Voris 2000). This 
layer of turbid freshwater likely acted as an additional 
ecological barrier for oceanic larvae drifting at the 
surface. We interpret the phylogeographic structure 
reported here between the Andaman Sea and the rest 
of the Indo-Malay archipelago as a consequence of 
late Pleistocene vicariance on either side of the Indo-
Pacific barrier. Even though the Indo-Pacific barrier 
was only intermittent and short-lasting, repeated 
geographic isolation of refuge populations may have 
accelerated their genetic isolation (He et al. 2019).  The 
other phylogeographic discontinuity uncovered in the 
present study occurred between the eastern Indonesian 
seas and northern New Guinea. This pattern has been 
previously observed in giant clams (DeBoer et al. 
2014). A possible geographic barrier could be the steep 
Pacific shores of northwestern New Guinea, where 
favourable shallow-water coastal habitats are mostly 
absent. The larva would have to cross a distance of 
hundreds of kilometres, which may exceed the range 
that a planktonic D. setosum larva is actually able to 
reach (see Shanks 2009). However, in the long term it 
is likely that even rare larval transport would be able 
to connect populations from either side of the barrier, 
suggesting that other mechanisms hampering gene flow 
might be involved. 

Hypotheses for the persistence of 
phylogeographic patterns 

In broadcast-spawning marine species with 
large effective population sizes, genetic differentiation 
between populations on either side of a geographic 
barrier is conceivably a long process; the fixation of 
genetic differences and traits that limit outcrossing 
may require many generations to occur (Norris and 
Hull 2012). The duration of the period of geographic 
isolation caused by the Indo-Pacific barrier in the late 
Pleistocene only lasted a few tens of thousands of years 
before the rise in sea level reconnected once-temporarily 
separated inshore habitats (Voris 2000). The pelagic 
larval duration of Diadema setosum estimated from 
laboratory experiments (40–45 d; Dautov and Dautova 
2016) is potentially long enough to ensure gene flow 
at a broad geographic scale (Selkoe and Toonen 2011). 
Indeed, given their duration in the plankton, D. setosum 
larvae are potentially able to cross tens to possibly a few 
hundreds of kilometres, although propagule duration 
may only be loosely correlated with dispersal distance 
(Shanks 2009; Selkoe and Toonen 2011). Throughout 
the Indo-Malay archipelago, the monsoons seasonally 
reverse wind direction, ensuring surface-water 
connectivity in both the East-to-West and West-to-East 

directions, including through the Sunda strait between 
the eastern Indian ocean and the Java Sea, through the 
Karimata Strait between the Java Sea and the South 
China Sea, and through Makassar Strait on the opposite 
extremity of the Java Sea (He et al. 2015; Wang et al. 
2019; Genda et al. 2022). 

In this highly connective oceanographic context, 
it would be reasonable to expect genetic homogeneity 
among D. setosum populations of the Indo-Malay 
archipelago, even if that connectivity would be 
temporarily interrupted by episodes of sea-level lows. 
Instead, the sharp haplotype-frequency differences 
between adjacent populations near its western and 
eastern extremities demonstrate persistent genetic 
isolation. Therefore, we admit that repeated cycles 
of geographic isolation on either side of the Indo-
Pacific barrier and secondary contact throughout the 
Pleistocene have led to reproductive isolation, like the 
kind recently documented in mangrove populations 
on either side of the Malacca Strait (He et al. 2019). 
The phylogeographic partition of populations within 
the Indonesian seas into two sub-groups, albeit 
more subtle, also deserves consideration. Again, this 
restriction in gene flow can hardly be explained by 
present geographic isolation given the highly dynamic 
current systems that cross the archipelago. Contiguous 
distributions ranges that overlap by a limited multiple 
of their dispersal range are defined as parapatric 
(Bull 1992). If the observed phylogeographic pattern 
observed within the Indonesian seas is stable, the 
maintenance of a parapatric-like boundary between 
populations implies competition, fitness differences, and 
reproductive isolation or semi-isolation (Bull 1992). 
Our observations thus raise the hypothesis of some 
degree of reproductive isolation between ecologically 
incompatible populations of D. setosum within the 
Indonesian seas. Reproductive isolation may have been 
initiated in the past when ancestral populations were 
allopatric, and reinforced in parapatry; it may not need 
to be complete to hamper gene flow in such a way that 
populations continue to diverge genetically (He et al. 
2019; Westram et al. 2022).

Two possible mechanisms for reproductive 
isolation have been identified in long-spined sea urchins. 
The first one could be prezygotic reproductive isolation 
caused by distinct spawning periods, themselves linked 
to shifts in lunar spawning cycles (Lessios 1984). In D. 
setosum, different spawning periods have been observed 
between populations from northeastern Borneo, Rabaul, 
and Noumea (Pearse 1975), making this hypothesis a 
plausible one as it would explain the genetic differences 
observed by us at a similar geographic scale. The 
second mechanism hypothesized in sea urchins of the 
genera Diadema, Echinometra, Paracentrotus and 
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Strongylocentrotus is reproductive incompatibility 
caused by mismatch between the bindin receptor at the 
surface of the oocyte and the bindin form carried by 
the sperm that enables the membrane fusion of the two 
gametes (Glabe and Vacquier 1978; Schackmann and 
Shapiro 1981; Vacquier and Moy 1997; Geyer et al. 
2020). However, the bindin gene in D. setosum shows 
no evidence of selection (Geyer et al. 2020). Although 
the latter result does not definitely eliminate the 
hypothesis of gamete recognition mechanisms between 
genetically distinct populations within D. setosum, it 
considerably weakens it.  

Demographic change and speciation

The star-like radiation of haplogroups sampled 
within the Indo-Malay archipelago indicates rapid 
population expansion. The mutation-drift equilibrium 
hypothesis was not rejected for the Andaman Sea 
population, but it was for the other populations of the 
Indo-Malay archipelago. Considering that part of the 
habitat where D. setosum now occurs was unavailable 
during the last sea-level low (until ca. 10,000 years ago; 
Crandall et al. 2012), wide geographic colonisation 
likely happened within a relatively short evolutionary 
timeframe. The nucleotide-pairwise mismatch patterns 
in the populations of the Indonesian seas were consistent 
with both demographic and spatial expansion models. 
Thus, while the coalescence pattern of the Andaman-
Sea population suggested demographic stability over 
evolutionary time scales, that of the populations of 
the Indonesian seas indicated recent expansion. This 
expansion likely coincided with the rapid increase in 
available D. setosum habitat caused by sea-level rise in 
the late Pleistocene (Voris 2000; Lambeck and Chappell 
2001; Crandall et al. 2012). Negative D values, large 
negative FS values, and the results of pairwise mismatch 
analysis were compatible with demographic and spatial 
expansions which occurred until the current geographic 
distributions were reached. 

In conclusion, demographic expansion repeatedly 
occurred in D. setosum throughout the late Pleistocene, 
alternating each time with demographic contraction. We 
speculate that during sea-level lows, small populations 
of long-spined sea urchins survived in isolated refuges 
(Pellissier et al. 2014), a situation where genetic 
drift and possibly local adaptation entailed allopatric 
divergence. Once sea levels rose again and shallow-
water habitat again expanded, surviving populations 
which had evolved towards reproductive isolation from 
one another re-expanded, with new mutations arising. 
The distribution of a population stopped when it met the 
expansion front of another. This peculiar pattern in the 
geographic distribution of populations implies at least 

partial reproductive isolation. Meanwhile, ecological 
compatibility of the different lineages has not yet 
been achieved. Regardless of which mechanisms are 
predominantly at play, the apparently rapid acquisition 
of reproductive isolation in D. setosum within the 
Indo-Malay archipelago would point towards yet 
unacknowledged incipient speciation. 
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Supplementary materials

Table S1.  Diadema setosum. Summary statistics 
describing nucleotide-sequence variability by sample 
(from DNAsp and Arlequin outputs). Eta, total number 
of mutations; H, number of haplotypes; Hd, haplotype 
diversity; K, average number of nucleotide differences; 
N, sample size; P, number of parsimony-informative 
sites; π, nucleotide diversity per site; S, number of 
singletons (i.e., haplotypes sampled only once in a given 
sample); Si, number of nucleotide sites with a single 
substitution; Ss, number of variable sites. (download)

Table S2.  Diadema setosum. Estimates of Tajima’s D 
and Fu’s FS, and sums of squared deviations comparing 
observed and expected mismatch distributions of 
haplotype-pairwise differences under Rogers’ (1995) 
pure demographic model and Excoffier’s (2004) spatial 
expansion model, by sample. * P < 0.05; ** P < 0.01; 
*** P < 0.001. (download)

Fig. S1.  Maximum-likelihood tree of Diadema spp. 
partial nucleotide sequences of the COI gene, rooted 
by homologous sequence in Echinotrix calamaris. 
Placement of D. setosum sequences sampled from the 
Indo-Malay archipelago (present study). (download)

page 13 of 13Zoological Studies 62:39 (2023)

https://zoolstud.sinica.edu.tw/Journals/62/62-39.TableS1.docx
https://zoolstud.sinica.edu.tw/Journals/62/62-39.TableS2.docx
https://zoolstud.sinica.edu.tw/Journals/62/62-39.FigS1.docx

	BACKGROUND
	MATERIALS AND METHODS
	Sampling methodology and strategy
	DNA extraction, amplification and sequencing
	Characterization of nucleotide sequences
	Phylogeographic analysis
	Miscellaneous

	RESULTS
	Phylogenetic relationships of D. setosum mitochondrial sequences
	Phylogeographic structure
	Departure from mutation-drift equilibrium

	DISCUSSION
	Phylogeographic patterns
	Possible determinants of phylogeographic structure
	Hypotheses for the persistence of phylogeographic patterns
	Demographic change and speciation

	Acknowledgments
	Authors’ contributions
	Competing interests
	Availability of data and materials
	Ethics approval consent to participate
	REFERENCES
	Supplementary materials
	Table S1
	Table S2
	Fig. S1

