ﬁ forests

Article

Geological Isolation Drives Genetic Divergence of
Hopea celebica in Sulawesi’s Karst and Ultrabasic Forests

Nasri Nasri 12

W) Check for updates

Academic Editor: Claudia Mattioni

Received: 25 February 2026

Revised: 20 March 2026

Accepted: 26 March 2026

Published: 28 March 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Koichi Kamiya 3*

The United Graduate School of Agricultural Sciences, Ehime University, Matsuyama 790-8566, Japan;
nasri@unhas.ac.id

Forest Conservation Department of Forestry Faculty, Hasanuddin University, Makassar 90245, Indonesia
Graduate School of Agriculture, Ehime University, Matsuyama 790-8566, Japan

Correspondence: kamiya.koichi.my@ehime-u.ac.jp

Abstract

Hopea celebica Burck is an endangered dipterocarp endemic to Sulawesi, Indonesia, occurring
in two ecologically contrasting habitats: karst and ultrabasic forests. These environments
differ markedly in soil composition and topography, potentially driving ecological special-
ization and genetic divergence. To investigate the genetic variation and genetic structure
of this species, we applied newly developed microsatellite (SSR) markers, together with
the chloroplast DNA sequences of the trnlL—trnF region. Genotypes at 15 SSR loci were
determined for 255 individuals collected from six populations covering the range of the
species’ distribution across karst and ultrabasic forests. Genetic diversity was consistently
higher in karst than in ultrabasic populations. DIYABC and VarEff analyses revealed a
historical bottleneck and earlier recovery in the karst populations. Analysis of molecular
variance (AMOVA) revealed that 35% of the genetic variation was partitioned between habi-
tat types (Frt = 0.345, p = 0.001). Bayesian clustering (STRUCTURE), principal coordinate
analysis (PCoA), and UPGMA dendrograms consistently showed two distinctive clusters
corresponding to habitat type. Chloroplast haplotypes differed between populations in
the karst and ultrabasic forests. These results suggest that populations in the karst and
ultrabasic forests have undergone a long history of differentiation without migration. The
strong habitat-related genetic structure likely reflects ecological isolation and early-stage
speciation. We recommend treating the karst and ultrabasic populations as distinct con-
servation units to preserve the evolutionary potential and adaptive capacity of H. celebica
under ongoing environmental change.

Keywords: population genetics; habitat divergence; conservation units; Hopea celebica;
Sulawesi

1. Introduction

The tropical forests of Southeast Asia harbor exceptional biodiversity, but are un-
dergoing rapid deforestation, fragmentation, and habitat degradation, leading to severe
declines in many tree species [1-3]. Dipterocarpaceae, the dominant family in lowland
Asian rainforests, plays a key role in forest structure, carbon dynamics, and timber pro-
duction, yet many of its members are endemic or threatened [4-6]. Many dipterocarps
exhibit narrow ecological preferences, often confined to specific soil types or microhabitats,
which can restrict gene flow and promote ecological diversification [7,8]. Such ecological
specialization, combined with geographic and environmental isolation, may further drive
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allopatric or cryptic speciation [9,10]. On Sulawesi, a geologically complex island formed
by tectonic convergence [11,12], long-term geological fragmentation and the strong edaphic
contrasts between karst and ultrabasic substrates may have created persistent barriers to
gene flow, thereby promoting genetic divergence among populations. Understanding the
genetic diversity and population structure of dipterocarps is therefore essential for guiding
conservation strategies and ensuring the long-term persistence of populations and species.

Hopea celebica Burck, an endangered tree species endemic to Sulawesi, Indonesia,
is restricted to two ecologically contrasting habitats: karst and ultrabasic forests [13,14].
These habitats differ markedly in soil and topography conditions, potentially shaping
ecological specialization and limiting gene flow between populations [15,16]. Karst sub-
strates generally have shallow soils, high rock exposure, and strong variation in moisture
availability [13,17,18], whereas ultrabasic substrates are characterized by high magnesium-
to-calcium ratios, heavy-metal toxicity, and nutrient-poor conditions [19,20]. Vegetation
communities in the two habitats also differ substantially, often supporting distinct as-
semblages adapted to their extreme edaphic environments. In this context, demographic
reconstruction can provide important insights into how populations have responded to
long-term environmental differences between these habitats. Historically, the Hopea popu-
lations occurring on ultrabasic substrates were once recognized as H. dolosa but were later
merged under H. celebica [21]. This taxonomic history raises important questions about
whether the populations in these contrasting habitats represent a single genetic entity or
exhibit significant divergence.

This species is highly valued for its timber, which has significant economic importance.
However, the natural populations of H. celebica are increasingly threatened by habitat loss
and fragmentation, leading to a critical need for conservation efforts [22,23]. The wood of
H. celebica has been harvested for construction and local infrastructure owing to its strength
and durability [24], making it one of the sought-after hardwoods in parts of Sulawesi. Such
utilization, combined with land-use changes, has contributed to population decline and the
erosion of genetic variability [25]. These pressures are particularly severe in ultrabasic areas,
where the expansion of pepper cultivation and forest encroachment has accelerated habitat
conversion [26]. Several ultrabasic sites also lie within nickel-mining concessions, adding
further landscape pressure in these restricted habitats. Field observations indicate that the
durable wood of H. celebica is additionally harvested by local farmers as support poles
for pepper vines, increasing pressure on the remaining populations [27,28]. The genetic
diversity of H. celebica is essential for its adaptability and long-term survival, making the
study of its genetic structure vital for developing effective conservation strategies [29,30].

Despite its ecological and conservation importance, the genetic characteristics of H.
celebica remain poorly studied. Previous research on other dipterocarps has demonstrated
that microsatellite (SSR) markers are highly informative for detecting genetic diversity and
fine-scale population structure [31-33], while chloroplast DNA markers provide comple-
mentary insights into maternal lineage variation and historical divergence [34,35]. Studies
on genera such as Shorea and Parashorea have shown that combining SSR and cpDNA
data can reveal hidden divergence, postglacial recolonization patterns, and habitat-driven
genetic structuring [32,36]. Such approaches are especially valuable for endemic species
occupying environmentally heterogeneous landscapes like Sulawesi. However, no molec-
ular resources or comprehensive genetic studies have been conducted for H. celebica; in
particular, studies using SSR markers, which are also powerful for identifying individuals,
are lacking [33,35].

In this study, a new set of SSR markers was developed for H. celebica. Using these
markers and chloroplast DNA (cpDNA) sequences, we investigated the genetic variation in
natural populations of this species across karst and ultrabasic forests. Specifically, we aimed
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to (i) establish reliable molecular markers for H. celebica, (ii) assess levels of genetic diversity

within and between habitats, (iii) evaluate the extent of genetic differentiation associated

with contrasting ecological conditions, and (iv) reconstruct past demographic changes to

understand how populations responded to historical environmental fluctuations across dif-

ferent habitats. These results are expected to provide critical insights into the evolutionary

dynamics and conservation management of this endemic Sulawesi dipterocarp.

2. Materials and Methods
2.1. Plant Materials

The selection of sampling sites on Sulawesi Island was based on reference to the

distribution of H. celebica [14], in order to encompass its current geographical range. A

total of 255 individuals were collected from six natural populations in South and Central

Sulawesi (Figure 1; Table 1). Leaf samples were collected, dried with silica gel, and used
for DNA extraction following the modified CTAB protocol [37,38]. One DNA sample of H.
celebica (sample code: TNTRO02), collected at Karaenta (KR) in Babul National Park, was

used for lllumina paired-end sequencing.
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Figure 1. Sampling sites of H. celebica on Sulawesi Island.

Table 1. Information on H. celebica sample collection on Sulawesi Island.

Habitat Population (ID) n Alt. Coordinates
Karaenta, Babul NP, South Sulawesi (KR) 45 317 m 5°01’45.76" S, 119°44'21.85" E
Karst Pattunuang, Babul NP, South Sulawesi (PT) 45 185m 5°03’51.92” S, 119°43'06.46" E
Matampa, Pangkep NF, South Sulawesi (MT) 42 129m 4°48'14.09" S, 119°32/43.24" E
Malili, Luwu Timur NF South Sulawesi (ML) 45 157 m 2°36/33.94"” S, 121°05'46.58" E
Ultrabasic Towuti, Luwu Timur NF, South Sulawesi (TW) 45 334 m 2°38/31.04” S, 121°27'25.37" E
Sorowako, Luwu Timur NF, South Sulawesi (SR) 33 430m 2°31744.84" S, 121°20'56.69" E

Note: 1, number of samples; Alt., altitude; NP, national park; NF, natural forest.
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2.2. Development of SSR Markers
2.2.1. Sequencing and Assembly

Raw Illumina reads were assessed for base quality and adaptor content using FastQC
v0.12.1 [39]. Raw sequencing data were filtered using Trimmomatic v.0.39 to remove
adaptor sequences and low-quality bases, using the default parameters [40]. De novo
assembly was performed using the SPAdes assembler v3.15.5 software [41]. For further
analysis, assembled contigs shorter than 200 bp were discarded.

2.2.2. SSR Identification and Primer Design

SSRs were identified using the MISA v.1.0 tool [42]. Only genic SSR loci consisting of
2-6 nucleotide motifs repeated at least ten times were selected; mononucleotide loci and
those with compound repeats were excluded. Primers were designed in Primer3 v1.0 [43]
using the following criteria: primer length 18-27 bases (optimum, 22 bases), GC content
40%—-60% (optimum, 50%), annealing temperature 50-60 °C (optimum, 55 °C), and product
size 100-500 bp.

2.2.3. PCR Amplification and Polymorphism Screening

PCR amplification was performed on seven samples randomly selected from one
population of H. celebica, to initially screen for primers. The overall PCR reaction system
volume was 5 puL, which included 0.5 pL DNA template at 1-20 ng/uL, 2.5 pL Type-
it Multiplex PCR MasterMix (Qiagen, Hilden, Germany), 0.25 uL of each primer at a
concentration of 5 umol/L, and 1.5 uL HyO. The amplification procedure was set as follows:
pre-denaturation at 95 °C for 5 min; denaturation at 95 °C for 30 s, annealing at 60 °C for
90 s, and extension at 72 °C for 30 s, for a total of 31 cycles; and a final extension step at
60 °C for 30 min. The PCR reaction was performed using a DNA Thermal Cycler 2720
(Applied Biosystems, Foster City, CA, USA). Agarose gels (2.0%) containing ethidium
bromide (0.5-1.0 ng/puL) were used to resolve and visualize the PCR amplicons. SSR loci
that were successfully amplified and those that displayed polymorphisms in both species
were selected for the next PCR amplification genotyping stage.

2.3. Genotyping by SSRs

A total of 15 SSR loci were used to genotype H. celebica; these included 14 loci newly
developed in this study, and one previously published locus (5le392; [44]). To facilitate
fluorescent labelling, the universal primers described by Blacket et al. [45], in which a
universal tail sequence is attached to the 5 end of each forward primer, were employed.
Four universal tail sequences were used, Tail A (5'-GCCTCCCCCGCGCCATCAG-3'), Tail
B (5'-GCCTTGCCAGCCCGC-3'), Tail C (5'-CAGGACCAGGCTACCGTG-3'), and Tail D
(5’-CGGAGAGCCGAGAGGTG-3'), each labeled with a different fluorescent dye (FAM,
VIC, NED, and PET, respectively). Additionally, a PIG-tail sequence (5'-GTTTCTT-3') was
added to the 5" end of the reverse primers to improve genotyping accuracy [46]. All primers
(forward with tails and reverse with PIG-tails) were combined to prepare a multi-primer
mixture at 10 mM final concentration.

PCR was performed in 10 pL reactions containing 5 L Type-it Multiplex PCR Master
Mix (Qiagen, Hilden, Germany), 1 uL. DNA (1-20 ng/uL), 3 puL of nuclease-free water, and
1 pL multiple primer mixture. The cycling conditions were as follows: pre-denaturation
at 95 °C for 5 min; 31 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 90 s,
and extension at 72 °C for 30 s; followed by a final extension at 60 °C for 30 min. The PCR
products were diluted 1:10 with nuclease-free water, and 1 pL of the diluted product was
mixed with 12 uL. of Hi-Di™ formamide and 0.1 pL of GeneScan 600 LIZ Size Standard
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The mixture was denatured at 95 °C for
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5 min and immediately chilled on ice for at least 1-2 min before being loaded into an ABI
PRISM® 3130x1 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Fragment
size was analyzed using Peak Scanner software v1.0 (Applied Biosystems, Foster City, CA,
USA), and allele scoring was manually verified to ensure accuracy.

2.4. Chloroplast DNA Sequencing

For eight samples from each population, the nucleotide sequence of the chloroplast
trnL—trnF region was determined using primers ‘c” and ‘f” [47]. PCR amplification was per-
formed in a 10 pL reaction mixture containing 5 uL GoTaq Colorless Master Mix (Promega,
Madison, WI, USA), 1 uL DNA (1-20 ng/uL), 3 pL nuclease-free water, and 1 uL primers
(5 pmol/uL). The thermal profile consisted of an initial denaturation at 95 °C for 2 min;
30 cycles of 95 °C for 1 min, 53 °C for 1 min, and 72 °C for 2 min; and a final extension at
72 °C for 5 min. PCR products were purified using ExoSAP-IT (Thermo Fisher Scientific,
Waltham, MA, USA) and directly sequenced by Macrogen Japan Corp. (Tokyo, Japan).

2.5. Data Analysis

Genetic diversity parameters, including the number of alleles (N,), effective number of
alleles (N¢), Shannon Index (I), observed heterozygosity (H,), and expected heterozygosity
(He), were calculated in GenAlEx v.6.5 [48]. Inbreeding coefficients (Fis) were calculated
in INEST v.2.3 [49] under the individual inbreeding model (IIM) with 50,000 burn-in and
500,000 Markov chain Monte Carlo (MCMC) iterations, to account for the presence of null
alleles. Bottleneck tests were performed in INEST using Wilcoxon signed-rank tests to detect
heterozygosity excess (Hg > Hgg) and M-ratio deficiency under the stepwise mutation
model (SMM) and the two-phase mutation model (TPM), with significance assessed using
1,000,000 permutations.

To assess differences between the populations, Analysis of Molecular Variance
(AMOVA; [50]) was performed in GenAlEx, using 999 random permutations to test the
significance of each variance components. Pairwise genetic differentiation among popula-
tions was estimated using Fst [51] in Arlequin, using 1000 permutations to test significance
(p < 0.001). Gene flow among populations (Ny,) was estimated in GenAlEXx. Isolation by
distance was assessed via a Mantel test using pairwise population Fst and geographic
distance matrices, with 9999 permutations, implemented in GenAlEx.

Population structure was analyzed using three complementary approaches. First,
Bayesian clustering was performed in STRUCTURE v.2.3.4 [52] under an admixture model
with correlated allele frequencies. Each run was performed with 200,000 iteration burn-in,
followed by 500,000 MCMC iterations for K values ranging from 1 to 12, with 10 indepen-
dent replicates for each K. The most likely number of clusters (K) was determined using
the AK method [53] and visualized using the CLUMPAK website [54]. Principal coordinate
analysis (PCoA) was conducted in GenAlEx using a codominant genotypic distance matrix,
to visualize patterns of genetic divergence among individuals and populations. Hierar-
chical cluster analysis was performed using the Unweighted Pair Group Method with
Arithmetic Mean (UPGMA) in POLYGENE v.1.7 [55], based on genetic distance D [56].

Historical demographic changes were evaluated using complementary coalescent-
based approaches. Demographic scenarios were first evaluated within an approximate
Bayesian computation (ABC) framework implemented in DIYABC v2.1.0 [57]. Default
prior settings implemented in DIYABC were used, with the maximum value of N = 50,000.
This was followed by reconstruction of temporal changes in effective population size (Ne)
using the VarEff model (implemented in the R package; [58]), with mutation model param-
eters informed by the software MIGRAINE v.0.6 [59,60]. In DIYABC, five demographic
scenarios—constant population size, expansion, contraction, bottleneck, and bulge—were
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tested for each region (Figure 2). Demographic events were parameterized using effec-
tive population sizes (N¢) and event times (t, in generations before the present), with a
constraint ensuring chronological order (e.g., t; > t1). The OnePopVarSize model, which
assumes a single isolated population, was then applied, as the Hopea populations from
the karst and ultrabasic substrates are highly differentiated. Under this framework, each
habitat group (karst and ultrabasic) was treated as a single population. To parameterize the
mutation model for continuous demographic inference, the generalized stepwise mutation
parameter (Pgsm) was estimated using MIGRAINE v.0.6, with 300 parameter points and
6000 sampled genealogies. The resulting Pggy estimate (0.603 for both karst and ultrabasic
populations; Table S6) was incorporated into the VarEff analyses, as recommended by Cao
et al. [61]. Temporal variation in Ne was inferred in VarEff with a mutation rate (u) of
1 x 1073 per locus per generation, a representative estimate for SSR loci [62,63]. MCMC
sampling was conducted using 10,000 batches, a batch length of 1, and a sampling interval
of 100. Analyses were performed over 30,000 generations to characterize long-term demo-
graphic trends, with an additional run focusing on the most recent 1000 generations to
capture recent population dynamics. Generations were converted to calendar years based
on an assumed generation time of 60 years for dipterocarp species [64].

S1 S2 S3 S4 S5
Constant Expansion Contraction Bottleneck Bulge
Past
Ny N;
—tt,
N, N,
Nc N e %
£
J— t1 L
N,
N; N, N, N,
Present

Figure 2. Five single-population demographic models: constant population size (S1; Scenario 1),
expansion (52; Scenario 2), contraction (S3; Scenario 3), bottleneck (S4; Scenario 4), and bulge (S5;
Scenario 5) tested in DIYABC v2.1.0. Ny, present Ne; Na—Ny, past Ne; t; and tp, times of demographic
change (generations before present).

For the cpDNA data, sequence chromatograms from both strands were assembled and
checked using ATGC v.7.1.0 (Genetyx, Tokyo, Japan). Manual editing and multiple sequence
alignment were performed in SeaView v.5.0.5 [65]. A haplotype network was constructed
using the TCS Method [66] in PopART v.1.7 [67], using H. macrocarpa (KY979255.1) and H.
beccariana (KY979256.1) as outgroups. DNA sequences of each haplotype were deposited in
GenBank (accession numbers PZ193572-PZ193574).

3. Results
3.1. SSR Marker Development

Whole-genome sequencing of H. celebica generated 18.1 Gb of raw data, comprising
119,760,168 reads. After quality filtering, 116,008,936 clean reads were retained for assembly.
De novo assembly generated approximately 1,245,278 contigs, which were subsequently
screened for SSR motifs using MISA. In total, 20,204 potential SSR loci were identified,
with dinucleotide repeats being the most abundant (88.3%), followed by trinucleotide
repeats (11.5%). From these, 44 loci were randomly selected for primer design, focusing
on dinucleotide and trinucleotide motifs owing to their high utility in population genetic
studies. Finally, 39 primer pairs were successfully amplified in the initial screening of
seven karst individuals, and 18 were clearly polymorphic (Table S1). For population-
level genotyping, 14 of these loci were ultimately selected, along with one published
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marker (S1e392; [44]). Of these 15 loci, 4 failed to amplify in ultrabasic populations and
were excluded from further analyses. The remaining 11 loci were retained for downstream
analyses, although 1 locus (HC37) was monomorphic in the ultrabasic populations (Table 2).

Table 2. Fragment sizes detected in karst and ultrabasic populations of H. celebica.

R Motif Fragment Sizes (bp)
Locus epeat Moti Karst Ultrabasic
HCO03 (AAT)16 244-301 -
HCO05 (AAT)19 228-267 216-240
HC07 (AQ)16 234-264 236-270
HC09 (AG)27 206264 196-220
HC21 (TA)19 197-253 -
HC24 (TC)20 171-205 179-219
HC27 (TG)18 183-211 173-193
HC33 (CTT)12 257-275 -
HC36 (AAG)12 105-126 114-120
HC37 (AG)15 186-194 178 @
HC39 (AG)16 259-293 255-293
HC41 (AG)12 186-246 -
HC42 (AG)11 223-239 219-239
HC43 (AT)17 184-216 184-198
Sle392b (GA)11 178-186 178-180

- amplification failed, ® monomorphic locus, ® SSR marker developed by Lee et al. [44].

3.2. Genetic Diversity Across Habitats

Genetic diversity indices were consistently higher in karst than in ultrabasic popula-
tions (Table 3). Based on the pooled data, the mean number of alleles (N,) and the effective
number of alleles (Ne) were 10.182 and 4.947 in karst and 8.273 and 3.195 in ultrabasic
populations, respectively. Observed heterozygosity (H,) in karst populations was also
higher (0.622) than in ultrabasic populations (0.369), with the lowest value observed in SR
(0.286). Expected heterozygosity (He) followed similar patterns, with higher values in karst
(0.683) than in ultrabasic populations (0.508). The Shannon Index (I) was higher in karst
(1.587) than in ultrabasic populations (1.176). The inbreeding coefficients (Fis), estimated
using INEST, were not significant in any population after correction for null alleles.

Table 3. Genetic diversity of H. celebica populations based on 11 SSR loci.

Habitat Pop ID n N, Ne 1 H, H. Fis [95% HPDI]
Karst KR 45 7.273 4.087 1.438 0.607 0.653 0.036 [0.000-0.083]
PT 45 7.182 3.674 1.356 0.644 0.622 0.018 [0.000-0.043]
MT 42 7.727 4.279 1.398 0.615 0.640 0.015 [0.000-0.050]
Pooled 132 10.182 4.947 1.587 0.622 0.683 0.033 [0.000-0.066]
Ultrabasic ML 45 6.000 2.891 1.058 0.425 0.494 0.011 [0.000-0.034]
™ 45 6.364 3.042 1.093 0.372 0.501 0.024 [0.000-0.083]
SR 33 5.182 2.290 0.864 0.286 0.410 0.214 [0.000-0.340]
Pooled 123 8.273 3.195 1.176 0.369 0.508 0.025 [0.000-0.072]

n: number of samples; N,: number of alleles; N: effective number of alleles; I: Shannon Index; Hy: observed
heterozygosity; He: expected heterozygosity; Fis: inbreeding coefficient; HPDI: highest posterior density intervals.

Bottleneck signals were assessed using the Wilcoxon signed-rank test in INEST under
both the SMM and TPMs (Table S2). No significant heterozygosity excess was detected
in either habitat under either model. In contrast, M-ratio tests revealed significant het-
erozygosity deficits in all karst populations and in the pooled dataset under both mutation
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models. In the ultrabasic populations, this signal was detected under both models in TW
and SR, but not in ML under TPM.

3.3. Genetic Differentiation Among Regions and Populations

Hierarchical AMOVA revealed that 52% of the total genetic variation was found
within individuals, 35% among regions (karst vs. ultrabasic), 7% among individuals within
populations, and 6% among populations within regions (Table 4). All variance components
were statistically significant (p < 0.001).

Table 4. AMOVA of H. celebica populations.

Source df Sum of Variance Percer.lta.ge F-Statistics  p-Value
Squares Components of Variation
Among regions (karst and ultrabasic) 1 487.90 1.80 35% Frr =0.345 0.001
Among populations within regions 4 113.13 0.29 6% Fsr =0.086 0.001
Among individuals within populations 249  877.12 0.39 7% Fig =0.125 0.001
Within individuals 255 698.50 2.74 52% Fir=0.476 0.001

Pairwise Fst values were higher between karst and ultrabasic habitats than between
the populations in each region. Estimates of gene flow (Nn) were lower between the karst
and ultrabasic populations than among populations within the karst and ultrabasic habitats
(Table S3).

3.4. Population Genetic Structure

Bayesian clustering analysis using STRUCTURE was conducted based on data in-
tegrating all sampled individuals of H. celebica (Figure 3A). The AK method of Evanno
et al. [53] confirmed K = 2 as the most likely number of clusters. The karst and ultrabasic
populations were distinct from each other when K = 2 (Figure 3B). In exploratory analyses
at K > 2, additional substructure appeared within the karst populations, particularly MT,
while the ultrabasic populations remained largely homogeneous. These patterns prompted
separate STRUCTURE analyses by habitat type (Figure S1). When examined independently,
the karst populations (KR, PT, and MT) supported K = 2, with partial admixture in MT
(Figure S1A,C). In contrast, the ultrabasic populations (ML, TW, and SR) supported K = 2,
although subtle admixture was detected, particularly in TW and SR (Figure S1B,D).
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Figure 3. Population genetic structure of H. celebica. (A) Bayesian clustering analysis by STRUCTURE
of all populations for K =2 and K = 3, where different colors represent different genetic clusters.
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(B) Mean LnP(K) and Delta K (AK). (C) Dendrogram using the UPGMA clustering method based
on Nei’s genetic distance [56]. (D) Principal coordinate analysis (PCoA) of H. celebica individuals
based on codominant genotypic distance matrix. Different shapes and colors represent populations.
Ellipses indicate grouping of individuals by habitat type.

The UPGMA dendrogram grouped the three karst populations into a single cluster
clearly separate from the ultrabasic populations (Figure 3C). Within the ultrabasic group,
ML, TW, and SR showed close genetic affinities, consistent with the PCoA and STRUCTURE
results. Principal coordinate analysis (PCoA) clearly separated the karst and ultrabasic
populations along the first axis, which explained 44.96% of the total variation (Figure 3D).
The individuals in the karst populations (KR, PT, and MT) were grouped closely together,
while those in the ultrabasic populations (ML, TW, and SR) formed a distinct group, with
minimal overlap.

3.5. Demographic History

Approximate Bayesian computation analyses in DIYABC identified scenario 4 as the
most probable demographic scenario for both the karst and ultrabasic populations, based on
its high posterior probabilities (karst: 0.73, ultrabasic: 0.76; Table S4). Principal component
analysis (PCA) confirmed a good fit between the observed and simulated data under this
scenario (Figure S2). The posterior probability estimates of the current effective population
sizes (N1) were 4.5 x 10% for the karst population and 3.9 x 10* for the ultrabasic population,
and pronounced reductions during the bottleneck phase were detected (N, &~ 10'-10;
Table S5). The bottleneck times (t;) were estimated to be 118 kya (95% CI: 5-1200) for
the karst population and 32 kya (95% CI: 1-568) for the ultrabasic population. VarEff
analysis revealed long-term declines in effective population size, followed by gradual
post-bottleneck recovery, with higher contemporary N, and earlier recovery in karst than
in ultrabasic populations (Figure 4). Likelihood-based estimates from MIGRAINE further
supported this post-bottleneck recovery, with Ny, values > 1.9 (Table S6).
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Figure 4. Historical changes in effective population size (Ne) inferred using VarEff for the karst
(A) and ultrabasic (B) populations, with the lower panels showing a magnified recent period
(0-60 kya). Time is expressed in thousand years ago (kya).
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3.6. Chloroplast Haplotype Variation

Analysis of 951 bp of the chloroplast trnL—trnF region revealed that the H. celebica
populations in the karst and ultrabasic forests are genetically distinct from each other,
by 4 nucleotide substitutions (Figure 5). The haplotype network consisted of two main
haplotypes: K1, shared by all karst populations (KR, PT, and MT), and U1, predominant
in ultrabasic populations (ML, TW, and SR). A single minor haplotype (U2) was detected
in ML and TW, differing from U1 by one mutational step. None of the haplotypes were
shared between the karst and ultrabasic populations.

ML(1), TW(1)

ML(7), TW(7), SR(8)

H. beccariana (outgroup)

H. macrocarpa (outgroup) ” ”

K1 KR(8), PT(8), MT(8)

Figure 5. Haplotype network based on the chloroplast DNA trnL—trnF region, showing relationships
among H. celebica from karst forests (blue; K) and ultrabasic forests (orange; U). H. macrocarpa and H.
beccariana were used as outgroups (grey) to root the network. Ticks indicate the number of base-pair
differences. Circle sizes are proportional to the number of individuals per haplotype. Numbers in
parentheses represent the number of sampled individuals per population.

4. Discussion

In this study, the new microsatellite markers developed via whole-genome sequencing
revealed sufficient polymorphism to assess the genetic diversity within and between these
H. celebica populations. This revealed substantial genetic variation within populations and
clear genetic divergence of the populations associated with two contrasting habitats—karst
and ultrabasic forests—in Sulawesi. The results provide new insights into the population
structure of this endangered dipterocarp and highlight the evolutionary and conservation
significance of habitat specialization.

Overall, the genetic variation within populations of H. celebica was moderate to high,
being higher in the karst populations (He, 0.62-0.68) and lower in the ultrabasic populations
(He, 0.41-0.50). These values are comparable to or slightly lower than those reported in other
dipterocarp species, particularly those with wider distributions, such as H. dryobalanoides
(He, 0.54-0.76), S. parvifolia (He, 0.33-0.85), and S. acuminata (He, 0.42-0.79) [68]. Lower
levels of genetic diversity are common in narrowly distributed or endangered dipterocarp
species, such as H. chinensis (He, 0.37-0.43; [30]), H. bilitonensis (He, 0.21-0.24; [69]), and
H. hainanensis (He, 0.23-0.50; [70]). This suggests that the genetic diversity in H. celebica is
relatively high for a geographically restricted species, particularly in the karst populations.
The reduced diversity in its ultrabasic populations may reflect stronger ecological filtering,
historical bottlenecks, and localized demographic constraints, consistent with the less
favorable edaphic conditions of the nutrient-poor and metal-rich ultrabasic soils [71].

AMOVA revealed that 35% of the variation was attributed to differences between
the regions (karst vs. ultrabasic), with significant pairwise Fst values, further supporting
the strong divergence between habitat types. These patterns were consistent across all
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populations, suggesting that habitat differentiation is a major driver of genetic structure
in H. celebica. Bayesian clustering using STRUCTURE identified two main genetic clusters
corresponding to the habitat types, while PCoA and UPGMA clustering provided congruent
evidence, with the karst and ultrabasic populations forming distinct groups. Within
the karst group, the MT population showed partial differentiation from the other karst
populations (KR and PT), as indicated by STRUCTURE and PCoA analyses. This pattern
may reflect geographic separation, as MT is located at a greater distance from KR and
PT and occurs on a distinct karst patch. These findings suggest that long-term geological
isolation has restricted gene flow across habitat types.

Analysis of chloroplast DNA data revealed that the karst populations shared a single
haplotype (K1), whereas the ultrabasic populations exhibited two divergent haplotypes (U1
and U2) separated by multiple mutational steps. No haplotypes were shared between the
karst and ultrabasic populations, indicating clear maternal lineage divergence. This pattern
suggests limited seed-mediated gene flow between habitats and supports the presence of
deep maternal lineage divergence, as reported in other tropical tree species across edaphic
or ecological gradients [72,73]. Such divergence is often maintained by a combination of
ecological isolation and multiple reproductive barriers associated with contrasting soil and
habitats. The congruence between the nuclear and chloroplast data indicates long-term
genetic divergence between the karst and ultrabasic populations, consistent with geological
isolation shaping the genetic structure of H. celebica.

The geological history of Sulawesi provides a credible mechanism for the geological
isolation inferred from our genetic data. Sulawesi is a tectonically complex island formed by
the accretion of multiple geological fragments originating from the Sundaland (southwest
arm), Australian (southeast to central blocks), and Philippine Sea plates (north arm),
resulting in a geologically fragmented and topographically rugged island [11,12,74]. The
karst and ultrabasic populations of H. celebica are located on different geological blocks, with
limestone-rich substrates in the southwest and ultramafic substrates in the central region,
separated by a long evolutionary timescale [75]. Such tectonic and geological processes,
combined with ecological specialization, may have reinforced reproductive isolation and
limited gene flow [76]. This geological separation likely promoted both genetic divergence
and contrasting demographic patterns between habitats [77].

On the other hand, the ultrabasic populations were formerly described as H. dolosa
by van Slooten [78] and were distinguished from the karst H. celebica by the persistence of
tomentum on the inflorescence. Subsequent taxonomic revisions synonymized H. dolosa
with H. celebica, owing to their limited morphological differentiation [21]. While our results
do not provide morphological justification for species-level recognition, the strong genetic
divergence between the populations in the two habitat types may represent early stages of
divergence, potentially driven by ecological differentiation or stable ecotypic differentiation
related to edaphic and habitat adaptations. Further evidence (e.g., reproductive isolation or
consistent morphological differentiation) is required to confirm speciation. Similar patterns
have been documented in other tropical tree species adapted to heterogeneous substrates,
where ecological divergence and local adaptation to soil or topographic variation have
contributed to genetic differentiation [79-81]. The substantial genetic differences observed
within H. celebica are consistent with reported cases of geologically isolated sister species in
Dipterocarpaceae. For example, S. sumatrana (Peninsular Malaysia and Sumatra) and S.
seminis (Borneo), as well as S. acuminata (Peninsular Malaysia) and S. quadrinervis (Borneo),
are morphologically similar, but have been classified as different species owing to their
geographic isolation across islands [82,83]. In the former pair, the number of stamens
is the morphological character that distinguishes them [14]. In H. celebica, the karst and
ultrabasic populations are genetically distinct, yet are morphologically indistinguishable
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(or at least, no reliable consistent morphological characters have been identified). This
pattern may reflect cryptic divergence associated with historical isolation and habitat
specialization, rather than confirmed speciation. To determine whether these populations
should be described as separate species, it is necessary to establish more readily observable
morphological characters.

The M-ratio tests revealed significant heterozygosity deficits in all three karst popula-
tions and in two of the ultrabasic populations (TW and SR), while no heterozygosity excess
was detected in any population. These results suggest the absence of recent bottlenecks
but are consistent with past bottlenecks followed by population expansion. This discrep-
ancy likely reflects differences in sensitivity to bottleneck timing, with M-ratio detecting
older demographic contractions [84], whereas heterozygosity excess is more indicative
of recent events [85]. This interpretation is supported by the DIYABC analyses, which
estimated historical bottlenecks at ~118 kya in the karst populations and ~32 kya in the
ultrabasic populations, both within the Late Pleistocene. The earlier recovery in the karst
populations may have contributed to their higher genetic diversity. These patterns suggest
that Late Pleistocene climatic fluctuations [86], acting upon populations already separated
by tectonic blocks, amplified demographic divergence between habitats. Together, the
tectonic assembly of Sulawesi and its complex edaphic landscape likely shaped both the
evolutionary divergence and demographic history of H. celebica.

From a conservation perspective, the marked divergence between the karst and ultra-
basic populations of H. celebica highlights the need to treat them as distinct evolutionary
significant units (ESUs). Conservation strategies should prioritize the protection of both
habitat types, as the loss of either would mean the loss of unique genetic diversity. The
reduced diversity in the ultrabasic populations further suggests their greater vulnerability
to environmental change and anthropogenic disturbance. Maintaining gene flow between
populations within habitats and preventing habitat fragmentation, so as to conserve large ef-
fective population sizes, are therefore critical. In situ conservation should be complemented
with ex situ collections that represent both the karst and ultrabasic lineages to ensure the
long-term survival of H. celebica in Sulawesi’s increasingly fragmented landscapes.

5. Conclusions

In this study, both nuclear SSR and cpDNA markers exhibited clear genetic divergence
between the karst and ultrabasic populations of H. celebica in Sulawesi. These findings sug-
gest limited gene flow as well as ecological specialization, driven by long-term geological
isolation, between these distinct edaphic substrates. This genetic divergence is consistent
with the historical recognition of ultrabasic populations as a distinct taxonomic entity.
While the morphological evidence remains insufficient to support species-level separation,
the pronounced genetic structuring underscores the importance of conserving the karst and
ultrabasic lineages as separate management units. Protecting these evolutionary lineages is
essential to safeguard the adaptive potential and long-term survival of this endangered
dipterocarp. Therefore, H. celebica may represent a useful model system for studying the
early stages of divergence associated with habitat specialization.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/f17040429/s1, Figure S1: Separate STRUCTURE analyses for H. celebica for
karst and ultrabasic populations; Figure S2: Model checking by principal component analysis (PCA)
of summary statistics under Scenario 4 inferred using DIYABC; Table S1: List of 18 polymorphic SSR
markers for H. celebica; Table S2: Wilcoxon signed-rank tests for heterozygosity excess and M-ratio
deficiency under SMM and TPM mutation models; Table S3: Genetic differentiation (Fst, lower
diagonal) and gene flow (N, upper diagonal) among populations; Table S4: Posterior probabil-
ities of demographic scenarios in karst and ultrabasic populations; Table S5: Posterior estimates
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of demographic parameters under the best-supported bottleneck scenario (Scenario 4—Bottleneck);
Table S6: Demographic parameter estimates inferred using MIGRAINE.
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