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ARTICLE INFO ABSTRACT

Keywords: Asian rainforests are a biodiversity hotspot and are dominated by dipterocarps. Thus, protecting
Asian rainforests endangered dipterocarp species living on the distribution boundary of dipterocarps is a central
Dipterocarpaceae

factor in maintaining the range of Asian rainforests. Despite the perceived conservation priority of
these species, we know little about how they became endangered and how they have adapted to
marginal habitats. Here, we focused on the population genomics of Hopea chinensis, an endan-
gered species narrowly distributed at the northern limit of dipterocarps, to (1) reveal its de-
mographic history and infer factors contributing to endangered status; (2) evaluate the genetic
consequences of its small remnant population; and (3) identify key genes associated with its
adaptation. We found drastic population declines after the Last Glacial Maximum, suggesting the
role of human disturbances in the endangered status. Despite high levels of inbreeding, we
detected only 441 derived deleterious and 337 derived major-effect mutations, which were not
significantly enriched in any KEGG pathway, providing evidence of low genetic loads. Further-
more, selective sweep analysis showed 12 genes associated with cold and drought tolerance and
plant defense and immunity. Comparative genomics identified 125 specific and 30 lost gene
families in the genome of H. chinensis, many of which were relevant to the responses to biotic and
abiotic stresses. Our findings, therefore, reveal the genomic characteristics linked with the en-
dangered status and adaptations for H. chinensis. Together with the population genomic results
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Fig. 1. Sampling locations of wild H. chinensis trees for population genomics (a), and demographic history of H. chinensis, H. hainanensis and
H. reticulata (b). (a), We determine the distribution range of Dipterocarpoideae based on the description of Ashton et al., (2021). (b), Population
dynamics of H. chinensis are analyzed using SMC++, and the Last Glacial Maximum (LGM) is highlighted in light grey. We illustrate the de-
mographic history of H. hainanensis and H. reticulata according to the results of SMC++ in Wang et al., (2024).
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from two other dipterocarp species, we highlighted the necessity to establish nature reserves to
prevent further human disturbances and to comprehensively describe the mutualistic and
antagonistic networks associated with endangered dipterocarp species to guide in-situ and ex-situ
conservation.

1. Introduction

Asian rainforests are a biodiversity hotspot harboring exceptionally rich species and contributing crucially to the global ecosystem
functioning (Myers et al., 2000; Wilcove et al., 2013). However, Asian rainforests are disappearing rapidly, and severe logging and land
use changes have led to an annual reduction of c. 0.6 % of their total area (Stibig et al., 2014; Wilcove et al., 2013). The range of this
ecosystem is dominated by dipterocarps, species in the subfamily Dipterocarpoideae (Dipterocarpaceae) (Raes et al., 2014). Dip-
terocarps are typically found in Southeast Asia, India, and Seychelles (Fig. 1a), and are famous for giant adults accounting for almost all
emergent and over 50 % canopy trees in Asian rainforests (Bansal et al., 2022; Ghazoul, 2016). Despite the high species richness (about
470 species) of this subfamily, 75 % of all dipterocarp species are endangered (https://www.iucnredlist.org/). Therefore, effectively
conserving endangered dipterocarps is essential for protecting and restoring Asian rainforests (Ashton and Kettle, 2012; Ashton et al.,
2021).

A prerequisite for designing appropriate strategies for both in-situ and ex-situ conservation is to identify the factors causing the
endangered species’ endangerment and explore how they adapt to their natural habitats (Li et al., 2021; Ma et al., 2021). Genomic and
phylogenetic studies have found a Western Gondwanaland/Africa origin of dipterocarps and have established a likely migration route
from Africa to India in the late Cretaceous through Kohistan-Ladakh Island Arc and subsequently to Southeast Asia during the middle
to late Eocene after India-Asia collision (Bansal et al., 2022; Wang et al., 2024). However, more recent demography has been revealed
only in two dipterocarp species (Wang et al., 2024). There are currently no studies concerning adaptations at the population level.
Therefore, besides the ongoing protection efforts mainly considering the human impacts on habitat quality and ecological processes (Li
et al., 2023; Primananda et al., 2023), it is necessary to infer the historical events leading to population declines and to reveal the
molecular signals evolved in response to stresses.

Foundation species distributed at the geographic boundary of an ecosystem can offer novel insights into the adaptive limits,
contributing to predicting range shifts of the ecosystem under the ongoing global changes (Gould et al., 2014; Takahashi et al., 2016).
The extinction of dipterocarp species living on the distribution edge of Dipterocarpoideae may even narrow the range of Asian
rainforests, as this ecosystem is dominated by dipterocarps (Raes et al., 2014). Thus, protecting genetic resources against rapid climate
and environmental changes and avoiding further range contraction of Asian rainforests mean prioritizing the conservation of these
endangered dipterocarps.

Hopea chinensis (Merr.) Hand.-Mazz. is an endangered dipterocarp species (Barstow, 2021). This species is naturally distributed at
the northern boundary of the dipterocarps’ range and was reported only in some mountainous areas and islands in Yunnan and
Guangxi (China) and Quang Ninh (Vietnam) (Jin et al., 2015; Trang and Triest, 2016). At present, detailed locations of its wild trees are
only recorded in the nature reserve of Shiwandashan (Guangxi) (Tang et al., 2018, 2009). Like many other dipterocarps, this tree
produces fragrant oleoresins and high-quality timber, and thus its endangered status may be the result of long-term overexploitation
(Huang et al., 2008; Wang et al., 2022). Nevertheless, historical climate and environmental changes such as the Last Glacial Period
(LGP) are also likely to drive the population decline of dipterocarps (Ghazoul, 2016; Wurster et al., 2010). Moreover, compared with
more southerly distributed dipterocarps, H. chinensis is found in relatively cool and dry environments (Tan et al., 2005). While we can
expect an accordingly distinct composition of pathogens and herbivores, how this species responds to biotic and abiotic environments
remains unexplored. A recent publication of a high-quality genome of H. chinensis (Wang et al., 2024) enables population genomic
studies, which can provide robust insights into its demography and adaptations.

In this study, to test the role of human activities in the endangered status of H. chinensis and if local biotic and abiotic stresses had
left significant footprints in its genome, we sampled its wild trees in the nature reserve of Shiwandashan and conducted population
genomics and comparative genomics. We aim to (1) reveal the demographic history of H. chinensis and infer factors contributing to its
endangered status; (2) evaluate the genetic consequences of its small remnant population size; and (3) identify key genes associated
with its adaptation to the northern boundary of Dipterocarpoideae.

2. Methods
2.1. Sample collection and sequencing

Hopea chinensis is a narrowly distributed and endangered dipterocarp species, with the precise locations of its wild individuals only
recorded in the nature reserve of Shiwandashan, Guangxi, China (Huang et al., 2008). To conduct population genomics, we collected
fresh young leaves from 29 identified wild trees with a minimum interval of 25 m in September 2022 (Fig. 1a). Collected leaf materials
were sterilized using 75 % alcohol, quickly dried using silica gel, and stored at -80 °C.

For each sampled tree, we extracted total genomic DNA from leaf tissues using DNAsecure Plant Kits (TTANGEN), and genomic DNA
libraries were constructed and sequenced using the Illumina HiSeqX platform (an insert size of 350 bp), generating 150 bp paired-end
reads. For quality control, total raw data were filtered to obtain clean data using fastp ver.0.19.7 (Chen et al., 2018), and the raw
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paired-end reads were trimmed according to the following conditions: (1) reads with adapter; (2) reads with > 10 % unidentified
nucleotides or > 50 % bases having a quality score < 5 in a single-end sequenced read.

2.2. Alignment and SNP calling

To accurately identify single nucleotide polymorphism loci (SNPs), the clean data were aligned to the latest published reference
genome of H. chinensis (PRINA1056647) (Wang et al., 2024), and we generated BAM files using BWA-MEM (Li and Durbin, 2009)
based on the parameter settings: mem -t 4 -k 32 -M. Duplicated reads in the alignment results were removed using SAMTOOLS ver.1.3
(Li et al., 2009) with the command ‘rmdup’. BAM files were then input into GAKT ver.4.0.4.0 (McKenna et al., 2010) to detect single
nucleotide variants (SNVs) using HaplotypeCaller with default parameters, according to the filtering conditions: OD < 2.0, QUAL
< 30.0, SOR > 3.0, FS > 60.0, MQ < 40.0, MORankSum < -12.5 and ReadPosRankSum < -8.0. Based on SNVs, SNPs were identified
using VCFtools following the standards of minimum depth > 13, minor allele frequency (MAF) > 0.05, and missing rate < 0.2. The
SNPs were annotated using ANNOVAR (Wang et al., 2010) according to the annotation in the reference genome, and SNPs were
classified into intergenic and genic regions.

2.3. Population demography

To explore the demographic history of H. chinensis, the effective population size (N,) of sampled trees at different stages was
estimated using PSMC ver.0.6.4-r49 (Li and Durbin, 2011) and SMC++ ver.1.15.5 (Terhorst et al., 2017). Both estimations used the
same generation times (g) (g = 15, 20, and 30 years) and mutation rate (x). To ensure our results are comparable with those from other
two Hopea species, we used the mutation rates (g = 15, y = 1.06 x 1078 per site per generation; g = 20, u = 1.41 x 1078 per site per
generation; and g = 30, y = 2.11 x 1072 per site per generation) as Wang et al. (2024), which were the average y values from the three
pair-wise calculations among H. chinensis, Hopea hainanensis, and H. reticulata.

Because the accuracy of the PSMC is mainly restricted within the period of over 20 thousand years (kyr) to 3 million years (Myr) ago
(Li and Durbin, 2011), we inferred the ancient variations of N, using PSMC with parameter: psmc -N30 -t15 -r5 -p 4+25%2+4+6. To
obtain the fastq files with whole-genome consensus sequences, BAM files were first mapped to reference genome using SAMTOOLS
ver.1.6 for generating VCF files, which were switched to consensus sequences using bcftools and were transformed to fastq files using
vcfutils.pl setting parameters: vcfutils.pl vef2fq -d 10 -D 100 -Q 20.

To further explore the recent-past population dynamics of H. chinensis, we implemented demographic analysis using SMC++,
which is considered to have high accuracy for estimation of N, within 10 kyr (Terhorst et al., 2017). The SMC++ input files were
converted from VCF files, including filtered SNPs, using the command ‘vef2smc’ and the default parameter settings. To test if different
dipterocarps experienced similar demographic histories, we compared our SMC++ results with those from H. hainanensis and
H. reticulata (Wang et al., 2024).

2.4. Evaluation of inbreeding

To assess the inbreeding level in the H. chinensis population, the frequency distribution and total length of the runs of homozygosity
(ROH) were estimated based on SNP data using PLINK ver.1.07 (Purcell et al., 2007), with a sliding window size of 20 SNPs. The valid
length of ROHs was larger than 5 Kb, and a valid calculation must contain at least 10 SNPs. In addition, FROHs (the total length of ROH
divided by genome size) were calculated and compared with the results from H. hainanensis and H. reticulata (Wang et al., 2024) to
further evaluate the inbreeding level of H. chinensis.

2.5. Detection of derived deleterious mutations

To investigate genetic loads of H. chinensis, we identified the derived deleterious mutation (DDMs) and the derived major-effect
mutations (DMEMs). Nonsynonymous SNPs were identified based on SNP data according to genome annotation, and deleterious
mutations (DMs) were identified using PROVEAN ver.1.15 (Choi et al., 2012) and SIFT4G ver.2.0.0 (Ng and Henikoff, 2003), where a
nonsynonymous mutation with a score < -2.5 in PROVEAN or < 0.05 in SIFT4G was considered deleterious. Moreover, the mutations
influencing transcription and translation were identified as major-effect mutations (MEMs), which were identified manually with the
help of annotation information. DDMs and DMEMs were determined according to derived alleles, which were identified from the
comparison of genomes of H. chinensis and H. hainanensis with the outgroup H. reticulata, and that of H. chinensis and H. reticulata with
the outgroup H. hainanensis. Only the DDMs supported by both analyses were used for the following analysis. Genes, including DDMs
and DMEMs, were assigned to various KEGG pathways using enrichment analysis (Kanehisa and Goto, 2000). Homozygous DDMs and
DMEMs in at least one sample were selected and compared with the results from H. hainanensis and H. reticulata (Wang et al., 2024).

2.6. Genetic structure

To uncover the genetic structure of H. chinensis and inform sweep selective analysis, we used three approaches, including genetic
clustering, phylogenetic analysis, and principal component analysis (PCA). To decrease the effects of linkage disequilibrium (LD) in
genetic clustering and PCA, we used PLINK to retain only the SNPs located in noncoding regions with LD coefficient (%) < 0.1. Genetic
clustering was performed using ADMIXTURE ver.1.23 (Alexander et al., 2009) with K values from 1 to 8, and the K with the minimum



W.-M. Xiang et al. Global Ecology and Conservation 57 (2025) e03354

cross-validation error was chosen as the optimal. Bootstrapping (bootstrap = 200) was used to detect the standard errors of parameters
when assigning the sampled trees to different genetic clusters. PCA was conducted using GCTA ver.1.24 (Yang et al., 2011), and the top
two principal components were extracted for the assignment of our samples. Phylogenetic relationships among samples were estimated
based on a neighbor-joining tree (treebest nj -b 1000) constructed using TreeBeST ver.1.9.2 (Vilella et al., 2009).

2.7. Selective sweep analysis

For the detection of positive selection signals in the genomes of our studied H. chinensis population, three different statistics,
including composite likelihood rate (CLR) (Williamson et al., 2007), nucleotide diversity (), and Tajima’s D (Tajima, 1989) were
calculated based on filtered SNPs. Tajima’s D and © were calculated using VCFtools with a sliding windows size of 10 Kb and step size of
5Kb. CLR was calculated using SweeD ver.3.2.1 (Pavlidis et al., 2013) with a sliding window size of 10 Kb. Sites located in regions with
negative Tajima’s D, lowest top 5 % =, and highest top 5 % CLR values were identified to have positive selection signals. To infer the
relationship between genes with positive selection signals and adaptation, genes harboring sites with positive selection signals sup-
ported by all three statistical methods were enriched in the KEGG pathways. The roles of genes with positive selection signals in
response to biotic/abiotic stress were inferred from the published works of literature.

2.8. In vitro functional validation of a positively selected gene

To verify whether the function of positively selected genes is consistent with the annotation, we chose the indole-3-pyruvate
monooxygenase (YUCCA) that catalyzed indole-3-pyruvic acid (IPA) into indole-3-acetic acid (IAA) (Yamamoto et al., 2007). To
obtain the recombinant protein, the YUCCA gene was synthesized and cloned into pSmart-I plasmids, then expressed in E. coli strains
BL21(DE3). The purification of recombinant proteins (purity > 90 %) was tested using SDS-PAGE with modified nickel-nitrilotriacetic
acid agarose (Thermo Fisher Scientific).

To test the enzyme activity, 200 pg purified recombinant protein was added into a reaction system (1 ml) composed of 1000 uM
IPA, 400 pM flavin adenine dinucleotide disodium salt hydrate (FAD), 10 pM p-Nicotinamide adenine dinucleotide 2'-phosphate
reduced tetrasodium salt (NADPH), and phosphate buffered saline (PBS) buffer (pH = 7.4). The reaction system was incubated for
5 min and reacted for 15 min. The products were centrifuged using Centrifuge 5424 R (Eppendorf, Germany) at 12,000 rpm after
overnight storage at —20°C. The products were detected in a UPLC combined with a QTRAP® 6500 + MS system equipped with an
electrospray ionization (ESI) source (AB SCIEX). Parameters were determined by infusion of IAA standard (100 ng/ml). The ESI pa-
rameters for negative mode were: ion spray voltage, 5500 V; heated probe temperature, 400 °C curtain Gas, 35 psi; cone temperature,
550 °C; probe gas flow, 55 psi; nebulizing gas, 55 psi. The catalyzed IAA was separated from products using a Kinetex C18 column
(2.6 pm, 2.1*100 mm, Phenomenex), and we used Analyst ver.1.6.3 (AB SCIEX) to analyze data. This enzyme activity assay was
repeated three times, and controls were set without adding the enzyme.

2.9. Comparative genomics

For further exploring the species-specific molecular footprints of adaptations in the genome of H. chinensis, we compared the
genome of H. chinensis with four genomes of other dipterocarp species (Dipterocarpus turbinatus: PRINA1056647, Parashorea chinensis:
PRJINA1056647, Shorea robusta: PRINA1056647 and Vatica mangachapoi: PRINA1056647). Gene families of these five dipterocarp
species were clustered using OrthoMCL ver.2.0.9 (Li et al., 2003), with a criterion of e <1 x 107° in ‘all-versus-all’ BlastP. The
single-copy orthologs that experienced positive selection were detected by the branch-site model using PAML ver.4.9 (Yang, 2007). We
characterized expanded and contracted gene families in the H. chinensis genome using CAFE ver.2.1 (De Bie et al., 2006), setting
default parameters. Positively selected genes and genes in contracted/expanded families were enriched into KEGG pathways. More-
over, we manually identified the gene families that were only present (specific gene families) or completely absent (lost gene families)
in the H. chinensis genome, and their potential contributions to the responses to biotic/abiotic stresses were determined through
comparisons to the published works of literature.

3. Results
3.1. Genome resequencing

We collected leaf tissues from 29 wild trees of H. chinensis in the nature reserve of Shiwandashan, where the wild trees of this
species are only distributed in an extremely narrow range (about 200 m x 400 m) (Fig. 1a). Using the Illumina platform, we obtained
482.9 Gb clean pair-end sequencing data from our sampled trees (Table S1). After mapping clean reads to the reference H. chinensis
genome (Wang et al., 2024), we detected a high mapping ratio (mean + S.E.: 87.1 % + 1.1 %), average mapping depth (33.3 + 0.6 x),
and genome coverage with mapping depth higher than 4 x (95.1 % =+ 0.2 %) (Table S1). We identified a total of 3097,336 SNPs, of
which 260,756 SNPs were in the exons of functional genes (Table S2), and the nucleotide diversity (z) was 2.44 x 1073,

3.2. Demographic history

The results of PSMC showed a declining trend in N, beginning at c. 200 kyr ago (Fig. S1). Using SMC++ based on three different
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Fig. 2. Frequency distribution and total lengths of runs of homozygosity (ROH) in H. chinensis with comparisons in the total length of ROH/genome
size (FROH) among three Hopea species (a-c) and evaluations of genetic loads in H. chinensis with comparisons among three Hopea species (d, e). (a-
¢), All indices are calculated for each sampled H. chinensis tree (N = 29). (d), The Venn diagram of derived deleterious mutations (DDMs) using the
results from PROVEAN and SIFT4G. (e), The accumulation of heterozygous and homozygous DDMs and the derived major-effect mutations
(DMEMs) in the genome of each sampled tree. Data of H. hainanensis (N = 30) and H. reticulata (N = 32) are obtained from Wang et al. (2024). In
each boxplot, the center lines, box edges, and whiskers represent medians, the 25 % and 75 % quartiles, and the upper and lower distribution of 1.5
tAimes the quartile range, respectively.

generation times, we found that N, reached the maximum at c. 4500 — 23000 years ago, followed by continuous sharp declines started
from about 2900 — 16000 years ago (Fig. 1b). These declines occurred after the LGM and N, decreased from the maximum (c. 1.0 —
5.0 x 10°) to less than 1000 (Fig. 1b). These results showed similar demographic history to that in H. hainanensis and H. reticulata
(Fig. 1b).

3.3. Genetic consequences of small population size

To explore the consequences of small remnant population size, we estimated both the inbreeding level and the genetic loads. The
ROH (runs of homozygosity) analysis showed a high frequency of short homozygous fragments (5 — 20 Kb) in all sampled trees
(Fig. 2a). We found only a few homozygous fragments longer than 100 Kb, but the total length of these fragments reached up to 7816
Kb, accounting for 2.3 % of the reference genome size (Fig. 2b). The ROH fragments composed 22.5 % of the H. chinensis genome,
which was far higher than the other two Hopea species (Fig. 2c¢), indicating high levels of inbreeding.

We identified 441 DDMs (in 425 genes) supported by both analyses using PROVEAN and SIFT4G (Fig. 2d). We found 337 DMEM:s in
332 genes (see Methods). Among these deleterious mutations, 278 DDMs (271 genes) and 262 DMEMs (257 genes) were homozygous
in at least one sampled tree, with a low number of homozygous deleterious mutations per sampled tree (87.1 + 1.1 DDMs and 98.1
+ 1.7 DMEMs) being homozygous per sampled tree (Fig. 2e). The genes containing DDMs and DMEMs were not significantly enriched
in any pathways (Table S3). Compared to H. hainanensis (678 DDMs and 416DMEMs) and H. reticulata (617 DDMs and 304 DMEMs),
we detected fewer DDMs and DMEMs in H. chinensis, but a similar number of DDMs and more DMEMs were observed with homo-
zygotes per sampled tree in this species (Fig. 2e).

3.4. Positively selected genes associated with adaptation

To identify the genes relevant to adaptations of H. chinensis at the northern boundary of Dipterocarpoideae, we first investigated the
genetic structure within our samples. The analysis using ADMIXTURE showed the lowest cross-validation at K = 1 (Fig. 3a), and the
first two axes of principal component analysis and the neighbor-joining phylogenomic tree did not show consistent results of genetic
clustering (Fig. 3b and c). Thus, all sampled trees belonged to only one genetic group.

Subsequently, we performed selective sweep analysis using three statistics (x, CLR, and Tajima’s D) to screen the genes with signals
of positive selection. We found 4142, 2102, and 8993 positively selected genes, with 49 genes supported by all three statistics (Fig. 3d
and e; Table S4). Among these 49 genes, we found five genes (YUCCA, small subunit ribosomal protein S8e (rps8), laccase (LAC), cyclic
nucleotide gated channel (CNGC), and MYB proto-oncogene protein (MYB)) participating in abiotic stress regulation and antioxidation
that are relevant to cold and drought tolerance (Table S4). Moreover, we also detected seven positively selected genes involved in
biotic stress signaling, plant defense modulating, pathogen response, and nonhost resistance, which are linked with plant defense and
immunity (Table S4). In addition, the MYB, LAC, and CNGC were also found to take part in secondary metabolism modulation and
pathogen resistance in plant defense and immunity (Table S4).

To validate the annotated function of the YUCCA gene, we conducted in vitro reactions and identified IAA in the products using a
UPLC, and the concentration of IAA (represented by the ion intensity) in the in vitro reactions was far higher than that in the control
reactions (Fig. 3f), confirming the function of this gene.

To further explore the molecular footprints associated with the adaptation of H. chinensis, our comparative genomics identified 935
positively selected genes (Fig. 4a; Fig. S2b). Though KEGG enrichment analysis yielded no significant results (Table S5), we found one
positively selected gene (25S rRNA (uracil2634-N3)-methyltransferase (BMT5)) also supported by all three statistics in the selective
sweep analysis (Figs. 3e and 4b; Table S4).

3.5. Expanded and contracted gene families

Our comparative genomics revealed 227 expanded and 52 contracted gene families (Fig. 4a). The expanded gene families were
significantly enriched into 18 KEGG pathways, including one and four pathways associated with responses to stresses (anthocyanin
biosynthesis (map00942)) and plant defense and immunity (e.g., phenylpropanoid biosynthesis (map00940)) (Table S6). The con-
tracted gene families were significantly enriched into four KEGG pathways participating in carbohydrate metabolism, steroid
biosynthesis, and endocytosis (Table S6). Intriguing, we found that 125 specific gene families, among which 23, 22, and 27, are
associated with responses to cold and drought and plant defense and immunity (Fig. 4c; Table S7). There were 30 lost gene families in
the H. chinensis genome, thirteen of which are relevant to abiotic and biotic stresses (Table S8).
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Fig. 3. Genetic structure of sampled H. chinensis trees (a-c), results of selective sweep analyses (d, e), and in vitro functional assay of indole-3-
pyruvate monooxygenase (YUCCA) (f). (a-c), Results of cross-validation error (CV error) of each assumed genetic group number (K) show that
the optimal K value is 1 in genetic clustering analysis, and assignment of sampled trees was also performed according to the first two principal
components from the principal component analysis and the neighbor-joining phylogenetic tree (both analyses also show the presence of only one
genetic cluster). (d), The Venn diagram of positively selected genes was revealed by three selective sweep analyses (Table S4). (e), Manhattan plots
show the distribution of CLR, #, and Tajima’s D values in each chromosome. We marked the genes supported by all three analyses and associated
with the plant’s responses to biotic and abiotic environments (Table S4). (f), The standard of indole-3-acetic acid (IAA) (at the concentration of
EOO ng/ml) and reaction products (treatment (with enzyme) and control (without enzyme) experiments) are identified using a UPLC.

4. Discussion

Unraveling the genomic characteristics linked with adaptations and population dynamics of species living on the edge of an
ecosystem improves our understanding of distributional constraints and future range shifts in the face of environmental changes (Liu
etal., 2024; Wang et al., 2023). In this study, our population genomic analysis revealed drastic population declines of H. chinensis after
the LGM, suggesting the contribution of post-glacial human activities to its endangered status. Though we found high levels of
inbreeding in this species, there were only a few DDMs and DMEMs, which were not significantly enriched into any KEGG pathway.
Furthermore, selective sweep analysis and comparative genomics detected many genes/gene families associated with responses to
biotic and abiotic stresses. These findings infer the factors causing the endangered status, evaluate the genetic consequences of
endangerment, and elucidate the adaptive molecular footprints.

All three studied dipterocarp species had similar demographic histories, showing the presence of dramatic post-LGM population
declines. These results coincide with the historical records of long-term human activities (Lipson et al., 2018). As many dipterocarp
species produce high-quality timbers (Luo et al., 2024), H. chinensis may have suffered long-term logging for building architectures and
furniture-making. Moreover, our demographic evidence, along with the observation of ongoing severe logging and land use change
(Luo et al., 2024; Stibig et al., 2014), further support the dominant role of human disturbances in forming the endangered status of
Dipterocarpoideae.

Nevertheless, the recovery of protected species is underpinned by genetic factors (Li et al., 2005). As H. chinensis is a diploid species,
a small remnant population size is expected to rapidly elevate inbreeding (Bortoluzzi et al., 2020). This is in accordance with our
results. Fortunately, unlike other endangered trees (Ma et al., 2021; Yang et al., 2018), the high level of inbreeding has not yet caused a
severe accumulation of derived deleterious mutations and major-effect mutations. This is probably because the bottleneck only
occurred a few hundred generations ago, and/or strong purifying selection has excluded mutations with serious negative effects on
survival and reproduction (Mathur and DeWoody, 2021). Compared with the two congeneric species, we found a similar number of
DDMs and more DMEMs that were homozygous in at least one tree, indicating a higher possibility of fixation of a DDM/DMEM in
H. chinensis, which is likely to lead to negative effects on fitness and consequently cause significant genetic load in the future. Although
H. hainanensis and H. reticulata are autotetraploid species and homozygotes are less likely to be formed than closely related diploid
species (Husband et al., 2008; Parisod et al., 2010), our findings show evidence for a certain degree of genetic load in H. chinensis.

Genes with signals of positive selection and expanded/contracted gene families form the molecular basis of adaptations (Ma et al.,
2024). In this study, many positively selected genes and specific gene families relevant to the responses to cold and drought stresses.
These findings coincide with the climate in our sampling area, where the minimum recorded temperature can reach to 0 °C and the
annual precipitation is only 1200 — 1500 mm (Tan et al., 2005). Thus, these genes/gene families are likely to reflect the consequences
of adaptive evolution and assist H. chinensis living at the northern boundary of dipterocarps’ range. Moreover, we also detected many
positively selected genes and specific gene families linked with plant defense and immunity. Given that the composition of herbivores
and pathogens may vary drastically across different areas due to changes in climate and environment (Hamann et al., 2021; Makiola
et al., 2022), these genes/gene families revealed a potential gene pool specialized for fighting against the endemic natural enemies,
which may have been long coevolved with H. chinensis. Many lost gene families are also associated with plants’ responses to abiotic and
biotic stresses. They may be the footprints of long-term evolution driven by the specific climates and natural enemies at the northern
boundary of Dipterocarpoideae because the expansion and contraction of gene families generally reflect the needs of organisms in the
adaptation to specific environments (Ma et al., 2024). In addition, the gene (BMT5) supported by both selective sweep analysis and
comparative genomics is likely to contribute to the adaptation to abiotic stresses because it participates in antioxidation and can help
Candida glycerinogenes tolerate acetic acid stress (Zhou et al., 2024).

Together with our previous findings in other dipterocarp species, we summarized the following conservation strategies for en-
dangered dipterocarps. First, the most urgent conservation intervention is to establish nature reserves completely covering the
remaining populations to prevent further anthropogenic interference. Second, to prevent further accumulation of deleterious muta-
tions, it is necessary to mitigate the high levels of inbreeding. Thus, we should carry out conservation efforts to protect pollinators and
seed dispersers associated with dipterocarps for ensuring outcrossing (Wang et al., 2020). However, the composition of these or-
ganisms and the strength of their interactions with dipterocarps are poorly known, though some tiny insects have been recorded to be
pollinators (Kato et al., 2008; Lu et al., 2020). More detailed and quantitative studies on the pollination and seed dispersal networks
will be extremely helpful for determining the essential mutualists for endangered dipterocarps. Third, when choosing the locations for
ex-situ conservation, we ought to pay attention to local abiotic and biotic conditions (Tang et al., 2020). We, therefore, need a
comprehensive description of both environmental factors and antagonist assemblages in the native ranges of endangered dipterocarp
species and the candidate locations for ex-situ conservation to assess the feasibility of transplants. As genomic signatures linked with
plant defense and immunity have also been detected in other dipterocarps (Wang et al., 2024), each species may face distinct
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combinations of biotic stresses.

In this study, we reveal the genomic characteristics linked with adaptations to the northern limit of Dipterocarpoideae and po-
tential causative factors explaining the endangered status, providing novel insights into conserving these world’s charismatic trees. We
highlight the importance of further accumulating genomic studies to reach more comprehensive and representative results for
developing more robust actions for Dipterocarpoideae protection. It is also necessary to carry out empirical experiments (e.g., common
garden experiments) to examine the associations between genetic variations and adaptations revealed by genomic studies to improve
ex-situ conservation strategies. As recent human activities have dramatically altered interspecific interactions that have long coevolved
and consequently threaten the persistence of species (Wang et al., 2020; Yang et al., 2023), we emphasize the necessity to implement
biological conservation beyond the target species by including both mutualistic and antagonistic networks. For policy making and
conservation strategy designing, we appeal for establishing nature reserves for endangered dipterocarp species, where human ac-
tivities should be strictly restricted rather than only protecting wild trees of target species.
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