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Abstract
When challenged by similar environmental conditions, phylogenetically distant taxa often independently evolve 
similar traits (convergent evolution). Meanwhile, adaptation to extreme habitats might lead to divergence between 
taxa that are otherwise closely related. These processes have long existed in the conceptual sphere, yet molecular 
evidence, especially for woody perennials, is scarce. The karst endemic Platycarya longipes and its only congeneric 
species, Platycarya strobilacea, which is widely distributed in the mountains in East Asia, provide an ideal model 
for examining the molecular basis of both convergent evolution and speciation. Using chromosome-level genome 
assemblies of both species, and whole-genome resequencing data from 207 individuals spanning their entire distri-
bution range, we demonstrate that P. longipes and P. strobilacea form two species-specific clades, which diverged 
around 2.09 million years ago. We find an excess of genomic regions exhibiting extreme interspecific differentiation, 
potentially due to long-term selection in P. longipes, likely contributing to the incipient speciation of the genus 
Platycarya. Interestingly, our results unveil underlying karst adaptation in both copies of the calcium influx channel 
gene TPC1 in P. longipes. TPC1 has previously been identified as a selective target in certain karst-endemic herbs, 
indicating a convergent adaptation to high calcium stress among karst-endemic species. Our study reveals the genic 
convergence of TPC1 among karst endemics and the driving forces underneath the incipient speciation of the two 
Platycarya lineages.

Key words: comparative genomics, ecological speciation, gene flow, molecular convergence, positive selection, popu-
lation genetics, walnut family, TPC1.
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Introduction
Convergent evolution, in which distinct lineages inde-
pendently evolve similar traits, is prevalent in both animals 
and plants and has fascinated evolutionary biologists for 
centuries (Darwin 2004). Some of the most well-known ex-
amples of convergent evolution include high-altitude 
adaptation in humans and domestic animals in the 
Tibetan plateau (Gou et al. 2014; Wu et al. 2020) and echo-
location in bats and toothed whales (Li et al. 2010; Liu et al. 
2010; Parker et al. 2013). Furthermore, many extremophile 
plants have been found to exhibit similar traits and adap-
tive strategies in response to intense selective pressures 
from a similar or shared habitat, such as low temperature 

(Yeaman et al. 2016), low nutrients (Fukushima et al. 
2017), high salinity (Xu et al. 2017; Lyu et al. 2018; He 
et al. 2020), and heavy metal toxicity (Preite et al. 2019). 
Whereas at the same time, adaptation to extreme habitats 
also frequently leads to the divergence among closely re-
lated lineages, which is described as a “relay race” that be-
gins with physiological and epigenetic adaptations and 
concludes with slower, longer-lasting genetic adaptations 
(Yona et al. 2015). The accumulation of sufficient genetic 
variants eventually triggers the initiation of speciation 
(Kautt et al. 2020; Todesco et al. 2020; Nosil et al. 2021). 
Despite this understanding, molecular evidence for such, 
on the one hand, convergence in phenotype, and on the 
other hand, incipient speciation, remains elusive at the 
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gene, pathway, or genetic level, especially in woody plants 
(Sackton and Clark 2019; Xu et al. 2020).

The karst habitats, known for their elevated levels of cal-
cium (Ca) and magnesium (Mg), increased pH value, and 
reduced water storage capacity relative to non-karst soils 
(Nie et al. 2010; Hao et al. 2014; Geekiyanage et al. 2019) 
has long been recognized as “natural laboratories” for ex-
ploring adaptative evolution and speciation (Clements 
et al. 2006; Oliver et al. 2017). Plants living in karst habitats 
are characterized as high Ca and drought tolerant. 
Advances in comparative genomics and population genet-
ics have revealed evidence of adaptive evolution in some 
karst plant taxa. For instance, Tao et al. (2016) demon-
strated that TPC1, a major reactive oxygen species 
(ROS)-responsive Ca2+ channel, is potentially involved in 
the local adaptation to karst Ca2+-rich environments of 
Primulina (Gesneriaceae). In the cave plant, Primulina 
huaijiensis, Feng et al. (2020) pointed out that the rapid ex-
pansion of the WRKY gene family facilitated adaptation to 
limestone karst. Other studies have also unveiled adaptive 
signals in genes from karst-inhabiting herbaceous taxa, 
such as Marsdenia tenacissima (Zhou et al. 2023), 
Urophysa (Xie et al. 2021), and Lonicera confusa (Jin et al. 
2018). However, as the dominant and constructive species 
of karst forest (Geekiyanage et al. 2019), woody plants are 
poorly studied. Given that woody plants have longer gen-
eration times and generally smaller effective population 
sizes than herbs, thus requiring more time to amass signifi-
cant genetic adaptations, it would be instructive to inves-
tigate how woody plants gradually adapt to harsh karst 
environments.

Platycarya longipes (Juglandaceae), a common domin-
ant species in karst forests, is confined to limestone sub-
strates and hence considered to be Ca tolerant (Kuang 
and Lu 1979; Zhang et al. 2010). In contrast, its only con-
generic species, Platycarya strobilacea, has a widespread 
distribution in the sunny mountain regions of East Asia 
with typical soil types (Manos and Stone 2001; Fukuhara 
and Tokumaru 2014; Kozlowski et al. 2018). Some contro-
versy over the taxonomic status of the Platycarya species 
persists, with some studies supporting the “two species” 
scenario based on the leaf, fruit, pollen, and leaf epidermis 
morphology, cytotaxonomy, and molecular systematics 
(fig. 1a) (Luo 2015; Wan et al. 2017), whereas others treat-
ing P. longipes as an ecological variant of P. strobilacea (Lu 
et al. 1999; Fang et al. 2011; Chen et al. 2012). Given their 
distinct differences in morphology and habitat, P. longipes 
and P. strobilacea represent a promising system for study-
ing karst adaptation, convergent evolution, and speciation.

In this study, we aimed to address the following ques-
tions pertaining to the two Platycarya lineages: 1) 
What mechanisms enabled the adaptation of the woody 
tree species, P. longipes, to the challenging karst limestone 
environment? 2) Does evidence for convergent evolution 
exist between woody trees and herbs residing in karst ha-
bitats? 3) To what extent has such adaptation driven the 
differentiation and speciation of the two Platycarya 
lineages? To answer these questions, we assembled 

high-quality chromosome-level reference genomes of 
both P. longipes and P. strobilacea and resequenced gen-
omes of 207 individuals covering the entire distribution 
ranges of the two species (fig. 1b). Additionally, we se-
quenced the transcriptomes of 36 experimental seedlings 
of both species from four-time points under high Ca–Mg 
treatment and 36 P. longipes and 29 P. strobilacea wild indi-
viduals (5–10 years old) from three sympatric field popula-
tions. Our analyses detected signals of convergent evolution 
for the TPC1 gene in the Ca-tolerant P. longipes and re-
vealed, for the first time, the genomic changes and tran-
scriptomic signatures for karst adaptation of woody trees.

Results
Genomic Profiles of P. longipes and P. strobilacea
We have generated high-quality, chromosome-level refer-
ence genomes for the species P. longipes and P. strobilacea, 
with estimated genome size of 695.798 Mb and 703.509 
Mb, respectively (figs. 1c and S1 and notes, 
Supplementary Material online). Using fluorescence in 
situ hybridization (FISH)-based karyotype analysis and 
flow cytometry, we grouped the contigs of both species 
into 15 pseudochromosomes (supplementary fig. S1, 
Supplementary Material online), resulting in ∼99.94% 
and ∼97.38% of the assembled sequences being properly 
anchored for P. longipes and P. strobilacea, respectively 
(supplementary table S1, Supplementary Material online). 
The predicted number of protein-coding genes was 29,525 
and 29,330 for P. longipes and P. strobilacea, respectively 
(supplementary table S2, Supplementary Material online), 
in addition to repeats (supplementary table S3, 
Supplementary Material online) and noncoding RNAs 
(supplementary table S4, Supplementary Material online). 
Approximately 94% of 1,440 benchmarking universal 
single-copy (BUSCO) genes were recovered full-length in 
both genomes (supplementary table S1, Supplementary 
Material online). Additionally, 93.04% of the genes in 
P. longipes and 99.03% in P. strobilacea could be assigned 
to entries in six functional databases (supplementary 
table S5, Supplementary Material online). Further details 
regarding the genome assembly and annotation can be 
found in supplementary note 1, Supplementary Material
online. Interspecies synteny analysis showed that the first 
half of chromosome 14 in P. longipes and P. strobilacea cor-
responds to chromosome 14 in Juglans regia (Zhu et al. 
2019), whereas the second half corresponds to chromo-
some 15 in J. regia, indicating a chromosome fusion event 
occurred in the ancestral species of Platycarya through an 
end–end translocation (Mandakova and Lysak 2018) 
(supplementary fig. S1, Supplementary Material online).

Population History Revealed Asymmetric Migration 
in the Differentiation of the Two Species
The results of the population structure analysis based on 
2,182 neutral and independent genome-wide single nucleo-
tide polymorphisms (SNPs) were consistent with 
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morphological features. The optimal number of genetic 
clusters (K) was two, with all sampled individuals clearly 
subdivided into two species-specific groups and some indi-
viduals exhibiting admixture (fig. 2a). The SNP-based phylo-
genetic trees also revealed two primary clades, P. longipes 
and P. strobilacea, and one admixture clade, rather than a 
nested topology (fig. 2b). When K = 3, the admixed 
individuals were aggregated into a separate cluster 
(supplementary fig. S2, Supplementary Material online). 
Furthermore, we found that only 11% of the genome-wide 
polymorphisms were shared between species, with the re-
mainder ascribed to either P. strobilacea (37%) or P. longipes 
(51%) (supplementary fig. S2, Supplementary Material on-
line). These results suggest that P. longipes and P. strobilacea 
are separate species with some cross-species admixtures, ra-
ther than one being ancestral to the other. In addition, prin-
cipal component analysis (PCA) of the independent SNPs 
also revealed P. longipes and P. strobilacea as two distinct 
groups in the first principal component (PC1), with a small 
number of admixed individuals in between (fig. 2c). 

Followed by a massive drop of explained variation (from 
12.82% to 7.10% and 6.91%), the PC2 and PC3 further 
divided P. longipes into different subpopulations 
(supplementary fig. S2, Supplementary Material online). 
As for the whole-genome population statistics, the 
weighted mean of the fixation index (FST) between the 
two species was 0.479 ± 0.161 (supplementary table S6, 
Supplementary Material online), and the absolute pairwise 
nucleotide divergence between species (DXY) was 0.009 ±  
0.003 (supplementary table S6, Supplementary Material on-
line). In addition, our analysis revealed that P. longipes man-
ifests reduced levels of genome-wide heterozygosity per 
individual, denoted as Het, and a higher inbreeding coeffi-
cient, FIS, as compared with P. strobilacea (supplementary 
table S6, Supplementary Material online). These observa-
tions lend support to the notion that the karst adaptation 
of P. longipes has resulted in a limited and fragmented range 
for this species.

The pairwise sequentially Markovian coalescent (PSMC) 
(Li and Durbin 2011) analysis revealed that the 

FIG. 1. Morphology, habitat, geographic distribution and genome features of P. longipes and P. strobilacea. (a) Shape of trees, habitat, and shape of 
fruits of P. longipes and P. strobilacea. (b) Sample distribution in this study. The circles indicate where the 85 individuals of P. longipes and the 122 
individuals of P. strobilacea were sampled. The enlarged box in the upper left corner represents where the field transcriptome samples were 
collected. (c) Genome structure of P. longipes and P. strobilacea. Different tracks (moving outward) denote identified (A) syntenic blocks, either 
intraspecific or interspecific; (B) gene density in 100 kb sliding windows; (C ) copia density in 10 kb sliding windows; (D) gypsy density in 10 kb 
sliding windows; and (E) chromosomes.
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demographic histories of the two species were very similar 
until ∼2 million years ago (Mya), suggesting a possible 
time of divergence between them. Subsequently, the ef-
fective population size (Ne) of P. strobilacea stabilized at 
∼1 Mya, whereas the Ne of P. longipes continued to in-
crease and reached its peak at ∼0.5 Mya (fig. 2d). 
Overall, our analysis reveals a comparable Ne of 10,000– 
40,000 for both species. This is supported by similar levels 
of population genetic diversity (π) observed for both spe-
cies (supplementary table S6, Supplementary Material on-
line). To further investigate the population demographic 
history, we employed the isolation-with-migration (IM) 
model in IMa3 (Hey et al. 2018), using 200 independent 
and noncoding loci. IMa3 results indicated that the two 
species diverged at ∼2.09 Mya (95% highest posterior 
density [HPD]: 1.89–2.31 Mya), with asymmetric bidirec-
tional gene flow between the two species (fig. 2e and 
supplementary table S7, Supplementary Material online). 
The estimated Ne of P. longipes and P. strobilacea were 
36,329 (95% HPD: 34,101–38,580) and 16,591 (95% HPD: 

15,279–17,887), respectively, both being higher than the 
Ne of their common ancestor (Ne_anc = 4,923 [95% HPD: 
1,899–7,852]).

Natural Selection Dominated the Formation of 
Highly Differentiated Regions
Most nonoverlapping 25-kb windows throughout the gen-
ome showed high genetic differentiation between P. long-
ipes and P. strobilacea, as evidenced by a weighted mean 
FST of 0.479 ± 0.161 (fig. 3a). To access the contribution 
of neutral historical demography to this pattern, we con-
ducted 500,000 coalescent simulations using ms software 
(Hudson 2002) based on the isolation with migration 
(IM) model estimated from IMa3. Comparison of the ob-
served FST distribution with the expected null distribution 
from the simulations showed a flatter distribution with a 
greater presence of extremely high and low values (fig. 
3a). Furthermore, we identified 2,347 and 3,240 outlier 
windows exhibiting significantly (false discovery rate 

(a)

(b)

(c) (d) (e)

FIG. 2. Genetic structure and demographic history of P. longipes and P. strobilacea. (a) Genetic structure of the two species inferred using 
STRUCTURE v. 2.3.4 (Pritchard et al. 2000). The y-axis quantifies subgroup membership, and the x-axis shows each individual. (b) The phylo-
genetic tree depicting 130 unrelated individuals was reconstructed using SVDquartets (Chifman and Kubatko 2014) and rooted by J. regia. 
Clades exhibiting bootstrap values below 75 were collapsed. (c) PCA plot based on genetic covariance among all individuals of P. longipes 
and P. strobilacea. The first two PCs are shown. (d ) PSMC estimates of the effective population size (Ne) changes for P. longipes and P. strobilacea. 
The time scale on the x-axis is calculated assuming a neutral mutation rate per year (μ) = 2.06 × 10−9 and generation time (g) = 30 years. The 
vertical bar indicates the divergence time inferred by IMa3. (e) The best-fitting demographic model inferred by IMa3. Boxes represent popula-
tions, with widths proportional to estimated effective population sizes (ancestral Ne is given for scale). Confidence intervals are indicated as 
dashed-line boxes aligned with the corresponding population’s box on the left side. Estimated population migration rates (2Nem, indicated 
by a directional arrow) that are associated with a migration rate significantly >0 based on a marginal likelihood ratio test (Nielsen and 
Wakeley 2001) are shown together with their estimated 2Nem values (***P < 0.001). The inferred demographic parameters are described in 
the text and shown in supplementary table S7, Supplementary Material online.
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[FDR] < 0.01) high and low interspecific FST compared with 
the expected null distribution (fig. 3a). These windows, with 
the most extremely high FST values, were identified as gen-
omic islands of divergence and were found to be dispersed 
across the genome with a higher concentration in the mid-
dle and towards the end of chromosomes (fig. 3b).

To explore how various evolutionary processes have 
shaped the patterns of genomic divergence, we further 
quantified and compared interspecific genomic differenti-
ation between two unions of outlier windows and the rest 
of the genome. Utilizing absolute pairwise nucleotide di-
vergence between species (DXY) and the proportion of 

FIG. 3. Genomic islands of divergence. (a) Distribution of genetic differentiation (FST) between P. longipes and P. strobilacea from the observed 
and simulated data sets based on the best-fitting demographic model inferred by Ima3. The dashed lines indicate the thresholds for determining 
significantly (FDR <1%) high and low interspecific differentiation based on coalescent simulations. (b) Chromosomal distribution of genetic 
differentiation (FST) between P. longipes and P. strobilacea. Comparisons of (c) Dxy and the proportion of interspecific shared polymorphisms, 
(d) nucleotide diversity (π), (e) Tajima’s D, ( f ) LD measured in squared correlation coefficients r2, and (g) recombination rate, scaled by popu-
lation sizes in 25 kb size windows, among regions displaying significantly high and low differentiation versus the genomic background. Asterisks 
designate significant differences between outlier windows and the rest of genomic regions by Mann–Whitney U test (*P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001).

5

https://doi.org/10.1093/molbev/msad121


Cao et al. · https://doi.org/10.1093/molbev/msad121 MBE

interspecific shared polymorphisms, we also compared the 
nucleotide diversity (π), Tajima’s D, recombination rate 
(ρ = 4Nc), and linkage disequilibrium (LD, measured by 
squared correlation coefficients, r2, between pairs of 
SNPs within each species). The results indicated that com-
pared with the genomic background averages, the DXY and 
the proportion of interspecific shared polymorphisms 
were significantly lower (P < 0.0001 and P < 0.01, Mann– 
Whitney U test) in the highly differentiated regions (fig. 
3c). Moreover, these regions exhibited significantly re-
duced levels of polymorphisms, skewed allele frequency 
spectra towards rare alleles (more negative Tajima’s D), 
and stronger signals of LD (higher r2) (P < 0.0001, 
Mann–Whitney U test) (fig. 3d–f). These findings demon-
strated that the elevated genetic differentiation of genom-
ic divergence islands resulted from reduced genetic 
diversity within species rather than increased absolute 
genetic distance between species. Additionally, recombin-
ation rates were significantly suppressed in outlier regions 
displaying exceptionally high or low interspecific differen-
tiation relative to the genomic background (fig. 3g). Our 
analysis revealed a significant negative correlation between 
relative divergence, represented by FST, which depends on 
genetic diversity within species, and the recombination 
rates in P. longipes (Spearman’s ρ = −0.057, P = 6e−14) 
(supplementary fig. S3, Supplementary Material online). 
Conversely, we found a positive correlation between abso-
lute divergence DXY and recombination rates in P. longipes 
(Spearman’s ρ = 0.016, P = 0.035) (supplementary fig. S3, 
Supplementary Material online). Collectively, these results 
suggest that natural selection, particularly long-term 
linked selection in P. longipes, may have a dominant role 
in the formation of genome islands of species divergence.

Gene Copy Number Variation as the Source for Karst 
Adaptation in P. longipes
DNA copy number variations (CNVs) play a crucial role in 
the evolutionary adaptation and trait innovations of or-
ganisms (Ohno 2013; Wang et al. 2019). The mutation 
rate of CNVs is much higher than that of single base muta-
tions (Lynch and Conery 2003; Lynch and Walsh 2007; 
Katju and Bergthorsson 2013). Here, we explored the 
role of the expansion of gene families such as whole- 
genome duplication (WGD) and tandem duplications in 
the adaptation of P. longipes to karst limestone.

Analysis of synonymous substitutions per synonymous 
site (Ks) between syntenic paralogs within the genomes 
shows that the genus Platycarya shared one ancient 
WGD event with the walnut family (fig. 4a), as previously 
suggested in several studies (Huang et al. 2019; Zhu et al. 
2019; Ding et al. 2023). Based on sequence homology, a to-
tal of 327,237 genes were clustered into 23,452 families, of 
which 8,868 families were shared by all 11 angiosperm spe-
cies included in the analysis (see Materials and Methods), 
and 130 were specific to P. longipes (fig. 4b). Using CAFÉ 
v4.2 (De Bie et al. 2006; Han et al. 2013), we inferred the 
ancestral gene content at each node of the species tree 

covering 11 taxa across the angiosperms and modeled sig-
nificant changes along each branch (fig. 4c). This analysis 
indicated that P. longipes had 46 significantly expanded 
gene families (P < 0.01) containing 305 genes, compared 
with the inferred ancestral Platycarya genome 
(supplementary table S8, Supplementary Material online). 
Furthermore, our investigations into the origin of the ex-
panded gene families revealed that the majority (79.67%) 
of these gene families were derived from tandem duplica-
tions, supporting the recent divergence of the two species. 
Additionally, 73 gene families were found to be significant-
ly contracted in P. longipes, with only 186 genes remaining, 
whereas in P. strobilacea, there were 768 genes in these 73 
gene families (supplementary table S9, Supplementary 
Material online).

Gene Ontology (GO) enrichment analysis revealed 14 
molecular function terms and four biological process 
terms for the significantly expanded gene families 
(supplementary fig. S4 and table S10, Supplementary 
Material online). These terms include metabolism-related 
enzymes (such as sucrose synthase activity, terpene syn-
thase activity, and transferase activity), ion channel and 
binding (such as extracellular glutamate-gated ion channel 
activity and manganese ion binding), response to wound-
ing, recognition of pollen, protein translation, and sucrose 
metabolic process. Additionally, in the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analysis, the 
expanded gene families were significantly enriched in 14 
pathways. Among these pathways, three related to envir-
onmental adaptation were identified (fig. 4d and 
supplementary table S11, Supplementary Material online), 
including Ca-binding protein, CML10 (K02183), heat shock 
70 kDa protein (K03283), and glutamate receptor (GLR) 
2.9 (K05387). Given that CNVs are frequently associated 
with molecular phenotypes, it is hypothesized that these 
pathways play a key role in the adaptation of P. longipes.

Positive Selection of TPC1A Underlies the Karst 
Adaptation in P. longipes
To investigate the genetic basis of karst adaptation in 
P. longipes, we performed a genome-wide screen to identify 
potential molecular targets underlying stress response. 
Despite the complex demographic history between P. long-
ipes and P. strobilacea, our analysis revealed multiple signa-
tures of positive selection in P. longipes. After applying 
strict filtering criteria (see Materials and Methods), we 
identified 178 25-kb windows that are likely to be under 
positive selection in P. longipes, as indicated by a significant 
decorrelated composite of multiple signals (DCMS) score 
(P < 0.05; fig. 5a). A functional enrichment analysis was 
conducted on the 232 genes within these candidate 
regions utilizing KEGG database, revealing a significant 
enrichment of genes involved in Ca influx channel 
(e.g., cyclic nucleotide-gated ion channel 2, CNGC2) and 
genes involved in stress-related processes (quinone 
oxidoreductase-like protein and polyadenylate-binding 
protein RBP45-like, FDR < 0.1, supplementary table S12, 
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Supplementary Material online). Further examination of 
the positive selection signals and neighborhoods of these 
candidate genes led to the identification of seven genes ex-
hibiting the strongest evidence of positive selection, 
TPC1A, CNGC1, NIPA6, MED8, PPIP5K1, SRP19, and 
TCP12, encompassing both stress-related and reproduct-
ive/developmental functional categories (fig. 5a and 
supplementary table S13, Supplementary Material online).

Among the seven candidate genes, TPC1A was found to 
be one of the two copies of TPC1, located on the recessive 
subgenome of Platycarya (Ding et al. 2023). TPC1A and 
TPC1B were generated after a WGD event, which was 
shared by all members of Juglandaceae (supplementary 
fig. S5, Supplementary Material online). Our analysis pro-
vided robust evidence of selection in the TPC1A region, 
as supported by all statistical tests conducted (fig. 5b). 
The genomic region of TPC1A was differentiated between 
P. longipes and P. strobilacea (FST = 0.522) with a decreased 
genetic diversity in P. longipes relative to P. strobilacea (πP. 

longipes/πP. strobilacea = 0.54). Tajima’s D showed that this 

region had a significant negative value in P. longipes 
(−2.209) but not in P. strobilacea (−0.888) (fig. 5b). To fur-
ther investigate the evolutionary relationship of TPC1A in 
Platycarya, a phylogenetic tree was reconstructed using 
the entire protein sequence of the gene for sequenced in-
dividuals of two Platycarya lineages, rooted with J. regia. 
The results showed that all accessions of P. longipes formed 
a monophyletic group nested within P. strobilacea (fig. 5c), 
implying that the TPC1A haplotypes of P. longipes origi-
nated from P. strobilacea. These findings suggest that 
TPC1A underwent positive selection in P. longipes.

TPC1 is a Ca influx channel that is ubiquitous in all land 
plants and has a conserved function between monocots 
and dicots (Hedrich and Marten 2011; Dadacz-Narloch 
et al. 2013). This channel is presumed to be involved in 
the high-Ca stress response, and it is highly conserved 
among different core eudicots. Previous studies have re-
ported that the TPC1 gene underwent positive selection 
for high-Ca adaptation in the karst herb genus Primulina 
(Tao et al. 2016) (Gesneriaceae), implying convergent 

(a) (b)

(d)(c)

FIG. 4. Comparative genomic analysis of P. longipes and P. strobilacea. (a) The Ks distribution for paralogous and orthologous gene pairs of 
P. longipes and P. strobilacea, J. regia, and V. vinifera. (b) Clusters of orthologous and paralogous gene families in P. longipes and P. strobilacea 
and nine other species of angiosperms. (c) Phylogenetic tree of 11 species based on a concatenated sequence alignment of 792 single-copy genes. 
Estimated divergence times and time scales are shown at the bottom. The solid circle represents the calibration node: the ancestor node of core 
eudicots (Aptian, 117 Ma; Jiao et al. 2012); the node age of the ancestor of the walnut family (Late Turonian to Santonian, 89.8–83.6 Ma; 
Heřmanová et al. 2011) based on the oldest fossil of Rhoiptelea; and ancestor node of Juglandoideae (Danian, 64 Ma; Zhang et al. 2013). The 
pie graphs represent the proportion of gene families that underwent expansion or contraction, compared with their most recent common an-
cestor. (d) KEGG enrichment of 305 genes involved in 46 significantly expanded gene families in P. longipes.
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(a)

(b)

(d)

(c)

FIG. 5. Signatures of positive selection and convergent adaptation in P. longipes. (a) Manhattan plot of DCMS values over the entire genome in a 
comparison of P. longipes versus P. strobilacea. Thresholds for significance at P = 0.05 (bottom line) and P = 0.01 (top line) are indicated. The 
x-axis shows each chromosome. (b) A zoom-in on five population genetic statistic scores, and DCMS scores, for the TPC1A region and its up-
stream and downstream 500 kb extension. Each data point is based on a sliding window analysis using nonoverlapping 25-kb windows. (c) A 
phylogenetic tree based on the entire length of the TPC1A gene, for the two Platycarya lineages and J. regia as the outgroup. (d ) A phylogenetic 
tree (left panel) and structure of the TPC1 gene protein domain (right panel) highlight gene-level convergent evolution of the TPC1 gene in 
plants living in karst habitats. The arrows show the location of missense variations. The stars mark the gene copy that is under positive selection. 
The suffixes c1, c2, c3, TPC1A, and TPC1B behind species names indicate different copies of the TPC1 gene family in the specific genome.
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adaptation of this gene in two distantly related karst taxa. 
To elucidate the origin of the adaptive evolution of TPC1 in 
P. longipes and Primulina, we reconstructed a core eudicot 
scale phylogeny of the TPC1 gene family (fig. 5d). Our re-
sults showed that Lamiales, including Primulina from dif-
ferent soil types, clustered into a highly conserved 
monophyletic group, and Platycarya clustered into an-
other monophyletic group along with other Fagales. This 
indicates that the adaptive evolution of TPC1 occurs inde-
pendently in the two karst taxa. Furthermore, we com-
pared the mutation sites on the TPC1 sequence between 
P. longipes and Primulina. Haplotype analysis of TPC1A re-
vealed a high degree of differentiation between P. longipes 
and P. strobilacea, as evidenced by 396 SNPs along the en-
tire gene length (47,529 bp) that have an interspecific FST 

value exceeding 0.5 (supplementary fig. S5, Supplementary 
Material online). Of these SNPs, four were coding varia-
tions, with two being missense mutations at amino acid 
sites 412 and 447. They were identified in the cytoplasmic 
and transmembrane domains of TPC1, respectively, with 
the former located close to the EF-hand, which senses 
cytoplasmic Ca2+ levels. Tao et al. (2016) identified five 
missense variations under positive selection in karst adap-
tive herbs Primulina, including the one located in the do-
main of EF-hand and one adjacent to it (fig. 5d). These 
variations could potentially result in functional changes 
to the TPC1(A) gene and might have contributed to the 
karst adaptation observed in corresponding taxa. As the 
adaptive signals were found in the same gene but for dif-
ferent sites in two distantly related taxa, we conclude 
that the TPC1 gene represents an example of gene-level 
convergent evolution for plants living in karst habitats, 
such as P. longipes and Primulina.

In addition to TPC1A, four additional genes related to 
ion transport also showed significant signals of selection 
(supplementary fig. S6, Supplementary Material online): 
CNGC1, a member of the CNGCs involved in the influx of 
cellular Ca2+ (Leng et al. 2002); NIPA6, an Mg2+ transporter; 
PPIP5K1, which participates in inward rectifier potassium 
channel activity; and SRP19, which is involved in the signal-
ing pathway for G protein–coupled receptors. The positive 
selection of these genes may have contributed to the adap-
tation of P. longipes to the stress of high Ca, Mg, and low 
potassium levels in the karst environments. Furthermore, 
MED8, a component of the mediator complex, and a tran-
scriptional regulator associated with plant defense, flower-
ing time, and pollen tube growth in Arabidopsis (Lalanne 
et al. 2004; Kidd et al. 2009), was identified as one of the 
genes under positive selection that is related to reproduc-
tion (supplementary fig. S6, Supplementary Material on-
line). TCP12, another positively selected gene (figs. 5a
and S6, Supplementary Material online), is a transcription 
factor that prevents axillary bud outgrowth and is prob-
ably involved in the auxin-induced control of apical dom-
inance (Aguilar-Martínez et al. 2007). Interestingly, we 
found that TCP12 was expressed in trace amounts in P. 
strobilacea but not in P. longipes across all three field- 
sampled populations (supplementary fig. S6, 

Supplementary Material online). Based on the function 
of this gene, we speculate that the TCP12 gene may be in-
volved in the morphological differentiation of P. longipes 
and P. strobilacea, where P. strobilacea exhibits more evi-
dent apical dominance with one main branch, whereas 
the branches of P. longipes radiate to the surroundings.

Different Transcriptional Programs Indicate 
P. longipes Has a Greater Capacity to Respond to High 
Ca–Mg Stress than P. strobilacea
To systematically explore the transcriptional adaptations 
of P. longipes and compare the molecular responses to 
high Ca and Mg stress between the two species, we con-
ducted RNA sequencing (RNA-seq) analysis upon 1) three 
versus three field-collected samples from both leaf and 
root tissues (fig. 1b) and 2) three versus three laboratory- 
collected samples from the root, stem, and leaf tissues with 
high Ca–Mg treatment for 0 h (baseline without treat-
ment), 6 h, 1 day, and 7 days (fig. 6a).

First, to examine the transcriptional differences be-
tween two species in response to high Ca and Mg stress, 
we detected the differentially expressed genes (DEGs) be-
tween two species, P. longipes and P. strobilacea, in sympat-
ric populations under similar climatic conditions but 
differing soil environments, using field-collected samples. 
Among the DEGs present in at least two populations, 
4,296 genes were upregulated and 1,420 genes were down-
regulated in the leaf tissue of P. longipes, whereas 856 genes 
were upregulated and 913 genes were downregulated in 
the root tissue of P. longipes. Moreover, the upregulated 
genes in the wild leaf tissues of P. longipes were enriched 
in the three pathways associated with high Ca adaptation 
and ion transport across membranes (FDR < 0.05, fig. 6b). 
These pathways include GLR 3.3, putative Ca-binding pro-
tein CML19, and autoinhibited Ca2+-ATPase 1 isoform 1, 
pointing to the systematic functional changes in Ca ion 
transport and metabolites in P. longipes.

Second, we evaluated the adaptive potential of the gene 
expression plasticity (He et al. 2021) of the two species un-
der conditions of high Ca–Mg stress using laboratory- 
collected samples. We identified 913, 1,230, and 2,206 
genes in each species that were differentially expressed 
in the leaf, root, and stem throughout time relative to 
0 h, and 94%, 71%, and 87% of these genes were regulated 
in the same manner (supplementary fig. S7, 
Supplementary Material online). This indicated that under 
high Ca and Mg stress conditions, most DEGs are simultan-
eously regulated in two species. To assess the magnitude of 
plastic responses in P. longipes compared with P. strobila-
cea, we evaluated the slope of plastic response to high 
Ca–Mg stress at each time point t. Our analysis identified 
78 genes in P. longipes with significantly enhanced 
response to stress (FDR < 0.1). The KEGG enrichment 
analysis on these genes revealed terms such as autoinhib-
ited Ca2+-ATPase 1 isoform 1, Mg transporter MRS2–2, 
and dehydration-responsive element-binding protein 
(supplementary table S14, Supplementary Material
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online). The enhanced response of these genes to high 
Ca–Mg stress may contribute to the adaptation of 
P. longipes in karst field habitats.

Last, we compared the coexpression network of the two 
species, P. longipes and P. strobilacea. The coexpression 
network of P. longipes was clustered into 37 distinct mod-
ules, whereas the network of P. strobilacea was divided into 
48 modules (supplementary fig. S7, Supplementary 
Material online). Out of the 37 modules in P. longipes, 28 
(75.68%) were found to be conserved in P. strobilacea, 
whereas the remaining nine modules were unique to 
P. longipes. Further, we performed a functional enrichment 
analysis for each coexpression module. Interestingly, the 
nine unique coexpression modules from P. longipes are 
enriched in genes related to wounding response 
(supplementary table S15, Supplementary Material on-
line), indicating that under the high Ca–Mg stress, the cap-
acity of wounding response of P. longipes may differ from 
that of P. strobilacea.

In our findings, whereas no significant differences were 
observed in the expression of the genetically adapted 
TPC1A gene, the other TPC1 gene, TPC1B, displayed signifi-
cant upregulation in both species in the stem at 6 h and 
1 day posttreatment, with a magnified response observed 

in P. longipes (fig. 6c). Interestingly, our comprehensive 
evaluation of 578 coexpressed genes linked to TPC1B (fig. 
6d and e) revealed that 190 of these genes exhibit differen-
tial expression between the two species, in at least one tis-
sue. This result represents a significant enrichment of DEGs 
compared with the overall DEG pool, as determined by the 
chi-squared test (P = 0.0041). This suggests that TPC1B 
and its interacting genes are more sensitive and active in 
regulating cytoplasmic Ca2+ influx in response to high Ca 
stress in P. longipes. On the other hand, the number of co-
expressed genes linked to TPC1A was found to be signifi-
cantly lower in P. longipes compared with P. strobilacea, 
suggesting that genetic changes have led to a substantial 
change in the molecular function of TPC1A in P. longipes 
(fig. 6d). These findings provided an additional line 
of the involvement of TPC1 in the karst adaptation of 
P. longipes.

When focusing on the seven genes under positive selec-
tion in P. longipes, we found that although none of the se-
ven genes was differentially expressed between two species 
across the measured tissues, three genes (CNGC1, NIPA6, 
and MED8) were significantly differentially coexpressed be-
tween two species (P adjust < 0.0001) (fig. 6e). These three 
genes belong to modules that were conserved in both 

FIG. 6. Mechanism of high Ca2+ adaptation in P. longipes. (a) A schematic representation of the transcriptome experimental design. (b) 
Expression patterns of upregulated genes involved in the above three categories of Ca2+ concentration regulation in P. longipes compared 
with P. strobilacea. (c) Magnified and mitigated response to Ca2+ in the stem tissue of P. longipes compared with P. strobilacea after 6-h 
high Ca–Mg treatment. y-axis: the ratio of the response ratios; x-axis: the ratio of gene expression after 6 h in P. strobilacea. Bars represent 
the gene number in each quadrant of the plot. (d ) The Euler diagram shows the intersections of the genes that show coexpression with 
TPC1A and TPC1B, in two species. TPC1B_PL refers to the genes coexpressed with TPC1B in P. longipes, whereas TPC1B_PS refers to the genes 
coexpressed with TPC1B in P. strobilacea. (e) The coexpression networks of genes under positive selection and TPC1B. ( f ) The relay mode of the 
high Ca adaptation mechanism in P. longipes. The color represents the adaptation stage of the gene. CMLs, CaM-like proteins; ACAs, Ca efflux 
channel autoinhibited Ca2+-ATPases; CNGCs, Ca influx channel cyclic nucleotide-gated channels; GLRs, Ca influx channel glutamate receptor 
homologs; TPC1s, Ca influx channel two-pore channels.
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species, but the coexpression links between the candidate 
gene and other genes within the modules were different. 
Similar to TPC1A, the number of linked coexpression genes 
for these three genes is lower in P. longipes compared with 
in P. strobilacea. Regarding the expression patterns, the 
modules containing these three genes displayed higher 
expression levels in stem tissue compared with the other 
two tissues (as shown in supplementary fig. S7, 
Supplementary Material online, for module mediumpur-
ple4, dark green, and indianred3). Further, the module 
containing CNGC1 (mediumpurple4 in supplementary 
fig. S7, Supplementary Material online) was significantly 
downregulated under high Ca–Mg stress conditions, 
which is a common mechanism for regulating plant behav-
ior in response to high Ca and Mg stress, to reduce cyto-
plasmic Ca influx.

Taken together, our results demonstrated distinct tran-
scriptional programs of TPC1 and other key genes/chan-
nels (fig. 6f) during the high Ca–Mg treatment in 
karst-adapted P. longipes and nonadapted P. strobilacea. 
This highlights the physiological adaptations and modifi-
cations in transcriptional plasticity of P. longipes and con-
tributes to our understanding of the molecular 
mechanisms underlying karst adaptation in plants.

Discussion
In this study, we investigated the evolutionary mechanisms 
that have shaped the adaptation of P. longipes, a woody 
plant, to the karst environment and observed incipient 
speciation for Platycarya. Our population structure ana-
lysis supports the “two species” model for the genus 
Platycarya (P. strobilacea and P. longipes) proposed by pre-
vious studies (Luo 2015; Wan et al. 2017) and the original 
classification of the genus Platycarya (Kuang and Lu 1979). 
The fossil record indicates the widespread distribution of 
the genus Platycarya during the early Tertiary and its sur-
vival in East Asia during the Quaternary ice age 
(Manchester 1999; Zhekun and Momohara 2005). Our 
population demography analysis estimates that the diver-
gence between P. longipes and P. strobilacea occurred 
∼2.09 Mya during the Quaternary (fig. 2d and e), suggest-
ing that the strong climatic oscillations of the Quaternary 
may have provided a possibility for a part of the ancestral 
populations to survive in karst habitats (Bamba et al. 
2019).

Our study supports the relay race hypothesis (Yona 
et al. 2015) for woody plant adaptation to karst environ-
ments. By integrating genomic and transcriptomic data, 
we demonstrate that the adaptation of P. longipes to the 
karst environment involves both rapid nongenetic and 
long-lasting genetic mechanisms (fig. 6f). Previous studies 
have suggested that physiological adaptations are asso-
ciated with changes in gene expression and alterations in 
transcriptional plasticity, which can lead to epigenetic 
adaptations (Feinberg 2007; Suzuki et al. 2020). We identi-
fied the signals of genetic and physiological adaptions in 
P. longipes, especially in TPC1A and TPC1B. TPC1A displays 

a strong signal of positive selection and contains a nonsy-
nonymous mutation close to the Ca2+-binding EF-hands, 
which replaced the polar amino acid threonine with the 
nonpolar amino acid isoleucine, likely altering Ca transport 
regulation in P. longipes. According to Johri et al. (2022), 
sub- or neofunctionalization often occurs in one of the 
WGD paralogs, accompanied by the gradual fixation of 
nonsynonymous mutations and reduction in expression 
levels. Gene copies situated in recessive subgenomes are 
less constrained and display an increased likelihood of 
undergoing change. Our findings suggest that TPC1A, lo-
cated in the recessive subgenome from WGD (Ding et al. 
2023), has a lower activity and reduced number of coex-
pressed genes in response to high Ca stress in P. longipes 
(fig. 6d). In contrast, TPC1B, located in the dominant sub-
genome, is upregulated and coexpressed with a large num-
ber of DEGs during the high Ca–Mg treatment in 
P. longipes (fig. 6d), indicating alternative regulation to 
function in Ca influx. These results show that adaptations 
have occurred in both WGD paralogs of TPC1 genes in 
P. longipes, but TPC1A, due to its location in the recessive 
subgenome, having been more prone to changes. We sus-
pect that the molecular function of TPC1A may have chan-
ged, and TPC1B has been alternatively regulated to function 
in Ca influx. Although further functional validation is re-
quired, mutational changes and changes in transcriptome 
expression may have contributed to P. longipes maintaining 
cytoplasmic Ca ion homeostasis and preventing metal ion 
toxicity, enhancing its growth and development.

Our study offers insights into the convergent adaptive 
changes exhibited by TPC1 in response to karst habitats, 
both in woody trees and herbs. Our results are in line 
with those of Tao et al. (2016), who detected multiple sites 
under positive selection in the TPC1 gene during karst 
adaption of Primulina. Although P. longipes and 
Primulina exhibit different mutations of the TPC1 gene, 
the convergence onTPC1 suggests the gene’s crucial role 
in mediating adaptability to high Ca stress in karst environ-
ments. Our phylogenetic analysis of the TPC1 gene family 
in 26 core eudicots supports the notion of independent 
origins of mutations of TPC1 (fig. 5d), implying that all 
these have been advantageous in enhancing fitness to 
cope with the shared high Ca stress in karst habitats. As 
a crucial component of Ca ion influx channels (Taneja 
and Upadhyay 2021), the ubiquitously present TPC1 
gene exhibits high conservation in sequence, copy number, 
and function (Hedrich and Marten 2011; Dadacz-Narloch 
et al. 2013). It is noteworthy that TPC1 is longer than a typ-
ical gene, making it more susceptible to mutations. Given 
the limited mechanisms for plants to develop Ca tolerance, 
it is plausible that most karst-endemic plants possess con-
vergent adaptations in the TPC1 gene. Further studies are 
imperative to validate this hypothesis.

Finally, our study suggests that P. longipes and P. strobi-
lacea may be in the early stages of sympatric speciation, 
based on their concentrated distribution of highly differ-
entiated regions on chromosomes, recent divergence, 
and abundance of intermediate morphological individuals 
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in hybrid populations. However, also here, further research 
is needed to fully understand the mechanisms contributing 
to reproductive isolation. Natural selection has been recog-
nized as playing a crucial role in overcoming the homogen-
izing effect of gene flow (Schluter and Conte 2009; Feder 
et al. 2012; Nosil et al. 2021). Our findings highlight the pro-
found impact of natural selection, particularly long-term 
linked selection, in generating genomic islands of divergence 
in the genus Platycarya (Sun et al. 2022). The observation of 
a negative relationship between population-scaled recom-
bination rates and FST, but not with DXY, suggests that nat-
ural selection has shaped patterns of genetic differentiation 
between the two species (Cruickshank and Hahn 2014; 
Wang et al. 2016). Prezygotic isolation, specifically earlier 
flowering time, may also contribute to reproductive isola-
tion (Antonovics 2006). We identified the gene MED8, 
which is positively selected in P. longipes and linked to 
both plant defense and flowering time regulation. 
Nevertheless, to date, there have been no reports of the ex-
act flowering time of Platycarya in sympatric regions of the 
two species. In conclusion, our study supports the “two spe-
cies” model for the genus Platycarya, specifically for P. stro-
bilacea and P. longipes. Our findings suggest that long-term 
linked selection in P. longipes played a dominant role in driv-
ing species divergence during the incipient stages of speci-
ation of the two Platycarya lineages.

Materials and Methods
Sampling Collection and Sequencing
A total of 122 individuals from 36 populations of P. strobi-
lacea and 85 individuals from 13 populations of P. longipes 
were obtained for the whole-genome resequencing (as de-
picted in fig. 1b and detailed in supplementary table S16, 
Supplementary Material online). For transcriptome se-
quencing, fresh tissues (roots and leaves) of P. strobilacea 
and P. longipes were procured from three populations 
(see supplementary table S17, Supplementary Material on-
line, for details), where two species are found in sympatry. 
Simultaneously, seeds of P. strobilacea and P. longipes from 
a sympatric distributed site were subjected to RNA-seq un-
der high Ca–Mg treatment.

Genome Assembly and Annotation
A combination of three different sequencing strategies 
(short read from Illumina, subread from PacBio, and 
interaction read from Hi-C) was employed to obtain a 
high-quality chromosome-level assembly genome 
(supplementary table S16, Supplementary Material on-
line). To determine the chromosome number of 
Platycarya, seeds of P. strobilacea and P. longipes were col-
lected from Tianlin County, and a karyotype analysis of 
FISH was performed. The accuracy of the assembly was 
also assessed by mapping the clean Illumina reads to the 
assembly genome with BWA (Li and Durbin 2009).

For each genome, we identified repetitive sequences at 
the DNA and protein levels by a combination of 

homology-based prediction and de novo identification 
and used TRF (http://tandem.bu.edu/trf/trf.html) to find 
tandem repeats. We predicted protein-coding gene struc-
tures combining de novo identification, homology-based 
prediction, and RNA-Seq–based prediction and then inte-
grated this information into a nonredundant gene model 
set using EVidenceModeler (EVM) (Haas et al. 2008).

SNP Calling
We mapped all reads to P. strobilacea reference genome 
with default settings implemented in BWA v0.7.12 using 
the BWA-MEM algorithm (Li 2013). Approximately 95% 
of P. strobilacea sequence reads and 88% of P. longipes se-
quence reads were accurately mapped to the reference 
genome. SNPs from each individual were called and joined 
to create a multisample SNP data set using SENTIEON 
DNAseq software packages v. 201808.08 (Weber et al. 
2016). After quality control based on mapping depth 
and individual kinship (Manichaikul et al. 2010) 
(supplementary note and fig. S8, Supplementary Material
online), a total of 11,282,483 high-quality SNPs from 130 
unrelated individuals were used to detect genomic islands 
of divergence and positive selection. After masking the 
SNPs located in or near ∼25 kb of the coding sequence, 
3,264,018 SNPs were remained. To obtain independent 
SNPs, we thinned the SNPs using a distance filter of an 
interval of 25 kb based on LD results calculated by 
PopLDdecay v3.40 (Zhang et al. 2019) (supplementary 
fig. S8, Supplementary Material online). After LD filtering, 
2,182 independent and neutral SNPs remained and were 
used for STRUCTURE analysis.

Genetic Diversity and Population Structure
Population genetic structure was inferred using 
STRUCTURE v. 2.3.4 (Pritchard et al. 2000). The optimal va-
lue of K was determined by ΔK and the rate of change in Ln 
(D|K ) between successive K values (Evanno et al. 2005). All 
130 unrelated individuals were assigned to a cluster with 
an ancestry index greater than 0.85. PCA was run using 
the R package SNPRelate v. 1.6.2 (Zheng et al. 2012) with 
default settings. Additionally, a phylogenetic tree of 130 
unrelated samples was constructed using SVDquartets 
(Chifman and Kubatko 2014) with 1,000 replicates for 
bootstrap confidence analysis, based on 2,182 SNPs pre-
sumed to be neutral and independent, using J. regia as 
the outgroup.

Nucleotide diversity (π) and fixation index were calcu-
lated for the 11,282,483 SNPs in 25 kb nonoverlapping win-
dows using VCFtools v0.1.17 (Danecek et al. 2011) and 
homozygosity (ROH) were identified with plink v1.9 
(Chang et al. 2015) with a sliding window of 25 kb. 
Population-scaled recombination rates (ρ = 4Nec) were es-
timated using LDhat v.2.2 (McVean et al. 2004; Auton and 
McVean 2007), with 10,000,000 MCMC iterations sam-
pling every 2,000 iterations and a block penalty parameter 
of five. The observed genome heterozygosity (Het) and ab-
solute pairwise nucleotide divergence between species 
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(Dxy) were calculated for the consensus sequence using 
python scripts (https://github.com/yongshuai-sun/ 
hhs-omei/). Het was estimated for each individual as the 
proportion of heterozygous variants in the genome.

Demography History
We employed PSMC (Li and Durbin 2011) to estimate the 
changes in the population sizes (Ne) over historical time in 
both species. Four individuals of P. strobilacea and P. long-
ipes were mapped to the P. strobilacea and P. longipes ref-
erence genomes, respectively. The recommendations of 
using sequencing data with a mean genome coverage of 
≥18, a per-site filter of ≥10 reads, and no more than 
25% of missing data were followed (Nadachowska- 
Brzyska et al. 2016). For all conversations of demography 
parameters, a generation time of 30 years and a mutation 
rate of 2.06 × 10−9 per site per year were used (Bai et al. 
2018).

To conduct the coalescent simulations, we extracted 
458 neutral and independent 300–1,000 bp noncoding 
loci, which was at least 25 kb apart from each. The haplo-
types of each locus were reconstructed using PHASE 2.1 
(Stephens and Donnelly 2003). Based on 200 loci randomly 
selected from the 458 loci and 47 individuals (20 samples 
of P. longipes and 27 samples of P. strobilacea), gene flow 
and divergence of P. strobilacea and P. longipes were as-
sessed under the “Isolation with Migration” Bayesian 
framework of IMa3 (Hey et al. 2018).

Identification of Genomic Islands of Divergence
To identify the genomic islands of divergence, we com-
pared the observed FST distribution to the neutral FST dis-
tribution based on the best-fitting population 
demography model (Malinsky et al. 2015; Wang et al. 
2016; Sun et al. 2022) using software ms (Hudson 2002). 
To evaluate the compatibility between the simulated 
and observed data, nucleotide diversity (π) and Tajima’s 
D were calculated as summary statistics. To assess whether 
the observed FST values deviated significantly from neutral 
expectations, the conditional probability (P) of observing 
more extreme interspecific FST values among simulated 
data sets than among the observed data was estimated. 
A correction for multiple testing was performed using 
FDR adjustment, and windows with FDR <1% were consid-
ered the highly (lower) divergent regions.

Genome Synteny Analysis
Protein sequences within and between genomes were 
searched against one another to detect putative homolo-
gous genes (E < 1e−5) by BLASTP. MCScanX (Wang et al. 
2012) was implemented to infer homologous blocks in-
volving collinear genes within genomes. The maximal 
gap length between collinear genes along a chromosome 
region was set to 50 genes (Wang et al. 2017, 2018). 
Tbtools (Chen et al. 2020) was used to visualize the collin-
ear blocks of P. longipes and P. strobilacea. JCVI (Tang et al. 

2008) was used to infer and plot homologous blocks be-
tween genomes.

Gene Family Expansion and Contraction Analysis
The protein sequences of 11 plant species were used to 
cluster gene families, including six from the walnut family, 
P. longipes, P. strobilacea, Alfaropsis roxburghiana (Ding 
et al. 2023), Rhoiptelea chiliantha (Ding et al. 2023), 
Carya illinoinensis (Lovell et al. 2021), and J. regia (Zhu 
et al. 2019), and five well-annotated outgroup plants, 
Oryza sativa (Goff et al. 2002), Vitis vinifera (Jaillon et al. 
2007), Arabidopsis thaliana (Arabidopsis Genome 
Initiative 2000), Ostryopsis davidiana (Wang et al. 2021), 
and Populus trichocarpa (Tuskan et al. 2006). For genes 
with alternative splicing variants, the longest transcript 
was selected. An all-against-all comparison was performed 
using BLASTP (Altschul et al. 1990) with an E value cutoff 
of 1e−5, and OrthoFinder (Emms and Kelly 2019) was used 
to cluster gene families. The 792 gene families with only 
one copy from each of the 11 species were regarded as 
single-copy genes and used for subsequent analysis. 
Codons 1, 2, and 3 were joined into three “supergenes” 
for each species.

The divergence times of 11 species were calculated 
using the MCMCTREE program implemented in the 
Phylogenetic Analysis by Maximum Likelihood (PAML) 
package (Yang 2007). Three calibration nodes, the node 
of the core eudicots (Aptian, 117 Ma; Jiao et al. 2012), 
the node of the walnut family (Late Turonian to 
Santonian, 89.8–83.6 Ma; Heřmanová et al. 2011), and 
the node of Juglandoideae (Danian, 64 Ma; Zhang et al. 
2013), were applied to calibrate the divergence times.

Finally, to analyze the expansion and contraction of 
gene families, CAFÉ v4.2 (De Bie et al. 2006; Han et al. 
2013) was run under a random birth-and-death model. 
The clustering results and the information from the esti-
mated divergence times were used. Using conditional like-
lihood as the test statistic, the corresponding P values of 
each lineage were calculated, and a P value of 0.01 was re-
garded as significant. The expanded and contracted gene 
families were performed KEGG and GO enrichment to de-
termine their functions.

Detection of Positive Selection in P. longipes
To detect regions under selection across the genome of 
P. longipes, we scanned the genome for multiple patterns 
of molecular variation: 1) local losses of heterozygosity; 
2) locally elevated levels of genetic differentiation; 3) dis-
tortions in the allele frequency spectrum; and 4) long- 
range haplotypes of high population frequency. These 
types of signatures were conducted using a combination 
of statistics calculated in nonoverlapping 25-kb windows: 
reduction of Tajima’s D (Tajima 1989), composite likeli-
hood ratio (CLR, Nielsen et al. 2005), nucleotide diversity 
cross-population extended haplotype homozygosity 
(XP-EHH, Sabeti et al. 2007), and absolute pairwise nucleo-
tide divergence between species (DXY). Windows with 
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fewer than ten SNPs were eliminated. For each window, we 
further computed Δπ as πP. strobilacea/πP. longipes and ΔCLR as 
CLRP. longipes − CLRP. strobilacea. The window size was chosen 
based on patterns of LD decay (supplementary fig. S2, 
Supplementary Material online).

All the above five statistics were combined using the 
DCMS method (Ma et al. 2015). The correlation of the P 
value of each statistic was calculated and used to calculate 
their respective weight factors (supplementary table S18, 
Supplementary Material online). Next, the DCMS was esti-
mated for each 25-kb window, and a P value was derived 
for each window. Regions under putative positive selection 
were defined as the windows with P < 0.05. Windows 
showing more diversity in P. longipes than in P. strobilacea 
(Δπ > 1) were excluded if there was no significant negative 
Tajima’s D in P. longipes (Tajima’s D > −1.8). Outlier win-
dows with interval lengths less than 25 kb were merged 
for each detection. Only genes with potential impacts 
(MODIFIER, MODERATE, and HIGH in the SnpEff annota-
tion results) were considered candidate genes under selec-
tion during the karst adaptation process of P. longipes.

GO and KEGG enrichment analyses were conducted 
using the R package clusterProfiler with all annotated 
genes in the P. strobilacea genome as background and 
232 genes encoded in the regions under putative positive 
selection as foreground. The Benjamini–Hochberg method 
was used for the correction of multiple tests.

Transcriptome Analysis
Reads containing adapter or poly-N and with low quality 
were filtered out by Trimmomatic v0.39 (Bolger et al. 
2014) before mapping to the reference genome of P. stro-
bilacea. The matrixes of transcript abundance both in TPM 
and raw counts were obtained in each sample using 
Salmon v1.8.0 (Patro et al. 2017) as implemented in the 
pipeline of the R package bears (Almeida-Silva and 
Venancio 2021). DESeq2 R package v1.10.1 was used to 
perform differential expression analysis and gene expres-
sion variation over time. Gene expression plasticity was 
evaluated via the methodology outlined by He et al. 
(2021). We inferred a signed gene coexpression network 
with the R package BioNERO (Almeida-Silva and 
Venancio 2022) and performed differential coexpression 
analysis using the R package diffcoexp (Wei et al. 2022). 
We further compared the expression profile of genes en-
coded in the genomic regions under putative positive se-
lection in P. longipes and P. strobilacea.

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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