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1  |  INTRODUC TION

Mounting evidence indicates that natural selection can drive pop-
ulation divergence and lead to speciation with gene flow (Coyne & 
Orr, 2004; Via, 2009). Peaks of differentiation (i.e., genomic regions 
with elevated differentiation [FST]), initially referred to as “islands of 
speciation” (Turner et al., 2005), are regions that serve as barriers to 
gene flow, and regions between islands are observed with reduced 
differentiation due to homogenizing process of gene flow (Feder 
et al., 2012; Nosil et al., 2009). However, genomic islands can also 

emerge through processes unrelated to adaptation and speciation 
(Cruickshank & Hahn, 2014; Guerrero & Hahn, 2017; Ravinet et al., 
2017; Wolf & Ellegren, 2017). Distinguishing the evolutionary pro-
cesses that contribute to genomic divergence landscape thus is vital 
in understanding speciation and formation of biodiversity.

Modern sequencing technologies have facilitated our under-
standing of species divergence from a genomic perspective (Han 
et al., 2017; Vijay et al., 2016; Wang et al., 2016; Wolf & Ellegren, 
2017). By investigating genome- wide variation and differentiation, 
a highly heterogenous genomic landscape governed by multiple 
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Abstract
Interpreting the formation of genomic variation landscape, especially genomic regions 
with elevated differentiation (i.e. islands), is fundamental to a better understanding of 
the genomic consequences of adaptation and speciation. Edaphic islands provide ex-
cellent systems for understanding the interplay of gene flow and selection in driving 
population divergence and speciation. However, discerning the relative contribution 
of these factors that modify patterns of genomic variation remains difficult. We ana-
lysed 132 genomes from five recently divergent species in Primulina genus, with four 
species distributed in Karst limestone habitats and the fifth one growing in Danxia 
habitats. We demonstrated that both gene flow and linked selection have contributed 
to genome- wide variation landscape, where genomic regions with elevated differenti-
ation (i.e., islands) were largely derived by divergent sorting of ancient polymorphism. 
Specifically, we identified several lineage- specific genomic islands that might have 
facilitated adaptation of P. suichuanensis to Danxia habitats. Our study is amongst 
the first cases disentangling evolutionary processes that shape genomic variation of 
plant specialists, and demonstrates the important role of ancient polymorphism in the 
formation of genomic islands that potentially mediate adaptation and speciation of 
endemic plants in special soil habitats.
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evolutionary processes can be discovered (Ravinet et al., 2017; Vijay 
et al., 2016; Wolf & Ellegren, 2017). Linked selection, including back-
ground selection and recurrent selective sweeps, can accelerate lin-
eage sorting and increase genetic differentiation between extant 
species (Burri, 2017). Meanwhile, genomic regions with features 
such as low recombination and high gene density may affect the ef-
ficiency and extant of selection (Burri, 2017). Demographic history 
and gene flow further shape variation and differentiation by inter-
playing with genomic features and selection (Ravinet et al., 2017; 
Wolf & Ellegren, 2017). Without gene flow, selection can reduce 
genetic diversity and hence generate higher FST. It does not, how-
ever, impact nucleotide distance (dXY) in these regions (Cruickshank 
& Hahn, 2014; Irwin et al., 2018). However, gene flow coupling with 
selection is predestined to evolve towards higher nucleotide diver-
gence in genomic islands compared with other regions that can flow 
more freely (Irwin et al., 2018). The genomic islands with elevated 
nucleotide divergence (i.e., dXY) can also be formed without the ex-
istence of gene flow by divergent lineage sorting of ancient poly-
morphism (Guerrero & Hahn, 2017). Highly diverged haplotypes are 
maintained in genomic regions with increased nucleotide diversity 
(π) and low relative divergence (FST) between nascent species by 
evolutionary process such as balancing selection, and form islands 
of divergence due to divergent lineage sorting of haplotypes in de-
scendant species under selection (Guerrero & Hahn, 2017; Wang 
et al., 2019).

Disentangling the evolutionary processes that influence diver-
gence landscape is thus difficult. A powerful way to make inferences 
about these processes is to analyse genomic variation of evolving 
lineages at different levels of divergence with detailed information 
of demographic history (Wolf & Ellegren, 2017). Employing multiple 
evolving lineages (i.e., lineage replications) is a potent way in under-
standing evolutionary forces that occur repeatedly (Wolf & Ellegren, 
2017). In addition, correlation analysis between genetic variation 
and genomic features, and characterization of genomic islands are 
efficient to separate different evolutionary processes. For instance, 
correlations between genomic variation and factors affecting linked 
selection can prevail across the genome (Burri, 2017; Rettelbach 
et al., 2019). Meanwhile, characteristics of genomic islands across 
multiple lineages are informative in understanding the role of gene 
flow and type of selection that contribute to their formation (Burri, 
2017; Cruickshank & Hahn, 2014; Han et al., 2017; Irwin et al., 2018; 
Ravinet et al., 2017; Wang et al., 2016, 2019; Wolf & Ellegren, 2017).

Removing the effects of processes that are not related to adap-
tation and speciation per se (e.g., background selection) is import-
ant when linking genomic islands to ecological adaptation. Booker 
et al. (2020) indicate genomic scan methods that do not take local 
recombination rate into consideration can increase the false posi-
tives. Recently, quantitative evolutionary controls based on lineage 
replications have been used to isolate lineage- specific genomic is-
lands (Burri, 2017; Roesti et al., 2012). Berner and Salzburger (2015) 
suggest that delta differentiation (ΔFST) is useful in accounting for 
differentiation patterns resulting from background selection in ge-
nomic features by adjusting observed differentiation across multiple 

comparisons. In addition, estimates such as population branch sta-
tistics (PBS, Yi et al., 2010), unlike the pairwise nature of FST, can be 
useful in isolating lineage- specific genomic islands.

Adaptation of plants to extreme edaphic physicochemical en-
vironments is an iconic example of strong natural selection (Brady 
et al., 2005; Rajakaruna, 2003). Karst and Danxia landscapes in 
southern China and Southeast Asia cover more than 800,000 km2. 
They are characterized by diverse and extreme environmental con-
ditions (Day & Urich, 2000). The typical soils of these habitats are 
surrounded by acid soils and highly heterogeneously distributed 
forming soil- islands (Hao et al., 2015). Limestone soils in Karst are 
shallow and contained high levels of Ca and Mg (Hao et al., 2015; 
Nie et al., 2011; Zhang et al., 2011). They differ in contents of soil 
chemicals and form locally contrasting mosaics of edaphic habitats 
(Hao et al., 2015). Danxia soils derive from red sediments, and are 
differentiated from Karst typical acid soils in contents of chemicals 
such as Ca, K, Fe, Mg and P (Hao et al., 2015). Both Karst and Danxia 
soils are highly porous with low water storage capacities and prone 
to chronic drought (Hao et al., 2015). These physical and chemical 
characteristics may have contributed to the remarkably high ende-
mism and species richness in Karst and Danxia areas. The Karst and 
Danxia of Southeast Asia have been proposed as a world biodiversity 
hotspot (Clements et al., 2006). They have been recognized as a cen-
ter of plant diversity and speciation (Davis et al. 1995), representing 
an important natural environment in which to study terrestrial plant 
speciation. However, the actual evolutionary mechanisms that drive 
plant diversification on Karst and Danxia landforms remain poorly 
understood.

The genus Primulina represents a group with about 200 plant 
species distributed across southern China and northern Vietnam (Xu 
et al., 2021). This plant taxon exhibits typical edaphic specialization 
to Karst and Danxia's soils. More than 90% of its species are distrib-
uted in one type of soil habitat, while a few other species grow on 
two types but tend to be found in a single habitat (Hao et al., 2015). 
Seeds of these species are small (>1 mm), lack of hooks or pappi, and 
can disperse through water. Most Primulina species are outcrossed 
and pollinated by insects (Gao et al., 2015). In this study, we focused 
on five closely related species (P. hunanensis, P. polycephala, P. ver-
sicolor, P. alutacea and P. suichuanensis) of this genus. These species 
can be distinguished from each other by flower characteristics (Cai 
et al., 2015; Pan et al., 2016; Zhou et al., 2016). The first four spe-
cies grow only in Karst landforms and bloom from May to August. 
The last species, P. suichuanensis, is only found in Danxia landforms 
where it flowers from September to November. Each species has a 
narrow range, growing in specific microhabitats, with some of them 
being geographically closer to each other than others (Figure 1a). 
Their heterogeneous distribution thus may lead to varied intensity of 
gene flow among different species pairs. Previous population genetic 
analyses in Primulina have identified pronounced genetic structure as 
a result of genetic drift and adaptation (Wang et al., 2017). Based on 
nuclear polymorphism, Wang, Ai, et al. (2017) results further show 
multiple levels of divergence between P. polycephala, P. alutacea, and 
P. suichuanensis. Prevalent although weak historical gene flow has 
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been identified among populations/species of Primulina (Gao et al., 
2015; Wang, Ai, et al., 2017; Wang et al., 2017) and indicate the pos-
sibility of gene flow across the island- like habitats. These features 
make this group an ideal system to investigate different processes 
contributing to genomic differentiation landscape.

Here, we used resequencing data of 132 individuals to investigate 
genomic differentiation landscape of species at multiple levels of 

divergence. First, we examined the genetic structure, phylogenetic 
relationship, and demographic history of this system, and character-
ized whether gene flow differed among lineages and contributed to 
genomic variation. In particular, we wanted to determine whether 
species pairs with high gene flow contributed to genome- wide vari-
ation and differentiation. We further examined processes that might 
shape genomic divergence landscape by correlation analysis and 

F I G U R E  1  Phylogenetic relationships, population structure, and genetic diversity of five Primulina species. (a) Geographic locations 
of sampling sites. The purple points with red circles indicate samples identified as P. polycephala based on traditional taxonomy but show 
genetic similarity with P. versicolor based on nuclear polymorphisms. (b) Phylogenies and genetic structure. Maximum- likelihood (ML) nuclear 
and chloroplast phylogenies were inferred based on concatenated SNPs with 1000 bootstraps, and the discordance between phylogenies 
are shown with grey lines. The brown points at each node indicate bootstrap values of 100. Branches are coloured according to traditional 
taxonomy. Coloured columns inferred the ancestry proportion of each sample, according to fastStructure analysis at K = 5. See Figure S2 
for K = 2– 5 results of ADMIXTURE, fastStructure and sNMF. (c) Principal component analysis (PCA) based on the first two components. 
(d) Heterozygosity of all 132 individuals, by calculating the ratio of heterozygous to homozygous SNPs [Colour figure can be viewed at 
wileyonlinelibrary.com]

(a) (c)

(b)

(d)
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characterization of genomic islands, and tested whether divergent 
selection was dominant in generating genomic islands. Finally, we 
took P. suichuanensis as an example, removed the effects of evolu-
tionary forces unrelated to speciation to identify the genomic islands 
that could have facilitated adaptation to the Danxia habitat and phe-
nological differentiation from its sibling species. Our aim was to 
disentangle processes that had shaped genomic differentiation of 
evolving species, and identify the genomic basis of adaptation and 
the formation of endemic terrestrial biodiversity.

2  |  MATERIAL S AND METHODS

2.1  |  Population sampling, genome resequencing 
and variant calling

A total of 132 individuals including P. hunanensis (27), P. versicolor 
(24), P. polycephala (28), P. alutacea (32), and P. suichuanensis (21) were 
sampled across the Karst and Danxia landscapes in southern China 
(Figure 1a). In addition, two individuals of P. huaijiensis from South 
China were sampled as outgroup for phylogenic analyses (Wang, Ai, 
et al., 2017). Total genomic DNA was extracted from dried leaves 
using a modified cetyl trimethylammonium bromide (CTAB) method 
(Doyle, 1987).

We prepared sequencing libraries with an insert size between 
400– 600 bp, and then sequenced on the Illumina HiSeq 2000 plat-
form with paired- end 150 bp reads. Raw reads of each sequenced 
individual were filtered using in- house C scripts by removing reads 
with ≥10% unidentified nucleotides, with >50% bases having phred 
quality <5, or >10 nucleotides aligned to the adapter, allowing ≤10% 
mismatches. Duplicated reads were removed by using FastUniq (Xu 
et al., 2012). Clean reads were then aligned to the reference assem-
bly of P. eburnea (accession number JAGGRQ000000000), a closely 
related species to P. polycephala, using the BWA- MEM algorithm in 
bwa v0.7.15 (Li, 2013). Picard (http://broad insti tute.github.io/picard) 
was used to mark PCR duplicates, and GATK v3.8 (DePristo et al., 
2011) was employed to recalibrate sequences around indels. The 
final bam file of each individual was used to calculate coverage and 
sequencing depth using Bamdeal (https://github.com/BGI- shenz 
hen/BamDe al/relea ses/tag/v0.22). HaplotypeCaller was imple-
mented to generate a gvcf file for each individual, the files were com-
bined and genotyped by using CombineGVCFs and GenotypeGVCFs 
in GATK. Raw SNPs were filtered by VariantFiltration in GATK with 
default settings, and then filtered by vcftools (Danecek et al., 2011) 
to remove loci with mean coverage depth lower than 3 or higher 
than 150.

We also generated variants of the chloroplast genome by map-
ping clean reads to the published chloroplast genome of P. eburnea 
(Feng et al., 2017). Bam files of every individual were generated 
using the same procedure of nuclear genome but mapping to chlo-
roplast genome. Chloroplast SNPs of all individuals were generated 
following Scarcelli et al. (2016) by using a combination of sam-
tools 1.1 (Li et al., 2009) and varscan v2.3.7 (Koboldt et al., 2012) 

(SAMTOOLS- B/VARSCAN - min- var- freq 0.5 – min- freq- for- hom 
0.5). Loci were filtered using - - min- coverage 200 - - min- reads 200 in 
varscan to remove potential contamination of reads from the nuclear 
genome.

2.2  |  Phylogenetic relationship and population 
genetic structure

We constructed phylogenetic trees using three different methods 
based on nuclear data. First, we generated a maximum likelihood 
(ML) tree using iq- tree (Nguyen et al., 2015) based on concatenated 
SNPs. Several nuclear SNP data sets thinned by intervals of 25, 100 
and 200 bp were tested in ML tree construction. Second, we gener-
ated a phylogenetic tree using SVDQuest (Vachaspati & Warnow, 
2018) based on biallelic and unlinked SNPs. Bcftools (Danecek & 
McCarthy, 2017) was used to prune SNPs with a linkage disequi-
librium (LD) value r2 higher than 0.2 in an interval of 50 loci. Finally, 
we constructed a summary phylogeny of window- based gene trees 
using ASTRAL- III (Zhang et al., 2018). Windows with a length of 
10 kb were isolated every 50 kb across the genome, of which those 
harbouring an SNP number lower than 200 or higher than 2,500 
were removed from further analysis. A total of 4,436 windows pass 
the filtered thresholds and were successful in generating gene trees. 
A chloroplast phylogeny based on concatenated SNPs was also con-
structed using iqtree. All of the phylogenies based on ML method 
were analysed in iqtree with 1000 bootstraps (Hoang et al., 2018).

The genetic structure was explored using unlinked SNPs with a 
missing rate ≤20% in the intergenic regions 20 kb away from the 
genic regions. Bcftools was used to prune SNPs based on LD value of 
0.2 with an interval of 50 loci. We used three methods, ADMIXTURE 
(Alexander et al., 2009), faststructure (Raj et al., 2014) and sNMF 
(Frichot et al., 2014) for population structure analyses. Each K from 
1 to 20 was performed with 30 replicates in each software, and the 
best K value was identified based on the cross- entropy criterion. 
Furthermore, a principal component analysis (PCA) was conducted 
in plink (Chang et al., 2015) based on the same data set. For each 
cluster, we further estimated heterozygosity of each individual by 
calculating the ratio of heterozygous to homozygous SNPs.

2.3  |  Gene flow and demographic history

Three individuals with high sequencing depth (>25×) from each spe-
cies were selected and used to infer historical effective population size 
using pairwise sequentially Markovian coalescence (PSMC) model (Li & 
Durbin, 2011). The generation time was set at 2 years, and the mutation 
rate (μ) was set as 7 × 10−9 per site per year following the estimates in 
Arabidopsis thaliana (Ossowski et al., 2010). Fluctuations in global tem-
perature (Zachos et al., 2008) were displayed together with effective 
population sizes to investigate impacts of long- term climate change on 
population dynamics. We further employed SMC++ (Terhorst et al., 
2017) to predict the divergence times of different species based on 

 1365294x, 2022, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16226 by South C
hina Institution O

f, W
iley O

nline L
ibrary on [10/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://broadinstitute.github.io/picard
https://github.com/BGI-shenzhen/BamDeal/releases/tag/v0.22
https://github.com/BGI-shenzhen/BamDeal/releases/tag/v0.22


108  |    KE Et al.

multiple unphased individuals. The same generation time and mutation 
rate were used following PSMC analysis.

Genetic introgression among lineages were investigated by using 
ABBA- BABA test implemented in Dsuite (Malinsky et al., 2021). We 
further used partitioned D frequency spectrum (DFS), in which D is 
split according to the frequencies of derived alleles, to verify partic-
ular gene flow event (Martin & Amos, 2020). We defined gene flow in 
species pair (i.e., P2 and P3 in ABBA- BABA analysis) with two signifi-
cant D values and verified by DFS as those with high level of gene flow, 
and categorized the others to the group with low level of gene flow. In 
addition, fd statistics of species pairs with high and low levels of gene 
flow were calculated in nonoverlapping 100- kb windows using Python 
script downloaded from https://github.com/simon hmart in/genom ics_
general. Windows with positive D was retained for further comparison 
and correlation analysis. Note that D statistics were inflated in regions 
of low recombination or genomic inversion (Martin et al., 2015), and we 
employed this window- based parameter as a complementary evidence 
that support the relative lower differentiation (FST) in a lineage pair was 
with higher level of gene flow.

2.4  |  Calculation of population- genetic parameters 
in genomic windows

To examine how the genome- wide patterns of diversity and diver-
gence varied among taxa, we calculated nucleotide diversity (π), 
relative differentiation (FST), and absolute divergence (dXY), in non-
overlapping 100- kb windows using custom Python scripts down-
loaded from https://github.com/simon hmart in/genom ics_general. 
To provide unbiased estimates of diversity and divergence, the 
invariant sites were incorporated into the calculation by dividing 
the number of pairwise differences (within and between lineages, 
respectively) by the total number of valid sites (variant and invari-
ant) within a window. Windows with less than a minimum number 
of 4000 genotyped sites (variant and invariant) were removed from 
the analysis. We further calculated a corrected estimate of sequence 
divergence (da) of each window by subtracting mean polymorphism 
of two lineages (π) from the total divergence (i.e., dXY) (Cruickshank 
& Hahn, 2014). The da statistic represents the divergent time T (in 
generations) as they can be transformed by the equation: T = da/(2μ), 
where μ is the mutation rate.

We used fasteprr (Gao et al., 2016) to generate the population 
scaled recombination rate (r) per 100 kb window. We used all indi-
viduals of each species in this analysis. The r value was estimated for 
every 100 kb window with default parameters, and transformed into 
ρ (per bp) in every window. To obtain a measure of recombination 
that is independent of local Ne, we further adjusted ρ by dividing 
it to the lineage- specific genetic variation (Wang et al., 2016). We 
also calculated linkage disequilibrium (LD) by using vcftools in the 
nonoverlapping 100 kb- window. Window- LD value was the average 
of each biallelic site in each window. Coding sequence percentage 
(gene density) was estimated as the percentage of coding sequence 
within each of the 100- kb windows.

We calculated the Pearson's correlation coefficient for intrapop-
ulation summary statistics between populations (e.g., πi vs. πj), within 
populations (e.g., πi vs. ρi), in comparison with interpopulation statis-
tics (e.g., πi vs. FSTij) and for interpopulation statistics of lineage pairs 
(e.g., FSTij vs. dXYij). We also summarized the variation of each statistic 
(π, FST, dXY and ρ) across comparisons using a PCA, and used the first 
principal component of each parameter to explain the greatest co-
variance (Stankowski et al., 2019). Pearson's correlation coefficients 
were also calculated for PC1 π, PC1 FST, PC1 dXY, PC1 ρ, and gene 
density.

2.5  |  Outlier detection

To compare genomic landscapes across different species pairs and 
identify the genomic regions with elevated differentiation (i.e., 
genomic island), we standardized per- window FST in each group pair 
to a Z- score (Han et al., 2017) based on the formula: Z- FST = (window 
FST − mean FST)/standard deviation FST. The windows with Z- FST ≥2 
from each group pair were treated as genomic islands (FST- island).

We further combined two metrics including ΔFST and popula-
tion branch statistic (PBS) (Yi et al., 2010) to isolate lineage spe-
cific outlier across the genome of P. suichuanensis. The ΔFST value 
was calculated in nonoverlapping 100 kb window by the formula: 
ΔFST = FST (P. suichuanensis vs. P. alutacea) − FST (mean), in which FST (mean), as a 
baseline, is the mean FST value over the non- P. suichuanensis lineage 
pairs of each window. We also implemented PBS of P. suichuanen-
sis to isolate genomic outliers in adaptive analysis. Unlike pairwise 
nature of traditional metrics (such as FST), PBS can distinguish adap-
tive regions of specific lineages by combining information from two 
closely related populations and an outgroup (Burri, 2017), and has 
strong power to detect selective sweeps under neutral demographic 
models (Yi et al., 2010). By choosing P. polycephala, which was 
adapted to Karst, as the outgroup in PBS calculation of P. suichuan-
ensis, we were able to identify lineage- specific selection in our focal 
lineage. Genome- wide ΔFST and PBS were standardized per- window 
to a Z- score, and a filtered criterion of Z- PBS > 2 and Z- ΔFST > 2 was 
used in isolation of genomic regions related to edaphic adaptation 
of P. suichuanensis. To test lineage- specific windows under positive 
selection, we calculated Tajima's D value of each window based on 
VCFtools. We used Mann– Whitney U test to compare differences 
between the target and background windows.

2.6  |  Analysis of putatively adaptive loci

We extracted genes that were within genomic islands and used the 
genome annotation of P. eburnea as a reference. We performed 
functional enrichment analysis of GO by TBtools (Chen et al., 2020) 
to identify functional classes of genes that were overrepresented in 
the target regions. p- values of Fisher's exact test were calculated, 
and were corrected for multiple testing with Benjamini- Hochberg 
(B- H) method (Benjamini & Hochberg, 1995). GO term with a false 
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discovery rate (FDR) value < 0.05 after B- H correction was consid-
ered to be significantly enriched.

For loci located in genomic regions potentially related to adapta-
tion of P. suichuanensis to Danxia soils, we generated haplotype net-
work and gene tree individually using Popart (Leigh & Bryant, 2015) 
and IQTREE. Loci with conflicting topology in gene tree compared 
with species tree and extended branch length in target species were 
further used for protein modeling. Original peptide sequences (wild 
type) of each gene were used in protein modeling using Phyre2 
(Kelley et al., 2015), and the effect of missense variants at a partic-
ular position was predicted using the SuSpect method (Yates et al., 
2014). We also employed 13 transcriptomes (L. H. Yang et al., unpub-
lished data) in Gesneriaceae and constructed gene tree of single loci 
under selection based on ML method in IQTREE.

3  |  RESULTS

The whole genomes of 132 P. polycephala individuals were se-
quenced using Illumina Hiseq2000/2500 short- read technology. 
Raw reads were filtered and mapped onto the Primulina eburnea 
reference genome, which resulted in a mean depth of 27.5× (Table 
S1). SNPs were called using HaplotypeCaller in GATK and filtered 
by using stringent criteria (hard filter in GATK and VCFtools), which 
generated 54,354,111 high quality nuclear SNPs. In addition, a total 
of 3441 chloroplast SNPs were identified after filtering out potential 
contamination from nuclear genome.

3.1  |  Population structure and demographic history

Nuclear SNPs used to infer individual ancestry of the sampled in-
dividuals identified five genetic clusters (Figure 1b; Figure S1). The 

PCA supported this genetic pattern (Figure 1c; Figure S2). We fur-
ther inferred phylogenetic relationships based on both nuclear and 
chloroplast SNPs (Figure 1b, Figure S3). Using P. huaijiensis as the 
outgroup, we found a clear genetic clustering in nuclear phylogeny 
consistent with the genetic pattern identified by structure analysis 
(Figure 1b). However, the results based on nuclear polymorphisms 
were not consistent with traditional taxonomy. Chloroplast phylog-
eny showed a pattern of paraphyly for each lineage. For example, 
the P. versicolor lineage consisted of samples taxonomically identi-
fied as P. versicolor and P. polycephala, and exhibited a pattern of 
paraphyly in chloroplast phylogeny. However, a high genetic similar-
ity was found within each cluster based on nuclear polymorphism 
(Figure 1b, c). We thus treated each identified lineage based on 
nuclear data as independent genetic units in our analyses. Further 
investigation of genome- wide variation based on the ratio of het-
erozygous SNPs showed mean values of each lineage at ~0.02– 0.04 
(Figure 1d).

PSMC analyses revealed that effective population sizes (Ne) 
of the five Primulina species varied consistently with global tem-
perature change during the series of glacial and interglacial peri-
ods (Figure 2a). In particular, from the beginning of the Last Glacial 
Period (LGP, ~0.115 millions years [Myr]), the Ne dropped contin-
uously, and reached its lowest value at the Last Glacial Maximum 
(LGM, ~11.7 thousand years [kyr]) (Figure 2a). This result suggested 
Ne was qualitatively matched with global temperature, and indicated 
the role of long- term climate changes on Ne fluctuations of these 
species in Karst and Danxia habitats. Based on SMC++ analysis, the 
split times among species ranged from 0.227 Myr (95% confidence 
interval: 0.208– 0.245 Myr) between P. suichuanensis and P. alutacea 
to 0.414 Myr (95% confidence interval: 0.385– 0.442 Myr) between 
P. hunanensis and P. polycephala (Figure S4). Gene flow were identi-
fied among three closely distributed lineages (P. hunanensis, P. versi-
color and P. polycephala), and between P. hunanensis and P. alutacea, 

F I G U R E  2  Demographic history of five Primulina species. (a) Chronological variation of effective population size in five species of 
Primulina inferred by pairwise sequentially Markovian coalescence (PSMC) model. The grey line represents past fluctuations of temperatures 
(data from Zachos et al., 2008). The shaded rectangles indicate the Last Glacial Maximum (LGM) and the Last Glacial Period (LGP). (b) Events 
of gene flow identified by Dsuite. Gene flow between P. versicolor and P. polycephala, and between P. hunanensis and P. polycephala identified 
by Dsuite were further supported by DFS pattern (Figure S4) [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)
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based on D statistic in Dsuite (Figure 2b; Table S2). The species pair 
(P. versicolor and P. polycephala) with the highest D value also showed 
discordance in nuclear and chloroplast phylogeny. We further di-
vided D into the partitioned frequency of derived alleles (DFS) to ver-
ify the gene flow events. The DFS pattern further support gene flows 
between P. hunanensis and P. polycephala, and between P. versicolor 
and P. polycephala (Figure S5).

3.2  |  Effects of gene flow on genomic variation and 
differentiation

As lineages are characterized by similar effective population sizes 
and divergent times but different levels of gene flow, we expected 
that lineage pairs with higher gene flows would generally have re-
duced FST compared with those of lower gene flows. We calculated 
D statistics, a convenient measure of excess shared variation consist-
ent with introgression, based on ABBA- BABA method implemented 
in Dsuite (Table S2), and categorized gene flow as either low or high 
(Table S3). Lineage pairs with two significant D values and verified by 
DFS pattern (i.e., P. versicolor vs. P. polycephala and P. hunanensis vs. P. 
polycephala; Figure S5) were treated as “high”, and the others were 
in “low”. Note that we categorized P. hunanensis versus P. alutacea 
as the “low” group because this pair possessed only one significant 
D value and was not supported by the DFS pattern. Consistent with 
evidence of gene flow based on D- related statistic (Figure 2b, Figure 
S5, Table S2), genome wide FST of P. hunanensis versus P. versicolor 
and P. versicolor versus P. polycephala (with high gene flows) were 
generally lower than other lineage pairs with low gene flow (Figure 
S6). In addition, each of the 18 chromosomes independently showed 
the same trend of lower FST in lineage pairs with higher levels of 
gene flow than in lineage pairs with lower levels of gene flow (Figure 
S6). The lineage pair of P. suichuanensis versus P. alutacea was in the 
category of low gene flow and exhibited low FST (Figure S6), of which 
the smaller differentiation is probably due to a recent divergence in 
this lineage pair. We could not, however, exclude the possibility of 
gene flow between P. suichuanensis versus P. alutacea, because the 
ABBA- BABA method could not estimate gene flow between these 
sister species.

The influence of gene flow on genomic variation and differenti-
ation was then further investigated by calculating window fd values 
across the genome. If gene flow left a footprint on genomic variation, 
we expected that windows with higher gene flow would have higher 
genetic variation (π) and lower relative population differentiation 
(FST). Comparisons were conducted for lineage pairs at two levels of 
gene flow, with lineage pairs of high (P. versicolor to P. polycephala) 
and low (P. hunanensis to P. alutacea) gene flow. We divided genomic 
windows of 100 kb into low, medium, and high introgression levels, 
and found a general pattern that higher π and low FST (P. versicolor 
vs. P. polycephala) in windows with higher introgression from P. ver-
sicolor (Figure S7a, b). In P. hunanensis versus P. alutacea lineage pair, 
no similar effects of introgression on genome- wide π and FST were 
observed (Figure S7c, d).

3.3  |  Correlation analysis of genome- wide 
variation and genomic features

We investigated genome- wide variation structuring based on π, FST, 
absolute sequence divergence (dXY), gene density (CodingP), link-
age disequilibrium (LD), and population scaled recombination rate 
(ρ) calculated in nonoverlapping 100- kb windows by considering LD 
values across the genome. First, positive correlations between all 
possible lineage pairs were found for π, ρ, and LD (Figure S8). In addi-
tion, π was found to be negatively correlated with CodingP, but posi-
tively correlated with ρ of each population (Figure S8). We further 
identified that FST was negatively correlated with π and ρ, and posi-
tively correlated with dXY. As the pattern of correlations among each 
statistic pair was similar across all comparisons, we then extracted 
principal component one (PC1) of each summary statistic to sum-
marize and visualize the common pattern across multiple lineages. 
Indeed, the genome- wide pattern of these summary statistics were 
distributed nonrandomly across the genome and in each individual 
chromosome (Figure 3a). Correlation analysis among PC1 of each 
summary statistic showed qualitatively similar pattern with those 
based on single lineage pair (Figure 3b).

As we found positive correlations between genome- wide FST 
and dXY (Figure 3b; Figure S8), and significant higher dXY in genomic 
islands (i.e., higher FST, see below), but a trend of negative relation-
ship between these two parameters (i.e., Z- PC1 FST and Z- PC1dXY; 
Figure 3a), we suspected that this conflict might reflect differentia-
tion of evolutionary forces working on genomic islands and genomic 
backgrounds (Z- FST < 2). We then removed the genomic islands and 
redid the correlation analysis. All of the correlations were consis-
tent with previous analysis based on genome- wide windows, except 
those between FST and dXY. We found six out of 10 species pairs 
that had significantly negative correlations. When windows were re-
stricted to those with Z- FST < 1, eight out of 10 species pairs showed 
significantly negative correlations, with the other two presenting 
significant but weak positive correlations.

3.4  |  Characterization of genomic islands

We further isolated genomic islands (Z- FST ≥ 2) from each line-
age pair, and investigated the characteristics of these genomic 
islands. Overall, we found a pattern of heterogenous distribu-
tion of genomic islands (100 kb nonoverlapping window, Z- 
FST > 2) among different lineage pairs (Figure S9), with only nine 
genomic islands (0.9 M) found in all of the 10 lineage pairs. These 
nine common genomic islands were characterized with lower 
recombination rate compared with the genomic background 
(ρcommon = 0.00215 ± 0.00117 vs. ρbackground = 0.00320 ± 0.0011
2). The total size of genomic islands varied from 26.9 M in lineage 
pair P. polycephala and P. hunanensis (genome- wide FST = 0.197) to 
10.5 M in P. versicolor and P. alutacea (genome- wide FST = 0.230) 
(Table S3). The size and number of genomic islands were simi-
lar between species pairs with high and low levels of gene flow 
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F I G U R E  3  Landscape of genomic variation and structural properties. (a) Common genomic landscapes mirror variation in the local 
properties of the genome. Line charts of gene density, Z- transformed PC1 for recombination rate (ρ), relative differentiation (FST), absolute 
divergence (dXY) and genetic variation (π) in nonoverlapping 100- kb genomic windows. (b) Correlations between genetic diversity and 
intrinsic features across the genome. Matrix of pairwise correlations between PC1 π, PC1 dXY, PC1 FST, PC1 ρ, and gene density were 
calculated in nonoverlapping 100 kb genomic windows. *** indicates a p- value <.001 [Colour figure can be viewed at wileyonlinelibrary.com]
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(Table S3). Comparison of population genetic parameters revealed 
significantly higher absolute divergence (dXY) and linkage disequi-
librium (LD) in the genomic islands than background windows in all 
lineage comparisons (Figure S10a, b, c). For each lineage pair, not 
all genomic islands showed significantly lower nucleotide diversity 
(π) compared with genomic background in each of the two spe-
cies (Figure S10d). We also found not all genomic islands of each 
lineage pair enriched in functional elements (Coding sequence 
percentage) or genomic regions with a low recombination rate 
(ρ) (Figure S10e, f). In addition, a strong positive correlation be-
tween FST and dXY across these islands was observed, with larger 
and smaller values indicating deeper and shallower cross- species 
coalescence, respectively (Figure S10g), indicating accumulation 
of genetic differentiation over time in these genomic islands. The 
average da values of these genomic islands were higher than all of 
the background windows (Figure S10h). Using a generation time of 
two years and a mutation rate of 7 ×10−9 per site per year, the av-
erage coalescent time of genomic islands in P. suichuanensis versus 
P. alutacea, which was the minimum value across ten species pairs 
(Figure S10h), is around 5.4 Myr.

3.5  |  Adaptation of P. suichuanensis to 
Danxia habitats

To identify genomic regions that facilitated adaptation of P. sui-
chuanensis to Danxia habitats as well as phenological differentiation 
with sibling species, we used ΔFST to identify genomic outliers in the 
target population (i.e., P. suichuanensis that adapted to Danxia). ΔFST 
can adjust observed differentiation across multiple comparisons 
(Burri, 2017; Vijay et al., 2016) and separate genomic islands from 
those resulting from selection pressures shared across multiple spe-
cies (e.g., regions with low recombination rate, Booker et al., 2020). 
In addition, population branch statistic (PBS) of P. suichuanensis was 
used to identify lineage- specific selective sweeps in this species. 
Window- based analysis of these two parameters showed a signifi-
cant correlation (Pearson's r = 0.44) (Figure 4a). Under the criterion 
of Z- PBS > 2 and Z- ΔFST > 2, we identified 29 islands across the 
genome. These target regions had higher recombination rate than 
the background windows (ρtarget = 0.0319 ± 0.0696 vs. ρbackground 
=0.00954 ± 0.0338), which indicated that they were unlikely con-
nected with genomic features and background selection. In addition, 
the lineage- specific islands had significantly higher absolute diver-
gence (p = 2.2 × 10−16) and linkage disequilibrium (p = .0014) when 
compared with the background windows (Figure 4b), and could be 
generated by selective sweeps (Jacobs et al., 2016). Species- specific 
windows with significantly more negative Tajima's D values than 
other windows (p = .0016) further supported positive selection in 
these windows (Figure 4b). Functional analysis of these genomic 
regions identified one significantly enriched GO term, which in-
cluded four flavin- containing monooxygenases (FMOs) and one cy-
tochrome P450 (CYP86A1) that related to monooxygenase activity 
(p = .000627, B- H method, Table S4). We also isolated five genes in 

E3 ubiquitin ligase gene family and several transmembrane proteins 
in these regions (Table S4).

For the region with the highest values of PBS and ΔFST across the 
genome (Figure 4a), we investigated the potential effects of nonsyn-
onymous mutation on functions of each locus in this region by using 
SuSpect method (Yates et al., 2014). However, we did not identify 
any missense mutation that significantly altered molecular function 
based on the simulation analysis. We further calculated ΔFST and 
PBS in nonoverlapping 10 kb windows at this region, and identified a 
10 kb window containing the gene evm.model.ctg621.5 (translation 
initiation factor IF- 3, eIF3) with the highest value. Apart from discor-
dant tree topology and extended branch length, haplotypes of this 
gene in P. suichuanensis differed from the other lineages (Figure 4c). 
eIF3 is important in start codon recognition in both prokaryotes and 
eukaryotes and influences translational control in eukaryotic cells 
(Kearse & Wilusz, 2017; Valášek et al., 2017). A close investigation of 
mutations at this gene identified a mutation turning initiation codon 
from AUG to CUG. As well as P. suichuanensis, this mutation (allele) 
was not present in the other species. The gene tree based on tran-
scriptomic data demonstrated that all species had the AUG initiation 
codon at this gene, showing a de novo mutation in P. suichuanensis 
(Figure 4d).

4  |  DISCUSSION

Our study represents a comprehensive empirical analysis aimed at 
detangling the evolutionary processes that shaped the patterns of 
genomic variation in a group of edaphic plant specialists. We found 
that gene flow and long- term linked selection contributed to genome 
wide variation and thus the formation of differentiation in these spe-
cies. In spite of gene flow and widespread linked selection, majority 
of genomic regions with elevated differentiation was caused by di-
vergent sorting of ancestral polymorphism. Teasing apart processes 
unrelated to lineage specific adaptation (i.e., background selection) 
by incorporating different genetic parameters, we were able to iden-
tify genomic outliers that could have facilitated the ecological adap-
tation of P. suichuanensis to Danxia habitats.

4.1  |  Gene flow contributed to genomic 
variation and differentiation

Despite current geographical isolation between species, our ABBA- 
BABA analysis demonstrated high levels of gene flow among three 
geographically close lineages (i.e., P. versicolor vs. P. polycephala and 
P. hunanensis vs. P. polycephala) and limited gene flow among other 
geographically isolated lineage pairs. Similarly, previous analyses 
based on chloroplast DNA and microsatellite markers on Primulina 
have supported widespread historical gene flow among these spe-
cies despite their distribution in soil- island outcrops (Hao et al., 
2015; Wang, Ai, et al., 2017; Wang, Feng, et al., 2017). Given the 
strong interspecies genetic differentiation and limited seed dispersal 
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capability, it seems unlikely that there is contemporary gene flow 
between species. One explanation for historical gene flow among 
species may be that their ancestors had much wider range than their 
current distributions and allowed gene flow at the beginning of spe-
cies differentiation. Then the climatic fluctuations caused by exten-
sive glaciation drove the ancestral populations into different Karst 
habitats as refuges. Indeed, the fluctuation in effective population 
size during alternating series of glacial and interglacial periods could 
have been associated with range shift that might have led to gene 
flows among three geographically adjacent lineages.

We further explored the effects of gene flow on genomic variation 
and differentiation by dividing lineage pairs into two groups based on 
introgression levels identified in ABBA- BABA analysis. Lineage pairs 
with high gene flow generally showed lower genome- wide differen-
tiation (FST) compared with lineage pairs in the low- level group. This 
pattern was consistent across the genome and within each individ-
ual chromosome, indicating effects of gene flow on genome- wide 

variation and differentiation (Martin et al., 2013; Via, 2009). In addition, 
the window- based analysis of fd showed that the genomic windows 
with low and high introgression have high and low FST, respectively. 
This pattern, however, could not be found in the species pairs with low 
level of gene flow (e.g., P. hunanensis vs. P. alutacea). We note that the 
window- based D statistic may generate false positives in regions with 
low recombination rate (Martin et al., 2015). Nevertheless, combining 
genome- wide effects of gene flow on genomic differentiation sug-
gested that our hypothesis on the influence of gene flow on genomic 
variation and differentiation was not violated.

4.2  |  Divergent sorting of ancient polymorphism 
dominating the formation of genomic islands

For plants that adapted to special habitats (e.g., Karst landforms), an 
intriguing open question concerns the formation of genomic islands in 

F I G U R E  4  Genome- wide differentiation mirror ecological adaptation of P. suichuanensis to Danxia landform. (a) Genome- wide net 
genetic differentiation (ΔFST) and population branch statistic (PBS) values calculated in 100- kb nonoverlapping windows. P. polycephala and 
P. alutacea were used as the outgroup and ingroup in PBS calculation of P. suichuanensis. The lower panel is the bar plot of gene density in 
100- kb nonoverlapping windows. (b) Linkage disequilibrium (LD) and Tajima's D values between genomic islands of divergence (Z- ΔFST > 2 
& Z- PBS > 2, named target) and the genomic background (other windows, named background). Significant differences are indicated with 
*<.05, **<.01, and ***<.001. (c) Haplotype network and gene tree of translation initiation factor IF- 3 (eIF3). (d) Phylogeny shows the de novo 
mutation in initiation codon of eIF3 (AUG to CUG) in P. suichuanensis. Coding sequence of eIF3 isolated from 13 unpublished transcriptome 
were used [Colour figure can be viewed at wileyonlinelibrary.com]
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different species (Konečná et al., 2020). Our analysis of the genomic 
islands across 10 lineage pairs (of five species) showed significantly 
higher dxy compared with other genomic windows and a global pattern 
of positive correlation between FST and dxy in these genomic islands. 
Evolutionary models including both divergent selection with gene 
flow and divergent sorting of ancient polymorphism can generate 
genomic regions with both elevated FST and dxy (e.g., Han et al., 2017; 
Ravinet et al., 2017). However, the divergent selection with gene flow 
may not be common in these lineages because we found gene flow 
only among three geographically adjacent species while no gene flow 
in the other species pairs based on D statistic. Meanwhile, if gene flow 
had contributed to the formation of genomic islands, the size and num-
ber of genomic islands with elevated dXY in lineage pairs with gene 
flow should be higher than those without gene flow (Han et al., 2017). 
However, similar number and size of genomic islands between these 
two categories were identified (Table S4). Our results thus did not sup-
port the major role of gene flow in generating genomic islands.

An alternative scenario may be that most of the genomic is-
lands are generated by divergent sorting of ancient polymorphism 
(Guerrero & Hahn, 2017). In this model, highly diverged haplo-
types are maintained in genomic regions in ancestral species by 
evolutionary forces such as balancing selection and development 
of genomic islands due to lineage sorting of divergent haplotypes 
in the nascent lineages under geographically varied selection 
or drift (Guerrero & Hahn, 2017; Han et al., 2017; Wang et al., 
2019). In this study, the five Primulina species inhabited spatially 
and temporally varying microhabitats and had high genetic diver-
sity. These evolutionary processes (e.g., balancing selection) that 
harboured standing genetic variation might have prevailed across 
the genome. When species colonized a new habitat, local selec-
tion might have facilitated the formation of genomic islands by 
sorting of preadapted genetic variation (e.g., ancient divergent 
haplotypes). Unlike the model of divergent selection with gene 
flow where the genomic islands clustered together, the genomic 
islands heterogeneously distributed across the genome might 
have favoured formation of islands by ancient polymorphism. In 
addition, the genomic islands in all of the lineage pairs were with 
higher da value than that in background windows (Figure S10) and 
the average coalescent time between the divergent haplotypes 
of these genomic islands (>5.4 Myr) was higher than the split of 
these lineages (0.227– 0.414 Myr) (Figure S4), suggesting most of 
the observed differentiation was due to ancestral polymorphism. 
We thus proposed divergent sorting of ancient polymorphism as 
the major mode in generating genomic islands. Nevertheless, we 
could not exclude the contribution of gene flow in generating ge-
nomic islands between geographically adjacent lineages.

4.3  |  Linked selection affects the genomic 
variation and differentiation

Multiple evolutionary processes can generate islands across the ge-
nome (Cruickshank & Hahn, 2014; Guerrero & Hahn, 2017; Ravinet 

et al., 2017; Vijay et al., 2016; Wolf & Ellegren, 2017). Processes 
including background selection cannot be related to adaptation or 
speciation but may have impacts on isolation of genomic islands 
in genome scans (Wolf & Ellegren, 2017). Accumulated effects of 
long- term background selection that repeatedly occur among lin-
eages would interplay with genomic features (e.g., regions with 
low- recombination rate and high gene density) and contributed to 
the formation of genomic islands (Burri, 2017; Burri et al., 2015; 
Rettelbach et al., 2019). Analysis of population- scaled recombination 
rate in the genomic islands showed that around half of these lineage 
pairs were with reduced recombination rate in genomic islands. This 
feature indicated some of the genomic islands might be generated 
by linked selection in regions with low recombination rate and in-
trinsic genomic features (Burri, 2017; Cortés et al., 2018). Indeed, 
we found nine genomic islands with lower recombination rate than 
background windows commonly presented across 10 lineage pairs, 
which is probably generated by background selection that repeat-
edly occurred across these lineages.

Meanwhile, if the rate of mutations were high enough across the 
genome, linked selection would be a common evolutionary force in 
driving genetic variation and differentiation (Burri, 2017; Payseur & 
Nachman, 2002; Torres et al., 2020). The positive correlations be-
tween population recombination rates (and LD) among all species 
pairs did support a broad scale conserved population recombination 
rate and shared long- term linked selection across populations. In ad-
dition, the positive correlation between π and ρ, a negative correla-
tion between π and functional elements, and a negative correlation 
between ρ and FST, suggest the pervasive effects of background se-
lection (Burri, 2017; Payseur & Nachman, 2002; Vijay et al., 2016). 
When correlation analyses were done with only background win-
dows, we further found that most species pairs showed negative 
correlations between FST and dxy. Our results thus demonstrated 
widespread effects of linked selection on genomic variation and 
differentiation, especially on the genomic backgrounds. Moreover, 
a subset of genomic islands contributed through background selec-
tion (i.e., nine common genomic islands) even though the majority of 
the genomic islands were generated by divergent sorting of ancient 
polymorphism.

4.4  |  Edaphic adaptation of P. suichuanensis to 
Danxia habitat

Colonization of novel habitats, including edaphic islands, can be 
achieved via ecological adaptation (Hereford, 2009; Palacio- López 
et al., 2015). Edaphic adaptation of ecotypes is a critical stage that 
can lead to speciation (Rajakaruna, 2018). Compared with its sibling 
species, P. suichuanensis is restricted to Danxia landform, a habi-
tat different from the Karst soils in terms of chemical and physical 
properties (Hao et al., 2015). Its flowering time (from September 
to November) is later than the other closely related lineages (from 
May to August) (Cai et al., 2015; Zhou et al., 2016), possibly link-
ing ecological adaptation to phenological adaptation (Osborne et al., 
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2019). The differentiation in flowering time may be related to soil 
type pushing the development of late- flowering phenotypes of P. 
suichuanensis in Danxia while earlier flowering time in Karst. Similar 
patterns of divergence in phenology across edaphic habitats have 
been identified in several studies such as sympatric speciation of 
Howea palms (Osborne et al., 2019; Savolainen et al., 2006) and 
Leptosiphon parviflorus (Dittmar & Schemske, 2018).

When the effects of background selection were removed, 
we identified lineage- specific genomic regions that might have 
involved local adaptation of P. suichuanensis Danxia soil habitat. 
It should be noted that lineage- specific differentiation could also 
have resulted from demographic events, such as population ex-
pansion, and should be verified by more powerful methods such 
as supervised machine learning (e.g., Libbrecht & Noble, 2015; 
Schrider & Kern, 2016). We thus only focused on the region with 
the most distinguished signal of selective sweep, and on GO terms 
and genes that were overrepresented, instead of investigating 
every single gene in these regions.

In the region with the strongest genome- wide selection signal, 
we identified a fixed mutation turning initiation codon of transla-
tion factor IF- 3 (eIF3) from AUG to CUG. eIF3 plays an important 
role in start codon recognition in both prokaryotes and eukaryotes 
(Kearse & Wilusz, 2017), and coordinates the progress in most of 
the initiation steps (Gutu et al., 2013; Valášek et al., 2017). The 
change of AUG to CUG maintains eIF3 generation under stress 
conditions (Kearse & Wilusz, 2017) which in turn controls the 
initiation of transcription and regulation of metabolism across 
the plant cells. The highly enrichment GO term of monooxygen-
ase activity, which has been show to exhibit specific functions in 
auxin biosynthesis, metabolism of glucosinolates, and immunity- 
related activities in plants (Hartmann et al., 2018; Schlaich, 2007), 
may control flowering time under varying environmental condi-
tions (Campos- Rivero et al., 2017; Cho et al., 2017). Meanwhile, 
CYP86A1, one in GO term of monooxygenase activity, is a key 
enzyme for biosynthesis of aliphatic root suberin that restricts 
water and nutrient loss, and prevents the invasion of pathogens 
in Arabidopsis (Höfer et al., 2008). In addition, five genes in E3 
ubiquitin ligase gene family involved in the regulation of a num-
ber of biological processes, including plant innate immunity, plant 
reproduction, hormonal control of vegetative growth, light re-
sponse, and stress tolerance (Craig et al., 2009; Mazzucotelli et al., 
2006), were identified. Overall, these identified genomic regions 
might have facilitated the ecological adaptation of P. suichuanensis 
during its colonization of Danxia habitats. Further molecular evi-
dence based on functional analysis of target genes should improve 
our understanding of speciation through ecological adaptation P. 
suichuanensis.

5  |  CONCLUSIONS

Our analysis of genome- wide polymorphism supports differential 
gene flow in a group of Primulina species distributed in island- like 

landforms of Karst and Danxia in China. We demonstrated that 
both gene flow and long- term linked selection have contributed 
to genome- wide variation in this system. Our analysis based on 
species pairs at multiple divergent levels support the important 
role of divergent sorting of ancient polymorphism in the formation 
of genomic islands. We further isolated lineage- specific islands in 
P. suichuanensis, some of which might contain loci facilitating local 
adaptation of this species to Danxia habitats. Our comprehensive 
analysis disentangles multiple evolutionary processes that shape 
genomic variation and differentiation of plant specialists, and clar-
ifies the evolution and speciation of such endemic plants in South 
China Karst and Danxia.
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