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A B ST R A CT 

How speciation and hybridization occur across steep environmental gradients has fascinated ecologists and evolutionary biologists for decades. 
Enkianthus quinqueflorus and E. serrulatus are a species pair located on the two sides of the Nanling Mountains, a previously proposed tropical–
subtropical transitional zone (ecotone) of south China. In this study, we investigated its speciation and hybridization history based on DNA 
sequences of four chloroplast inter-genic spacers and eight nuclear genes from 44 populations. Phylogenetic analyses found clear cytonuclear 
discordance, indicating some E. quinqueflorus (EquiN) populations were of hybrid origin, largely corresponding to E. serotinus (especially E. 
tubulatus). Approximate Bayesian computation (ABC) analysis found that EquiN were derived from hybridization between E. serrulatus and 
the other cluster of E. quinqueflorus (EquiS) at 0.22 Mya after an initial split at 0.93 Mya, and the hybridization was also confirmed by IMa2. 
Ecological niche modelling indicated that E. serrulatus and EquiS had distinct ecological niches but with overlapped distribution across the late 
Quaternary. These results, coupled with morphological intermediacy of E. tubulatus, clearly suggest that E. quinqueflorus (EquiS) and E. serrulatus 
may be the products of allopatric speciation associated with refugial isolation during the late Cenozoic climate changes, and E. tubulatus could 
have resulted from second contact and hybridization around the Nanling Mountains between E. quinqueflorus (EquiS) and E. serrulatus. This 
study suggests that the Nanling Mountains are a hotspot of speciation and hybridization for woody flowering plants, and represent the tropical–
subtropical transitional zone in south China, at least in terms of plant divergence and speciation.
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I N T RO D U CT I O N
The process by which individuals from genetically distinct popu-
lations (e.g. species, subspecies) mate and produce at least some 
viable offspring is referred to as hybridization, and the geograph-
ically narrow areas where hybridization is localized are hybrid 
zones (Barton and Hewitt 1985, Harrison 1993, Gompert et 
al. 2017). Hybrid zones can show complex patterns in space. 
In many cases, hybrid zones tend to be located at ecotones 

between habitats occupied by parental forms (Barton and Gale 
1993, Moore and Price 1993), as ecotones always coincide with 
areas of steep transition along environmental gradients or zones 
of threshold or nonlinear responses to gradual gradients in the 
physical environment (Risser 1995, Kark 2007, 2012).

Hybrid zones are ideal arenas to observe interactions between 
divergent gene pools and the study of hybrid zones at ecotones 
has played an important role in understanding the origin of 
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species (Barton and Hewitt 1985, Hewitt 1988, Abbott 2017, 
Stankowski et al. 2021, Wielstra 2021). Originally, some studies 
suggested that natural selection posed by steep environmental 
gradients at ecotones is the principal cause for the origin of spe-
cies (e.g. Smith et al. 1997, Schneider et al. 1999, Schilthuizen 
2000, Nosil 2012). Under such scenarios, primary hybrid zones 
can be formed between populations diverged in parapatry by 
differential environmental selection (Abbott 2017, Stankowski 
et al. 2021, Wielstra 2021). By contrast, reproductive isolation 
is considered more commonly a by-product of genetic drift and 
local adaptation in allopatry (Mayr 1959, Coyne and Orr 2004), 
and most hybrid zones across ecotones seem to originate by 
secondary contact between populations that diverged in allop-
atry (Abbott 2017). Moreover, distinct habitats always exist at 
ecotones between the two adjoining habitat types (Kark 2007, 
2012), where hybrids with intermediate phenotypes may be best 
fitted, giving rise to stable hybrid superiority zones (bounded 
superiority zones) (Abbott 2017, Stankowski et al. 2021). 
Sometimes, those hybrid individuals may have ‘transgressive’ 
phenotypes that outperform either parental type (Rieseberg et 
al. 1999), or become isolated from their parents due to changes 
in distribution ranges (e.g. Wang and Szmidt 1990, DeRaad et al. 
2023), leaving behind a new hybrid species.

Latitudinal gradients in abiotic factors, especially tempera-
ture gradients, strongly determine species distribution and gen-
etic divergence (Pereira et al. 2017). Freezing temperature can 
cause lethal injuries in living plant tissues (Sakai and Larcher 
1987) and have long been considered a principal restriction on 
the spreading out of the tropics for many tropical plant lineages 
(Donoghue 2008). At the northern/southern limit of the trop-
ical zone, there is a sharp decrease in tropical seed plant elements 
because they cannot withstand freezing temperature (Donoghue 
2008, Cavender-Bares et al. 2011, Fan et al. 2022), resulting in a 
transitional zone from tropical zone to subtropical (warm–tem-
perate) zone. Because such transitional zones have occasionally 
been referred to as ‘ecotones’ in previous literature (Ashton and 
Zhu 2020), we use ‘transitional zone’ and ‘ecotone’ interchange-
ably in this study. In the tropical–subtropical transitional zone 
of south and south-west China, high plant species richness has 
been reported for flower plants as a whole (Ye et al. 2019a) or 
a particular plant group (e.g. Lauraceae, Zhou et al. 2023), pos-
sibly due to different species from the adjoining tropical and 
subtropical zones meeting at the ecotone. More importantly, 
accumulating evidence indicates that this ecotone might be a 
hotspot of population divergence, speciation, and hybridization, 
possibly due to the nonlinear physiological responses to tem-
perature gradient around freezing point and range shift caused 
by glacial-interglacial climate changes during the late Cenozoic 
(Ye et al. 2019a, Chen et al. 2022, Fan et al. 2022). Therefore, this 
ecotone represents an active area of speciation and hybridiza-
tion, deserving more attention from ecologists and evolutionary 
biologists.

In south and south-west China, however, several northern 
boundaries of the tropical zone have been recommended based 
on various criteria. For example, Zhu and his colleagues (Zhu 
2013, Ashton and Zhu 2020) recommended a line at roughly 
22° 30′ N, but Zhu and Wan (1963) proposed a line along the 
Nanling Mountains (roughly the line at 24° N–25° N). However, 
these lines are delineated according to qualitative evidence 

such as phenological observations (Zhu and Wan 1963) or 
plant distribution patterns (Zhu 2013, Ashton and Zhu 2020), 
mostly lacking a quantitative operational criterion. By com-
bining geographically explicit information and population gen-
etic data, phylogeographic structure within species or among 
closely related species has become a powerful tool for biogeo-
graphical regionalization (e.g. Lin et al. 2018, Rana et al. 2023). 
Several phylogeographic studies have revealed that there is an 
ecophysiological boundary along the Nanling Mountains (Fan 
et al. 2016, 2022, Ye et al. 2019b), indicating a line along the 
Nanling Mountains might represent the tropical–subtropical 
transitional zones in south China, at least in terms of plant popu-
lation divergence and speciation. However, such studies are still 
scarce and more empirical cases should be documented to verify 
this finding.

Enkianthus Lour. (Ericaceae) is a genus of shrubs or small 
trees occurring in E. Himalayas, south China (including 
Taiwan), Japan, and Indochina (Fang and Stevens 2005). 
Anderberg (1993) recommended four sections within the 
genus: Enkiantella, Meisteria, Andromedina, and Enkianthus. 
Sect. Enkianthus distributed in central to south China and 
Japan, is a monophyletic clade according to previous mo-
lecular phylogenies (Tsutsumi and Hirayama 2012, Liang et 
al. 2022). Within sect. Enkianthus, there are two sister diploid 
species, Enkianthus quinqueflorus Lour. and E. serrulatus (Wils.) 
Schneid. (Liang et al. 2022), then together sister to E. perulatus 
C. K. Schneid. Enkianthus quinqueflorus is roughly located to the 
south of the Nanling Mountains, while E. serrulatus to the north 
(Fig. 1A). Besides the three species, there is another formally 
recognized species (E. serotinus Chun et Fang) within the sect. 
Enkianthus (Fang and Stevens 2005). Although this species has 
been recorded sporadically in Guangdong, Guangxi, Guizhou, 
Sichuan, and Yunnan (Fang and Stevens 2005), our extensive 
field investigations found that this species is confined mainly to 
the Nanling Mountains (Fig. 1A). Intriguingly, the morphology 
of E. serotinus is intermediate to E. quinqueflorus and E. serrulatus, 
possessing leathery leaves like E. quinqueflorus, but white flowers 
like E. serrulatus, implying that E. serotinus might be derived from 
hybridization between E. quinqueflorus and E. serrulatus and the 
Nanling Mountains might be a hybrid zone between the two. In 
addition, the two adjoining species have distinct life habits (E. 
quinqueflorus is evergreen with leathery leaves but E. serrulatus 
is deciduous with papery leaves), alluding that the two species 
might be the products of parapatric speciation (a form of eco-
logical speciation with gene flow, Nosil 2012) under ecological 
pressure associated with freezing temperature at the tropical–
subtropical ecotone (Zanne et al. 2014) and the hybrid zone 
between them might be of primary intergradation. However, 
range shifts and refugial isolation during the Quaternary climate 
changes have been considered the causative factor in population 
divergence and speciation across the tropical–subtropical eco-
tone (Chen et al. 2022, Fan et al. 2022, Ye et al. 2019b), allopatric 
speciation, and secondary contact might be more plausible for E. 
quinqueflorus and E. serrulatus. Therefore, unveiling the speciation 
and hybridization history of E. quinqueflorus and E. serrulatus is 
crucial for understanding the formation of the hybrid zone at the 
tropical–subtropical ecotone and the phylogeographic structure 
among the two species would be constructive for determining 
the position of the tropical–subtropical ecotone.
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Here, we collected population samples across the ranges of 
E. quinqueflorus and E. serrulatus as well as the putative hybrid 
species, E. serotinus. Four chloroplast regions and eight nuclear 
genes were screened and sequenced. By integrating approaches 
of population genetics, molecular phylogenetics and ecological 
niche modelling, we address the following: (i) whether E. 
quinqueflorus and E. serrulatus resulted from parapatric speci-
ation or allopatric speciation. (ii) Whether E. serotinus is derived 
from hybridization between E. quinqueflorus and E. serrulatus 
and whether there is a hybrid zone between them. (iii) Do the 
Nanling Mountains represent the tropical–subtropical transi-
tional zone from the perspective of plant divergence and speci-
ation?

M AT E R I A L S  A N D  M ET H O D S

Sampling and DNA extraction
Leaf samples were obtained from 22 populations (n = 122) of 
E. serrulatus and 22 populations (n = 121) of E. quinqueflorus 
throughout their ranges in China (Table S1 in the Supporting 
Information). The latter included the putative hybrid species 
E. serotinus because it is difficult to distinguish E. serotinus from 
E. quinqueflorus practically due to both having leathery leaves 
and occasionally E. quinqueflorus bearing white flowers like 
E. serotinus. To avoid arbitrary taxonomic identification, we 
treated the putative E. serotinus populations as E. quinqueflorus 
temporarily. Fresh leaves were dried in silica gel immedi-
ately after collection, and all sampled individuals from each 

population were spaced at least 10 m apart. Voucher specimens 
were deposited in the Herbarium of Lushan Botanical Garden 
of the Chinese Academy of Sciences (LBG). Total genomic 
DNA was extracted from desiccated leaves using a modified 
cetyltrimethylammonium bromide (CTAB) procedure (Doyle 
and Doyle 1990).

Meanwhile, to delineate the species relationships based 
on morphology, we quantified seven floral traits (florescence 
number, corolla diameter, corolla length, pedicel length, stamen 
length, stigma height, and the difference in length between the 
stamen and stigma) in five populations (20, 23, 24, 36, and 38), 
each comprising a minimum of 10 individuals. Three replicates 
of each individual were randomly selected for trait measure-
ment. Principal component analysis (PCA) was then performed 
on the measured trait datasets.

Locus screening, PCR amplification, and sequencing
Four intergenic spacer regions of chloroplast (cp) DNA (petA-
psbJ, rpl32-trnL, trnL-F, psbA-trnH) were selected, amplified, 
and sequenced. In addition, eight single/low-copy nuclear genes 
(En23, En28, En61, En64, En72, En78, En80, and En93) were 
developed from transcriptome sequences of E. serrulatus fol-
lowing the method described in our previous studies (Kou et al. 
2020, Fan et al. 2022). Transcriptome sequencing was performed 
on the Illumina NextSeq 500 platform (Illumina, San Diego, 
CA, USA) at Personal Biotechnology (Shanghai, China). The 
sequences of transcriptome unigenes were deposited in figshare 
(https://doi.org/10.6084/m9.figshare.23815533). Protocols of 

Figure 1. Geographic distribution of genetic clusters. A, Pie charts show the mixed ancestry when K = 3 inferred by STRUCTURE. Three 
distinct genetic groups are identified by their coloured circles. The inset images show the typical flower morphology of the three Enkianthus 
species distributed in the corresponding geographical region, as recorded in Floral of China. The figure illustrates the two biogeographically 
northern boundaries of the tropical area in south and southeastern China, respectively, a solid line at 22° 30′ N recommended by Zhu (2013), 
and a dotted line along the south of Nanling Mountains (roughly the line at 24° N–25° N) proposed by Zhu and Wan (1963). The background 
colours show the mean temperature of coldest quarter. B, C, The ancestry composition of each population for K = 2 is shown in geography 
based on the nuclear gene data set (B) and chloroplast DNA (C).
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PCR amplification and DNA sequencing followed by Fan et al. 
(2022), with different annealing temperature settings for each 
locus (Table S2 in the Supporting Information).

Raw chromatograms were checked and edited using 
Sequencher v.5.4.6 (GeneCodes Corporation, Ann Arbor, MI, 
USA), aligned using BioEdit v.7.2 (Hall 1999), and then re-
fined manually in MEGA v.7.0 (Kumar et al. 2016). The nuclear 
sequences were phased in DnaSP v.5.1 (Librado and Rozas 
2009) for performing downstream analyses. All sequences 
have been deposited in GenBank under accession numbers 
OR382010–OR386929.

Genetic diversity, population differentiation, and neutrality 
test

For both cpDNA and nuclear loci, population genetic param-
eters were estimated using DnaSP v.5.1. For the concatenated 
cpDNA, the number of haplotypes (Nh), haplotype diversity 
(Hd), and nucleotide diversity (π) were calculated. For each nu-
clear locus, we estimated the number of segregating sites (S), 
nucleotide diversity (π), Watterson’s parameter (θw) (Watterson 
1975), the number of haplotypes (Nh), haplotype diversity (Hd), 
and the minimum number of recombinant events (Rm) after 
phasing sequences using the PHASE algorithm in DnaSP v.5.1. 
The expectation of neutral evolution was inferred for each locus 
using Tajima’s D, Fu and Li’s D* and F* (Fu and Li 1993).

Population differentiation based on ordered (Nst) and 
unordered (Gst) cpDNA haplotypes were calculated and 
then compared using U-statistics to test for the presence of 
phylogeographic structure. Genetic differentiation across eight 
nuclear loci within species as well as among populations within 
each species was computed using Fst (Wright 1951), and its sig-
nificance (at each locus, and overall) was tested based on 1000 
bootstrap permutations. All these analyses were performed 
using analysis of molecular variance in Arlequin v.3.0 (Excoffier 
et al. 2007).

Detection of hybridization
The existence of cytonuclear discordance was examined to 
detect whether a hybridization event happened between E. 
quinqueflorus and E. serrulatus. We inferred the maximum like-
lihood (ML) trees of all individuals using FastTree (Price et 
al. 2009) under the generalized time-reversible model with E. 
chinensis Franch. as outgroup based on eight concatenated nu-
clear genes as in Zou et al. (2013) and the concatenated cpDNA 
separately. The bootstrap support was calculated with 1000 rep-
licates. We also constructed the genealogical relationships of 
haplotypes for each nuclear locus and the concatenated cpDNA 
using a median-joining network implemented in PopART v.1.7 
(Leigh and Bryant 2015).

To further investigate the occurrence of hybridization, popu-
lation structure was assessed by STRUCTURE v.2.3.4 (Hubisz 
et al. 2009) with the admixture model using single nucleotide 
polymorphisms of eight nuclear loci. Twenty independent 
runs were conducted for each number of clusters (K) ran-
ging from 1 to 10 with a burn-in setting to 20 000 followed by 
200 000 Markov chain Monte Carlo (MCMC) iterations. The 
LnP (D) (Pritchard et al. 2000) and ΔK statistic (Evanno et al. 
2005) were used to estimate the most likely number of clusters. 

Graphics were visualized using STRUCTURE Harvester (Earl 
and vonHoldt 2012). In addition, we analysed the genetic struc-
ture using PCA implemented in the R package ‘pcaMethods’ 
(Stacklies et al. 2007).

Inference of speciation, hybridization, and demographic 
history

We used the isolation with migration (IM) model to infer diver-
gence time and gene flow of E. quinqueflorus and E. serrulatus. 
The model assumed neutrality, no selection, no recombination 
within loci, and random mating in ancestral and descendant 
populations (Hey and Nielsen 2004, 2007). We simulated and 
estimated the divergence time (t) and the bidirectional migra-
tion rate (m) between E. quinqueflorus and E. serrulatus, and 
effective population size (θ) using MCMC implemented in 
the IMa2 software package (Hey 2010). The simulations ran 
with a burn-in of 5 000 000 steps and retained 2 000 000 steps 
under the HKY mutation model. We set the mutation rate to 
1.58 × 10−9 per site per year, which is estimated in Rhododendron 
weyrichii Maxim (Yoichi et al. 2016) in Ericaceae. We inferred 
the average generation time to 5 years according to our and 
Geng’s (2000) observations.

Hybridization and divergence history of the two species 
were further evaluated using an ABC approach implemented 
in DIYABC v.2.1.0 (Cornuet et al. 2014). Three possible demo-
graphic scenarios were formulated based on the results of nu-
clear data. E. quinqueflorus (Equi) and E. serrulatus (Eser) 
split from an ancestral population at the time t0, then (1) E. 
quinqueflorus split into two clades (EquiN and EquiS) at the 
time t1; (2) EquiN diverged from Eser at t1; (3) EquiN was gen-
erated by a hybridization event between EquiS and Eser at t1 
(Fig. S1 in the Supporting Information). DIYABC selects the 
optimized rate from a given mutation range between 10−7 and 
10−9. Then 1 000 000 simulated datasets were generated for each 
scenario by default. Prior-scenario combinations were evaluated 
by performing a PCA on the summary statistics and comparing 
the overlap of the simulated and observed data. The posterior 
probabilities and 95% confidence intervals of our three scenarios 
were compared by weighted multigroup logistic regression on 
1% of simulated datasets closest to the observed data, as imple-
mented in DIYABC. The posterior distributions of coalescent 
parameters were estimated from the subset using a local linear 
regression procedure.

The temporal changes of effective population size were per-
formed for each cluster independently with extended Bayesian 
skyline plots (EBSP) analysis in BEAST v.2.5 (Heled and 
Drummond 2008). We used the same substitution rate as in 
IMa2. The software jModel test v.2.1.7 (Darriba et al. 2012) was 
employed to choose the most suitable model during the cre-
ation of the input file through the BEAUTi package manager in 
BEAST. We set the MCMC to 10 000 000 steps with sampling 
every 10 000 steps and set the burn-in at 10%. Tracer v.1.7 was 
used to explore distribution convergence (Rambaut et al. 2018).

Ecological niche modelling and niche differentiation
To predict potential distributions of each species under the past 
and present climate envelopes, ecological niche modelling was 
carried out in MAXENT v.3.4.3 (Phillips and Dudík 2008) with 
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the settings as follows: replicates = 20; type = subsample; max-
imum iterations = 5000; random test points = 25%. Sampled 
records from 71 localities for E. quinqueflorus (excluding popula-
tions of EuiN) and 122 for E. serrulatus were obtained from field 
investigations and records retrieved from the Chinese Virtual 
Herbarium (https://www.cvh.ac.cn/). Nineteen bioclimatic 
variables with a 2.5 arc minute resolution were downloaded 
from the WorldClim database (http://www.worldclim.org) 
for each period: present day (1970–2000), the Mid-Holocene 
(MH, ~6000 years before present), the Last Glacial Maximum 
(LGM, ~22 000, MIROC model), and the Last Interglacial 
(LIG, ~120 000–140 000). The pairwise Pearson correlations 
(r) among the bioclimatic variables were examined to avoid 
multicollinearity, and we excluded one of the variables in each 
pair with r > 0.7. Eight bioclimatic variables (Bio2, mean di-
urnal range; Bio3, Isothermality; Bio8, mean temperature of 
wettest quarter; Bio10, mean temperature of warmest quarter; 
Bio11, mean temperature of coldest quarter; Bio15, precipita-
tion seasonality; Bio16, precipitation of wettest quarter; Bio19, 
precipitation of coldest quarter) were retained. The AUC (area 
under the receiver operating characteristic curve) values were 
used to measure model accuracy and the model with values > 
0.9 was considered better discrimination. We also conducted the 
Jackknife tests to identify the contribution of each climatic vari-
able. The niche differences between the two species were meas-
ured by niche overlap and identity tests in ENMtools v.1.4.4 
using statistics of Schoener’s D and the standardized Hellinger 
distance (I) (Warren et al. 2008, 2010), which both range from 0 
(no overlap) to 1 (complete overlap).

To further detect which climatic variable is associated with 
the genetic differentiation between the two species, and whether 
the boundary between genetic clusters corresponds to a transi-
tion between climatically distinct regions. we conducted a PCA 
on climate data (19 climate variables) located within the sam-
pling sites. In addition, we evaluated the difference of each en-
vironmental variable between populations of two species using 
a nonparametric Kruskal–Wallis multiple-range test. The distri-
bution of each environmental variable was displayed in kernel 
density plots. We performed these analyses and drew graphical 
illustrations in R v.3.6.3 (http://www.R‐project.org).

R E SU LTS

Genetic diversity, genetic differentiation, and neutrality test
Four cpDNA-IGS regions were sequenced and aligned across 
243 individuals of 44 Enkianthus populations with a total length 
of 3499 bp. The total haplotype diversity (Hd), overall gene di-
versity (HT), and expected within-population gene diversity 
(HS) of E. serrulatus (0.946, 0.977, and 0.350, respectively) were 
slightly higher than those of E. quinqueflorus (0.924, 0.956, and 
0.220, respectively; Table S3 in the Supporting Information). 
Within the two clusters of E. quinqueflorus (see phylogen-
etic and STRUCTURE results next), EquiN was lower than 
EquiS for the three parameters (see details in Table S3 in the 
Supporting Information). However, the nucleotide diversity 
of E. quinqueflorus (π = 0.00312) was much higher than that 
of E. serrulatus (0.00130), while EquiN remained lower than 
EquiS. The phylogeographic structure was found in E. serrulatus,  

E. quinqueflorus as a whole, and EquiS (Nst significantly larger 
than Gst), but not in EquiN.

For nuclear sequences, a total of 2760 bp were sequenced 
at eight nuclear loci (Table S4 in the Supporting Information). 
Enkianthus quinqueflorus exhibited overall higher gen-
etic diversity, except for the average nucleotide diversity at 
nonsynonymous sites (π = 0.00722 in E. quinqueflorus versus 
π = 0.00786 in E. serrulatus). EquiS had higher average values 
for all parameters than EquiN, which is consistent with the 
cpDNA results. Significantly high population differentiation was 
observed in each nuclear loci for each pair of groups, with the 
average Fst for EquiS and EquiN (0.16428) exhibiting a lower 
value than that observed for the other pair of groups (Table S5 in 
the Supporting Information).

Negative values of Tajima’s D and Fu and Li’s D* and F* 
were estimated at all eight nuclear loci in both species (Table 
S6 in the Supporting Information). Most of these values 
were not significant in E. serrulatus, but significant in E. 
quinqueflorus, suggesting deviation from neutrality or demo-
graphic expansion.

Evidence of hybridization between E. quinqueflorus and E. 
serrulatus

The ML tree constructed from concatenated nuclear sequences 
identified two distinct clades, one corresponding to E. serrulatus 
(Eser), the other to E. quinqueflorus (except for one individual in 
population 23 (RY04) that is marked with an asterisk, Fig. 2A). 
On the cpDNA ML tree, however, the individuals of nine E. 
quinqueflorus populations (populations 23–31) clustered with E. 
serrulatus (coloured in yellow in Fig. 2B, C), displaying obvious 
cytonuclear discordance. Because these populations are located 
in the north of the E. quinqueflorus range, we then refer to them as 
EquiN, and other populations of E. quinqueflorus as EquiS (Fig. 
2A, B). The results of median-joining networks of individual nu-
clear locus and cpDNA also showed obvious cytonuclear dis-
cordance (Fig. S2 in the Supporting Information).

In contrast to the results of phylogenetic analyses, 
STRUCTURE analysis indicated that only a few individuals of 
E. quinqueflorus showed mixed ancestry when K = 2 (Fig. 2B, 
C), which was optimally judged by LnP(D) and ΔK statistic 
(Fig. S3 in the Supporting Information). We further explored 
whether there was a substructure within each cluster when K = 3 
and K = 4. For K = 3, the nine populations of E. quinqueflorus, 
especially populations 23–28, which show cytonuclear dis-
cordance in phylogenetic analyses displayed their own ancestry 
(coloured in yellow) (Figs 1A, 2C). Note that many popula-
tions of E. serrulatus also contained the yellow component to 
some extent, which might be caused by the sharing of ancestral 
polymorphisms as indicated in median-joining networks of indi-
vidual nuclear locus (Fig. S4 in the Supporting Information). For 
K = 4, no meaningful substructure was detected. In the result of 
PCA, the first and second principal components (PCs) explained 
40.06% and 13.81% of the total genetic variance. The first PC 
separated E. quinqueflorus and E. serrulatus and the second separ-
ated EquiN and EquiS with some mixture (Fig. 2D).

The PCA result of seven floral traits was consistent with the 
STRUCTURE result, with the three clusters exhibiting relatively 
distinct characteristics in 3D principal component space. The 
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floral morphology of EquiN was approximately intermediate to 
EquiS and Eser (Fig. S5 in the Supporting Information).

Species divergence, hybridization, and demographic history
In the results of IMa2 analysis, the two species diverged around 
1.78 Mya [95% confidence intervals (CI): 1.55–2.02 Mya]. 
The effective population size of E. quinqueflorus (8.13 × 106, 
95% CI: 7.12–9.14 × 106) was larger than that of E. serrulatus 
(3.46 × 106, 95% CI: 2.94–4.02 × 106). The results showed 

some evidence of gene flow between the two species. The esti-
mate for the migration rate from E. quinqueflorus to E. serrulatus 
was 0.138, higher than the reverse direction (0.092) (Table 1 
and Fig. 3A).

To further examine the divergence and hybridization among 
the three lineages (EquiN, EquiS, and Eser) according to the re-
sults of phylogenetic analyses and Bayesian clustering, we also 
carried out repeated runs of simulations with the DIYABC. The 
best-fit population model with ABC was scenario 3 (Fig. S6 in 

Figure 2. Phylogenetic relationships and population structure of the three genetic groups (Eser, EquiN, and EquiS). A, An ML tree based on 
eight nuclear loci that identified two distinct clades for E. serrulatus (Eser) and E. quinqueflorus (EquiN + EquiS), except RY04 (population 23) 
from EquiN, which is clustered with Eser and marked with an asterisk in the figure. B, An ML tree based on chloroplast DNA, among which 
the relationship between the EquiN and Eser group is the closest. The supporting values from bootstrap analyses are labelled main beside the 
nodes. C, Genetic structure with combined nuclear data for each individual of the three groups. The scenarios of K = 2, K = 3, and K = 4 are 
shown, and K = 2 is the best value according to cross-validation analysis. D, PCA on pairwise genetic differentiation of populations for three 
genetic groups based on eight nuclear loci.
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the Supporting Information), which suggested that an initial split 
between Eser and EquiS at 0.93 Mya (95% CI: 0.27–1.81 Mya), 
then Eser and EquiS hybridized and produced EquiN at 0.22 
Mya (95% CI: 0.08–0.40 Mya), each contributing 0.529 and 
0.471 genetic ancestry (Table 2 and Fig. 3B). Our estimates of 
demographic parameters (Table 2 and Fig. S7 in the Supporting 
Information) using ABC were roughly consistent with the IM 
results. The EBSP simulations indicated the three lineages all ex-
perienced continuous recent population expansions (Fig. S8 in 
the Supporting Information).

Ecological niche modelling and niche divergence
The AUC values of both species were > 0.9, indicating their 
niche models had accurate discrimination. Based on the pro-
jected distributions, E. quinqueflorus has experienced range ex-
pansion since the LGM, and had the smallest distribution at 
LIG (Fig. 4A). The distribution of E. serrulatus was relatively 
stable during the late Quaternary. Distribution overlapping 
seems to be largest at the MH between the two species (Fig. 
4A). The climatic niche overlap (identity test) showed that the 

Table 1. Parameters estimate and 95% CIs from IMa2 analyses.

Parameter θA θ1 θ2 t1 NA N1 N2 T1 m1, 2

MLE 1.430 7.568 17.789 0.975 6.54 × 105 3.46 × 106 8.13 × 106 1.78 × 106 0.092 (0.138)
HPD95Lo 0.431 6.433 15.59 0.848 1.97 × 105 2.94 × 106 7.12 × 106 1.55 × 106 0.034 (0.084)
HPD95Hi 3.347 8.792 20.00 1.107 1.53 × 106 4.02 × 106 9.14 × 106 2.02 × 106 0.168 (0.253)

θA and NA, effective population size of ancestral population; θ1 and N1, effective population size of E. serrulatus; θ2 and N2, effective population size of E. quinqueflorus; t1 and T1, 
divergence time of E. quinqueflorus and E. serrulatus; m1, 2, population migration rate from E. serrulatus to E. quinqueflorus (opposite direction in parentheses). θ and t are scaled by the 
mutation rate, while N and T are scaled by individuals or years.

Figure 3. Demographic history of E. quinqueflorus and E. serrulatus inferred by IMa2 and DIYABC. A, Demographic model and coalescent 
simulation in IMa2. Dashed lines are time points at which populations split (1.78 Mya). The current population sizes of E. serrulatus and E. 
quinqueflorus are represented by Nser (3.46 × 106 individuals) and Nqui (8.13 × 106 individuals), respectively, and the population size of their 
ancestor is denoted by NA (6.54 × 105 individuals). Migration rates were shown on/under the solid arrows, and the arrow indicated the 
direction of migration. B, The most probable scenario (Scenario 3) with the ABC method implemented in DIYABC. Dashed lines are time 
points at which an initial split between Eser and EquiS (0.93 Mya), and Eser and EquiS hybridized and produced EquiN (0.22 Mya), with 
migration rate showed under the arrows. The population size of their ancestor is denoted by NA (1.21 × 105 individuals), and the current 
population sizes of Eser, EquiN, and EquiS are illustrated.

Table 2. Demographic parameters estimate, and their 95% CIs, for scenario 3 that was best supported by the ABC model.

Parameter NA N1 N2 N3 T0 T1 ra

Mean 1.21 × 105 5.25 × 105 1.33 × 106 4.99 × 105 0.93 × 106 0.22 × 106 0.529
Median 1.16 × 105 5.25 × 105 1.30 × 106 5.06 × 105 0.86 × 106 0.22 × 106 0.529
HPD95Lo 0.34 × 105 3.05 × 105 0.60 × 106 2.29 × 105 0.27 × 106 0.08 × 106 0.165
HPD95Hi 2.35 × 105 7.43 × 105 2.21 × 106 7.36 × 105 1.81 × 106 0.40 × 106 0.865

NA, effective population size of ancestral population; N1, effective population size of Eser group; N2, effective population size of EquiS group; N3, effective population size of EquiN 
group; T0, divergence time of E. quinqueflorus and E. serrulatus; T1, divergence time of EquiN group; ra, population migration rate between E. quinqueflorus and E. serrulatus. N are 
scaled by individuals, and T are scaled by years.
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Figure 4. Ecological niche modelling and niche assessments of E. quinqueflorus and E. serrulatus. A, Potential distributions using MAXENT 
are shown during the present day (Current), the MH, the LGM, and the LIG climatic periods. Paleoclimate data of MH and LGM are under 
MIROC model. Overlap refers to the shared or intersecting area between the predicted distribution areas of two species. B, Climatic niche 
overlap (identity test) for E. quinqueflorus and E. serrulatus. Bars indicate the null distributions of I and D, and the arrow represents the actual 
values in MAXENT runs. C, PCA of climatic niche differences among genetically differentiated groups (Eser, EquiN, and EquiS) based on 19 
climate variables.
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observed values for I and D were significantly lower than those 
expected from pseudoreplicated data sets (P < .01) (Fig. 4B), 
indicating the two species were well differentiated ecologically. 
PCA analysis of climate variables also indicated an obvious di-
vergence of the climatic envelope between E. quinqueflorus and 
E. serrulatus, with EquiN intermediate between them (Fig. 4C). 
The nonparametric Kruskal–Wallis multiple-range tests revealed 
that 14 out of the 19 bioclimatic variables showed significant 
differences between Eser and EquiS. Additionally, 10 of 19 bio-
climatic variables showed significant differences between Eser 
and EquiN, while six of the 19 bioclimatic variables indicated 
significant differences between EquiS and EquiN (Fig. S9 in the 
Supporting Information).

D I S C U S S I O N

Allopatric speciation across the Nanling Mountains
In this study, we found that Enkianthus quinqueflorus and E. 
serrulatus could be the products of allopatric speciation across 
the Nanling Mountains, as DIYABC revealed an initial period 
of allopatric divergence between Eser and EquiS and much 
later hybridization between them (Fig. 3). This result supports 
the conclusion that ecological speciation in the face of gene 
flow across ecotones, as well as the formation of primary hy-
brid zones (primary intergradation) along environmental gradi-
ents, is extremely rare (Abbott 2017). Ecotones commonly lie 
in areas of sharp climatic transition along environmental gra-
dients, or zones of threshold or nonlinear responses to gradual 
gradients in the physical environment (Risser 1995, Kark 2007, 
2012). Under such scenarios, ecological selection alone may 
promote the formation of new species, resulting in parapatric 
speciation across the ecotones (Smith et al. 1997, Schneider et 
al. 1999, Schilthuizen 2000, Nosil 2008). Although theoretical 
models have now demonstrated that ecological speciation with 
gene flow is feasible under particular conditions (Gavrilets 2004, 
Bolnick and Fitzpatrick 2007), speciation in the face of gene flow 
is generally thought to be difficult, because gene flow constrains 
population difference, thereby preventing the evolution of 
strong isolation (Coyne and Orr 2004, Nosil 2008). By far, only 
a few cases of plant ecological speciation with gene flow along an 
environmental gradient have been demonstrated (e.g. Andrew et 
al. 2013, Filatov et al. 2016).

Because most tropical plants cannot withstand environments 
below freezing temperature, there is a sharp decrease of tropical 
seed plants at the northern/southern boundaries of the tropical 
zone (Donoghue 2008), resulting in a transitional area (eco-
tone) from tropical zone to temperate zone (Zhu 2013, Ashton 
and Zhu 2020). This ecotone is prominent in east Asia (mainly 
in south and south-west China) because the tropical zone of Asia 
is broadly connected to subtropical or warm–temperate zones 
in China (Qian et al. 2017, Fan et al. 2022). During the middle 
and late Cenozoic towards the Quaternary, the global cooling 
and glacial climate (Zachos et al. 2001) have driven the tropical–
subtropical ecotone shift towards the tropics (Qian et al. 2017), 
isolating many tropical plants into different northern refugia and 
possibly exposing some populations of tropical plants to cold cli-
mate (Fan et al. 2022). Under such scenarios, the populations in 
the northern refugia might have adapted to cold climate through 

niche shifts (Donoghue 2008, Qian et al. 2017). This hypoth-
esis has been illustrated by the population divergence history of 
Machilus thunbergii (Lauraceae) (Fan et al. 2022) and Lindera 
aggregata (Lauraceae) (Ye et al. 2019b). However, population 
differentiation does not necessarily proceed to speciation (Nosil 
2012) and these studies did not provide solid evidence of niche 
evolution that is essential for adaptation to different tempera-
ture regimes across the freezing point (Donoghue 2008). By 
contrast, the different growth habits of E. quinqueflorus and E. 
serrulatus (evergreen versus deciduous) and their distinct eco-
logical niches revealed in this study (Fig. 4B, C) clearly suggest 
that niche shift could have happened during the process of spe-
ciation. This study demonstrates that allopatric speciation and 
niche evolution across the tropical–subtropical ecotone in south 
China may be caused by range shifts and ecological adaptation 
that are associated with the Quaternary climate changes (Davis 
and Shaw 2001), supporting the dogma that allopatric eco-
logical speciation is the easiest form of speciation (Nosil 2012), 
even along the latitudinal environmental gradients.

In this study, we found that E. quinqueflorus and E. serrulatus 
are the product of an allopatric speciation event that happened 
~0.93 to 1.78 Mya (Tables 1, 2, Fig. 3), largely overlapped tem-
porally with the mid-Pleistocene (MPT, 0.8–1.2 Mya). The 
MPT is characterized by a climate transition, an increase in the 
severity of glaciations, and the emergence of the ~100-ky gla-
cial cycles (Clark et al. 2006). The earliest and largest glaciation 
in China (Wangkun glaciation, 700–500 kya) occurred shortly 
after the MPT (Cui et al. 2011). It is likely that the more severe 
glaciations during and after the MPT might have isolated some 
populations of the common ancestor of E. quinqueflorus and 
E. serrulatus to the north of the tropical–subtropical ecotone, 
enabling them to adapt to colder climate through niche evolu-
tion (Cavender-Bares et al. 2011, Fan et al. 2022). Our study 
further supports that the mid-Pleistocene is a critical period for 
population divergence and speciation of plant species in China 
during the Quaternary (e.g. Tian et al. 2015, Luo et al. 2016, Zhu 
et al. 2020, Fan et al. 2022).

Hybridization between E. quinqueflorus and E. serrulatus at the 
tropical–subtropical ecotone in south China

Cytonuclear discordance in phylogenies is a traditional signal of 
hybridization (Lee-Yaw et al. 2019). In this study, we found that 
individuals of populations 23–31 (EquiN, except for one indi-
vidual in population 23) clustered with other individuals of E. 
quinqueflorus in the nuclear tree, but with those of E. serrulatus 
in the cpDNA tree (Fig. 2A, B, E, Supporting Information Fig. 
S4). In addition, ABC found that EquiN was derived from hy-
bridization between EquiS and E. serrulatus (Eser) at 0.22 Mya 
(Fig. 3B), confirming that E. quinqueflorus and E. serrulatus may 
have hybridized and formed a hybrid zone mainly in the Nanling 
Mountains (Fig. 1).

In the results of STRUCTURE, however, EquiN individ-
uals do not display a mixed ancestry of its putative parents 
E. serrulatus and EquiS when K = 2 as in most hybridization 
studies. To the contrary, EquiN shows its ancestry (coloured in 
yellow) and a greater or lesser proportion of EquiS ancestry when 
K = 3. Similar patterns have been observed in several hybrid-
ization studies (e.g. Elgvin et al. 2017, Ma et al. 2019). Ancient 
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hybridization and subsequent introgression (Ma et al. 2019), and 
limited resolution of our nuclear markers (Orozco-terWengel et 
al. 2011) could be responsible for the STRUCTURE pattern 
observed in this study. Anyway, the mixed ancestry of EquiN 
needs to be confirmed using high-throughput approaches such 
as whole-genome resequencing.

As noted before, E. serotinus highly resembles E. quinqueflorus 
morphologically. We attempted to identify E. serotinus according 
to collections from type localities. Five populations (23–27) 
that have a high yellow component correspond to E. tubulatus P. 
C. Tam, a species that was treated as a synonym of E. serotinus in 
Flora of China (Fang and Stevens 2005). Other populations of 
EquiN (28–32), however, are essentially E. quinqueflorus, their 
low proportion of yellow component might be caused by intro-
gressive hybridization between E. tubulatus and E. quinqueflorus. 
Beyond our expectation, two populations of typical E. serotinus 
(populations 17 and 21, 17 is the type location of this species) 
belong to E. serrulatus genetically. They might be of hybrid origin 
like E. tubulatus and then backcrossed with E. serrulatus, how-
ever, their identity and origin need to be further verified.

Actually, the morphology of E. tubulatus is exactly inter-
mediate to E. quinqueflorus and E. serrulatus (Fig. S5 in the 
Supporting Information), possessing leathery leaves such 
as E. quinqueflorus, but white flowers like E. serrulatus. This 
phenotypic intermediacy, coupled with phylogenetic discord-
ance and the result of ABC modelling, clearly indicates that E. 
tubulatus could have originated from hybridization between E. 
quinqueflorus and E. serrulatus. In addition, our study implies 
that E. tubulatus might be a homoploid hybrid species through 
recombining phenotypes (flower colour and leaf texture in this 
case) to establish reproductive isolation between hybrid and 
parental lineages (Wang et al. 2021, Wu et al. 2023), because E. 
tubulatus constitutes a third cluster with its ancestry when K = 3 
in STRUCTURE analysis. In the networks of individual nuclear 
locus and chloroplast DNA, E. tubulatus always possesses pri-
vate haplotypes. This pattern is also observed in hybrid species 
that possess some degree of reproductive isolation from their 
parents (e.g. Ma et al. 2006, Gao et al. 2012, Guo et al. 2023). 
Of course, homoploid hybrid speciation is often considered 
extremely rare (Schumer et al. 2014), future works such as 
identifying the reassortment of parental barrier genes through 
comparative genomic analyses (e.g. Sun et al. 2020, Wang et al. 
2021, Wu et al. 2023) are extremely needed to validate the hy-
brid species status of E. tubulatus.

The Nanling Mountains may be the tropical–subtropical tran-
sitional zone in terms of plant divergence and speciation

Freezing temperature is the principal restriction on the spreading 
out of the tropics for many tropical plant lineages, which can re-
sult in a sharp decrease in the tropical components at the north–
south limit of the tropical zone (Donoghue 2008). In south and 
southwest China, Zhu and his colleagues found that 80% of trop-
ical plant genera examined are confined to the south of the line at 
~22° 30′ N (Zhu 2013, Ashton and Zhu 2020). They proposed 
that the line at ~22° 30′ N may represent the tropical–subtrop-
ical transitional zone in south and southwest China. By contrast, 
some tropical lineages can invade temperate climate regimes 
through niche evolution (Zanne et al. 2014), producing distinct 
populations or species to the north limit of the tropical zone. 

This kind of ecophysiological line is more reasonable to repre-
sent the tropical–subtropical (warm–temperate) transitional 
zone and such a line can be illustrated using phylogeographic 
methods (Lin et al. 2018, Rana et al. 2023).

In this study, we found that a species pair of Enkianthus with 
contrasting growth habits (deciduous and evergreen) contacted 
secondarily and formed a hybrid zone around the Nanling 
Mountains, in line with several phylogeographic studies (Chen 
et al. 2012, Fan et al. 2016, Ye et al. 2019b, Fan et al. 2022). At 
a similar latitude in Central America, such an ecophysiological 
line has been reported in several phylogeographic and 
ecophysiological studies (e.g. Cavender-Bares 2007, Cavender-
Bares et al. 2011). Although the ecophysiological performance 
of E. quinqueflorus and E. serrulatus under different temperat-
ures remains to be determined and more empirical cases are 
needed, these results indicate that the Nanling Mountains may 
represent the tropical–subtropical transition zone of south 
China, at least from the perspective of the divergence and speci-
ation of woody plants. Indeed, early in the 1960s, Zhu and Wan 
(1963) proposed that south of the Nanling Mountains is the 
tropical area in China, roughly south of 24° N–25° N (Guangxi 
and Guangdong provinces) and up to 26° N in southeastern 
China (Fujian province) according to phenological observa-
tions. In addition, although the tropical areas in China in a 
narrow sense are limited to southern Hainan and the southern 
margin of Taiwan (Fang 2001, Fang et al. 2002) according to 
the Köppen–Geiger climate classification of the equatorial 
monsoon climate (Kottek et al. 2006), the newly published 
high-resolution bioclimate map of the world (Metzger et al. 
2013) categorizes the whole south China (roughly south of 
the Nanling Mountains) into the hot and wet tropical zone, 
supporting that the Nanling Mountains may be an important 
biogeographical boundary that is critical for plant distribution 
and evolution. The Nanling Mountains have been renowned 
for its high conservation value as a biodiversity hotspot, an 
area of extensive human activities (Tang et al. 2006, Mi et al. 
2021), and a dispersal corridor for plants and animals (Tian 
et al. 2015). This study suggests that the mountains may be a 
hotspot of speciation and hybridization for woody flowering 
plants, highlighting its high conservation value both as a mu-
seum and cradle of plant diversity (Lu et al. 2018).
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