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Abstract
Aim: East Asia exhibits complex geomorphological and climatic characteristics. The 
aim of this study was to test whether the so-called three-step landforms of China, 
together with the East China Sea (ECS), have acted to shape specific phylogeographi-
cal patterns and affected the biogeographical history of the species belonging to the 
East Asian Flora.
Location: China and Japan.
Taxon: Kerria japonica (L.) DC.
Methods: Three chloroplast DNA regions and 15 nuclear microsatellite (nSSR) loci were 
sequenced and genotyped in 576/450 individuals of K. japonica. Phylogeographical 
analyses were performed to assess the genetic structure, historical gene flow and 
demographical history of these individuals, and climatic factors were examined to 
determine their effects on phylogeographical breaks. Furthermore, time-calibrated 
phylogenetic trees and ancestral range reconstruction were used to infer the bio-
geographical history of K. japonica. Potential habitats at present and during the last 
glacial maximum (LGM) were identified using ecological niche modelling.
Results: Distinct phylogeographical breaks were found across the ECS and along the 
boundary of the three-step landforms of China. Low historical gene flow and signifi-
cant climatic differences were detected in each pair of adjacent regions. The results 
of molecular dating and ancestral range reconstruction indicated that K. japonica 
originated in North America during the mid-Miocene (14.76 Ma), and intra-specific 
diversification began in the late Miocene (7.78 Ma). Compared to the relatively stable 
distribution range of Chinese populations, Japanese populations experienced range 
expansion after the LGM in response to Quaternary climate change.
Main conclusions: Kerria japonica has a complex biogeographical history, with a mid-
Miocene origin in North America and subsequent migration into East Asia via the 
Bering land bridge. The onset of intra-specific diversification was probably associ-
ated with Asian monsoon intensifications, while exposure to the ECS floor facilitated 
the formation of the Japanese lineage in the late Miocene. The spatiotemporal popu-
lation differentiation on the Chinese mainland demonstrates the significant role of bi-
ogeographical divides delineated by the three-step landforms of China and provides 
clues to understand the floristic regionalization and evolutionary history of plant 
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1  | INTRODUC TION

East Asia occupies the eastern periphery of the Eurasian continent. 
Physiographically, the Chinese mainland has been divided into three 
‘steps’ (high, middle and low) from the west to the east (The Editorial 
Committee of Chinese Physical Geography of the Chinese Academy 
of Sciences, 1980), but this model can be extended to the whole 
of East Asia. The unique topography of China shapes its tempera-
ture and precipitation patterns, with a general trend of ‘west cold/
dry and east warm/wet’, and seasonal changes in local regions (Lu 
et al., 2008; Shu et al., 2007). The complex physical environment 
is an important external factor that facilitates speciation and pop-
ulation differentiation and is regarded as one of the criteria for de-
fining biogeographical regionalization (Hargrove & Hoffman, 2005). 
Considering the heterogeneity in topographical and climatic char-
acteristics between the three steps, we hypothesized that strong 
genetic divergence of species and classical biogeographical divides 
would be found along the boundary of the three-step landforms of 
China.

East Asia has also experienced heterogeneous geological 
events and/or climatic changes in different regions. These in-
clude the uplift of mountain systems, such as the Qinghai Tibetan 
Plateau (QTP), Himalayas and the Hengduan Mountains in the 
‘high step’ (Wang, Kirby, et al., 2012), and the repeated emergence 
of a land bridge across the East China region, Japanese archipelago 
and Korean peninsula (CJK region; Qiu et al., 2009), resulting from 
the lowered sea levels in the ‘low step’ (Kimura, 2003). In contrast, 
the East Asian Flora (EAF) has multiple biogeographical origins, 
with 11% of its elements (including family, genus and species) 
showing a close relationship with the North American flora (Chen 
et al., 2018). It has been demonstrated that the Bering land bridge 
acted as a significant corridor for temperate flora exchanges be-
tween East Asia and North America during the Neogene (Wen 
et al., 2016). The geological history, floristic components and 
changes in plant diversity and competition have collectively 
shaped the present distribution pattern of the EAF, with contrast-
ing species composition, endemism and richness in different floris-
tic regions (Wu et al., 2011). Therefore, it was speculated that the 
flora of each region might have its own evolutionary history. To 
date, however, only a few studies have dealt with this hypothesis, 
although it has long been a matter of concern in biogeographi-
cal research (Kreft & Jetz, 2010; Prieto-Torres et al., 2019; Zhang 
et al., 2016). Phylogeographical studies (Avise, 2004) provide the 
opportunity to identify the factors (e.g., geological and climatic) 

that likely played a role in shaping the evolutionary history of the 
EAF species and the floristic regionalization of an area.

The East China Sea (ECS) is an important biogeographical bar-
rier between Japan and the Chinese mainland and has received con-
siderable attention from phylogeographers investigating allopatric 
speciation and intra-specific diversification caused by separation 
on either side of the ECS (Qi et al., 2012; Sakaguchi et al., 2012; 
Yoichi et al., 2017). On the Chinese mainland, many phylogeograph-
ical breaks have been revealed in plants (Qiu et al., 2011, 2017; and 
references therein), and these breaks implied the existence of bio-
geographical divides and their roles in species/intra-specific diversi-
fication. However, available studies have rarely paid attention to the 
biogeographical divides associated with the three-step landforms of 
China together with the ECS. From the perspective of floristic re-
gionalization, the division into three ‘steps’ of the Chinese mainland 
between 35°N and 27°N is associated with the regionalization of the 
EAF into three distinct regions, including the Hengduan Mountains, 
Central China and East China. The former belongs to the Sino-
Himalayan Forest subkingdom (SHFS) and the latter two to the Sino-
Japanese Forest subkingdom (SJFS; Figure 1a; Wu & Wu, 1996). The 
presence of an east-to-west phylogeographical break between the 
two subkingdoms (i.e., the two floras of the Hengduan Mountains 
and Central China) has been supported by some shrubs and Tertiary 
relict trees (Cao et al., 2016; Fan et al., 2013; Ma et al., 2015). In con-
trast, the Central versus East China phylogeographical breaks have 
rarely been found (see Sakaguchi et al., 2012), although they cover 
most regions of the middle and low ‘steps’ Therefore, East Asian 
plant species with a wide distribution range covering the Chinese 
mainland and the CJK region await further studies to delineate a 
major biogeographical regionalization in East Asia and to clarify the 
floristic history of each region in relation to their varied environmen-
tal (tectonic and/or climate) influences.

The tribe Kerrieae (Rosaceae) is composed of four monotypic/
oligotypic genera (Kerria, Rhodotypos, Neviusia and Coleogyne). They 
exhibit an intercontinental disjunct distribution, with the first two 
genera occurring in East Asia and the other two in North America 
(Lu & Alexander, 2003; Phipps, 2014). Kerria japonica is the sole 
representative of its genus, but a fossil of its congeneric K. antiqua 
was found in the Miocene of southwestern Montana (Becker, 1969). 
The distribution range of K. japonica extends from the northeast-
ern edge of the Hengduan Mountains, over Central and East China 
(with northern and southern limits in the Qinling-Dabie and Nanling 
Mountains, respectively) to Japan (Figure 1a). This diploid, deciduous 
shrub (2n = 2x = 18) is 1–2 m tall and grows on the mountain slopes 

diversity in East Asia, especially with respect to the Hengduan Mountains, Central 
China and East China.
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of subtropical mixed evergreen and deciduous broad-leaved forests, 
at elevations between 200 and 3,000 m. It has hermaphroditic, in-
sect-pollinated yellow-petal flowers that produce gravity-dispersed 
achenes, which are easily distinguished from the achenes of the cul-
tivated shrubs with pleiopetalous flowers (Lu & Alexander, 2003). 

Here, we used K. japonica as a model system to investigate how 
patterns of genetic diversity and phylogeographical breaks in a 
widespread EAF species have been shaped by the three-step land-
forms of China and the ECS. Specifically, we (a) inferred the biogeo-
graphical history of K. japonica in relation to its closest relatives, (b) 

F I G U R E  1   (a) Geographical range of Kerria japonica (white dots) based on herbarium records and sampling locations of 56 populations 
(black dots) in the present study. The white dashed lines delineate the boundary for each ‘step’ of the three-step landforms of China 
between 35°N and 27°N [the left one refers to the boundary between the Sino-Himalayan Forest subkingdom and the Sino-Japanese Forest 
subkingdom according to Wu and Wu (1996)]. The blue dashed lines show the phylogeographical breaks among groups derived from Samova. 
(b) Distribution of the 73 chloroplast DNA (cpDNA) haplotypes (see Table S5 in Appendix S3 for population codes). The pie chart size 
corresponds to the sample size of each population. Note that pie charts for populations J51–J56 are reported in Figure 1a. (c) Median-joining 
networks of 73 cpDNA haplotypes (H1–H73) identified in this study. The size of the circles corresponds to the frequency of each haplotype. 
Black solid dots represent haplotypes missing from the dataset, and each node represents one mutation. The dashed lines delineate the 
phylogeographical breaks derived from Samova
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assessed whether intra-specific lineage formation corresponds to 
the three geographical units, and then relate to the floristic history 
of each region; and (c) clarified whether or not each regional lineage 
responded in similar ways to Quaternary climate change.

2  | MATERIAL S AND METHODS

2.1 | Sampling, cpDNA sequencing, and nSSR 
genotyping

A total of 576 wild individuals were sampled from 50 Chinese popu-
lations and six Japanese populations, covering the entire geographi-
cal range of K. japonica (Figure 1a; Appendix S1). Genomic DNA was 
extracted according to the manufacturer's protocol for the Plant 
Genomic DNA Kit (TIANGEN).

Three chloroplast DNA (cpDNA) regions (matK, rps16-trnK, and 
ndhF-rpl32) were amplified by polymerase chain reaction (PCR) for all 
individuals after a pilot screening (Table S2 in Appendix S2). The PCR 
products were sequenced by Sangon Corporation. We employed the 
restriction site-associated DNA sequencing (RAD-seq) data to de-
velop nuclear microsatellite (nSSR) loci, and a total of 450 individuals 
from 48 populations were genotyped at 15 loci on the basis of pre-
liminary screening with 63 loci (Table S3 in Appendix S2). The PCR 
products were separated on an ABI 3730 XL DNA Sequencer and 
individuals genotyped with Genemapper 3.2 (Applied Biosystems).

2.2 | Genetic diversity and 
phylogeographical structure

To investigate the genetic diversity, we used DnaSp 4.0 (Rozas 
et al., 2003) to determine unique cpDNA haplotypes and calculate 
haplotype diversity (Hd) and nucleotide diversity (π) at the population, 

region, and species levels. Moreover, the total diversity (HT), average 
within-population diversity (HS), and differentiation parameters (GST 
and NST) were calculated based on 1,000 random permutations in 
permutCpSSr 2.0 (Pons & Petit, 1996). For the nSSR markers, the 
Hardy-Weinberg equilibrium and linkage disequilibrium were tested 
(Appendix S2). Allele richness (AR), inbreeding coefficient (FIS) and 
pairwise population differentiation (FST)/global FST were estimated 
using FStat 2.9.3.2 (Goudet, 2001). Other genetic diversity indices 
(total number of alleles [NA], number of effective alleles [Ne], ob-
served heterozygosity [HO] and expected heterozygosity [HE]) were 
calculated using GenaLex 6.5 (Peakall & Smouse, 2012).

For inferring the phylogeographical structure, Samova 1.0 
(Dupanloup et al., 2002) was used to determine the number of 
groups of populations (K) based on the cpDNA data. In addition, the 
most parsimonious cpDNA haplotype network was inferred using 
Network 5.0 (available at http://www.fluxu s-engin eering.com). 
For the nSSR dataset, StruCture 2.3.4 (Falush et al., 2007) was run 
to characterize the potential population structure (Appendix S2). 
Subsequently, an analysis of molecular variance (AMOVA) was per-
formed to examine the genetic variation within and between popu-
lations/groups using arLequin 3.0 (Excoffier et al., 2005).

2.3 | Molecular dating and ancestral range 
reconstruction

To explore the biogeographical history of K. japonica, BeaSt 1.84 
(Drummond & Rambaut, 2007) was run to estimate the time to the 
most recent common ancestor (TMRCA) of K. japonica using the com-
bined cpDNA haplotype sequences. Four species (Neviusia cliftonii, N. 
alabamensis, Coleogyne ramosissima and Rhodotypos scandens) in the 
tribe Kerrieae were chosen as outgroups (Appendix S2). A previously 
estimated mid-Miocene stem age of K. japonica (Zhang et al., 2017) 
was used as the calibration node (lognormal prior distribution, log 

TA B L E 1 Estimates of genetic diversity for each regional group and total population in Kerria japonica. Standard errors are shown in parentheses

Groupa  HS HT GST NST
b  Hd π (×10–3) Groupc  NA Ne HO HE AR Hs HT FIS FST

A 0.188 (0.072) 0.953 (0.026) 0.803 (0.081) 0.838 (0.084)NS 0.894 0.700 CW 4.689 (0.173) 3.339 (0.139) 0.654 (0.024) 0.618 (0.017) 3.161 0.658 0.779 0.006 0.156

B 0.287 (0.079) 0.861 (0.063) 0.667 (0.080) 0.773 (0.054)NS 0.803 0.860 CC 7.047 (0.150) 4.872 (0.125) 0.753 (0.013) 0.745 (0.009) 3.952 0.795 0.848 0.059 0.048

C 0.262 (0.091) 0.986 (0.020) 0.734 (0.093) 0.850 (0.068)NS 0.910 1.060

D 0.359 (0.127) 0.989 (0.034) 0.637 (0.130) 0.755 (NC)NS 0.902 1.160 CE 5.191 (0.171) 3.619 (0.125) 0.709 (0.019) 0.629 (0.015) 3.233 0.663 0.785 −0.070 0.156

E 0.367 (0.107) 0.878 (0.080) 0.582 (0.104) 0.520 (0.111)NS 0.776 1.110

F 0.154 (0.099) 0.754 (0.122) 0.796 (0.125) 0.841 (0.087)NS 0.647 0.240 JP 4.676 (0.213) 3.000 (0.167) 0.695 (0.029) 0.600 (0.022) 3.093 0.638 0.773 −0.094 0.178

Total 0.264 (0.038) 0.986 (0.005) 0.732 (0.038) 0.815 (0.054)* 0.971 3.740 Total 5.679 (0.096) 3.964 (0.073) 0.712 (0.010) 0.664 (0.008) 3.454 0.705 0.866 −0.012 0.187

Abbreviations: π, nucleotide diversity; AR, allelic richness; FIS, inbreeding coefficient; FST, among-population differentiation; GST, inter-population  
differentiation based on haplotype frequencies; Hd, haplotype diversity; HE, expected heterozygosity; HO, observed heterozygosity; HS, average  
gene diversity within populations; HT, total gene diversity; NA, total number of alleles; NC, Non conformity; Ne, observed allele number; NST, e 
quivalent of GST, taking into account the genetic distance among haplotypes (Pons & Petit, 1996); NS, not significant.
aSix groups of chloroplast DNA data revealed by Samova (see Figure 1 for each group abbreviation and contained populations) 
bPermutation test (P) with GST. 
cFour clusters of nuclear microsatellite (nSSR) data revealed by StruCture (see Figure 2 for each cluster abbreviation and contained populations). 
*p < 0.05. 

http://www.fluxus-engineering.com
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mean = 0.0, SD = 0.1, and offset of 14.76 Ma). Moreover, the ances-
tral range reconstruction was performed using the Bayesian binary 
Markov chain Monte Carlo (BBM) method implemented in RaSp 3.2 
(Yu et al., 2015). Based on the geographical evidence or floristic re-
gionalization, the following six areas were defined: North America 
(NA), the Japanese-Korean region (JK), North China (CN), East China 
(CE), Central China (CC) and the Hengduan Mountains (CW). The lat-
ter four areas were derived from the regionalization of the EAF (Wu 
& Wu, 1996). BBM was run for five million generations using default 
settings.

2.4 | Historical demographical analyses and gene 
flow estimation

Historical demographical patterns, overall and for each group, were 
examined based on the cpDNA data, using mismatch distribution 
analysis (MDA; Rogers & Harpending, 1992) in arLequin 3.0 (Excoffier 
et al., 2005) to detect the evidence of recent population expansion. 
When the growth/expansion model was not rejected, the expansion 
parameter (τ) was converted to an estimate of time (T, number of 
generations; Appendix S2; Rogers & Harpending, 1992). Note that 
population C50 belongs to the Japanese lineage (F), despite occur-
ring on the Chinese mainland (see Section 3). Therefore, group FD 
was defined by deleting C50 from group F in MDA. The historical 
gene flow among the recognized nSSR clusters was estimated using 
MiGrate 3.6.11 (Appendix S2; Beerli & Felsenstein, 2001).

2.5 | Climatic data analysis and ecological 
niche modelling

Nineteen bioclimatic variables for the last glacial maximum (LGM; 
c. 21 ka) and the present time (Hijmans et al., 2005) were used to 

calculate the climatic difference between the two adjacent regions 
occupied by the recognized clusters (grouped by StruCture). In addi-
tion, the accumulated temperature above 10°C, mean annual precip-
itation and moisture index (Thornthwaite method) at present were 
obtained (http://www.resdc.cn) to elucidate the climatic differences 
among the 50 Chinese populations. The purpose of these analyses 
was to determine whether the climatic factors were potentially as-
sociated with the genetic differentiation of the recognized clusters.

The predicted distributions of K. japonica at present and during 
the LGM were examined by performing ecological niche modelling 
(ENM) in maxent 3.2 (Phillips et al., 2006). Based on 132 locations 
(Appendix S1), the current distribution models were generated using 
a subset of the least correlated explanatory bioclimatic variables 
(Table S4 in Appendix S2) for K. japonica and each phylogeographi-
cal group revealed by StruCture. These models were then projected 
onto the palaeoclimatic data for the LGM (simulated by CCSM4 and 
MIROC-ESM).

3  | RESULTS

3.1 | cpDNA haplotype and nSSR genotype 
diversity

The sequence alignment of the combined cpDNA regions, which con-
tained 3,531 bp, led to the identification of 73 haplotypes (Figure 1b, 
Tables S5, S6 in Appendix S3). No shared haplotypes were observed 
among the groups (detected by Samova). HT was found to be high, 
while HS was low (Table 1). The total NST (0.815) was significantly 
higher than GST (0.732; U > 1.96, p < 0.05), indicating a significant 
phylogeographical structure in K. japonica.

For nSSR markers, there was no evidence of null alleles, geno-
typing errors or pairwise linkage disequilibrium at any of the 15 
microsatellite loci examined. Most populations (all but six; Table S7 

TA B L E 1 Estimates of genetic diversity for each regional group and total population in Kerria japonica. Standard errors are shown in parentheses

Groupa  HS HT GST NST
b  Hd π (×10–3) Groupc  NA Ne HO HE AR Hs HT FIS FST

A 0.188 (0.072) 0.953 (0.026) 0.803 (0.081) 0.838 (0.084)NS 0.894 0.700 CW 4.689 (0.173) 3.339 (0.139) 0.654 (0.024) 0.618 (0.017) 3.161 0.658 0.779 0.006 0.156

B 0.287 (0.079) 0.861 (0.063) 0.667 (0.080) 0.773 (0.054)NS 0.803 0.860 CC 7.047 (0.150) 4.872 (0.125) 0.753 (0.013) 0.745 (0.009) 3.952 0.795 0.848 0.059 0.048

C 0.262 (0.091) 0.986 (0.020) 0.734 (0.093) 0.850 (0.068)NS 0.910 1.060

D 0.359 (0.127) 0.989 (0.034) 0.637 (0.130) 0.755 (NC)NS 0.902 1.160 CE 5.191 (0.171) 3.619 (0.125) 0.709 (0.019) 0.629 (0.015) 3.233 0.663 0.785 −0.070 0.156

E 0.367 (0.107) 0.878 (0.080) 0.582 (0.104) 0.520 (0.111)NS 0.776 1.110

F 0.154 (0.099) 0.754 (0.122) 0.796 (0.125) 0.841 (0.087)NS 0.647 0.240 JP 4.676 (0.213) 3.000 (0.167) 0.695 (0.029) 0.600 (0.022) 3.093 0.638 0.773 −0.094 0.178

Total 0.264 (0.038) 0.986 (0.005) 0.732 (0.038) 0.815 (0.054)* 0.971 3.740 Total 5.679 (0.096) 3.964 (0.073) 0.712 (0.010) 0.664 (0.008) 3.454 0.705 0.866 −0.012 0.187

Abbreviations: π, nucleotide diversity; AR, allelic richness; FIS, inbreeding coefficient; FST, among-population differentiation; GST, inter-population  
differentiation based on haplotype frequencies; Hd, haplotype diversity; HE, expected heterozygosity; HO, observed heterozygosity; HS, average  
gene diversity within populations; HT, total gene diversity; NA, total number of alleles; NC, Non conformity; Ne, observed allele number; NST, e 
quivalent of GST, taking into account the genetic distance among haplotypes (Pons & Petit, 1996); NS, not significant.
aSix groups of chloroplast DNA data revealed by Samova (see Figure 1 for each group abbreviation and contained populations) 
bPermutation test (P) with GST. 
cFour clusters of nuclear microsatellite (nSSR) data revealed by StruCture (see Figure 2 for each cluster abbreviation and contained populations). 
*p < 0.05. 

http://www.resdc.cn
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in Appendix S3) showed no significant deviation of FIS from zero, 
suggesting no strong violations of Hardy–Weinberg equilibrium. The 
48 genotyped populations (n = 450) revealed a total of 277 alleles 
across the 15 nSSR loci surveyed, along with high mean per-locus 

estimates of allele and gene diversity (AO = 18.5; HS = 0.7; HT = 0.87; 
Table S8 in Appendix S3). The genetic diversity indices at the pop-
ulation, regional group and total levels are reported in Table 1 and 
Table S5 in Appendix S3.

F I G U R E  2   (a) Geographical locations of the 56 Kerria japonica populations in the present study. The white dashed lines delineate the 
boundary for each ‘step’ of the three-step landforms of China between 35°N and 27°N. (b) Histogram of the StruCture assignment for all 
populations at K = 4; CW (the Hengduan Mountains), CC (Central China), CE (East China) and JP (Japan) represent four clusters based on the 
nuclear microsatellite (nSSR) data

TA B L E  2   Analysis of molecular variance of Kerria japonica for chloroplast DNA (cpDNA) and nuclear microsatellite (nSSR) data

Source of 
variation

cpDNA nSSR

df SS VC
Variation 
(%)

Fixation 
index (FST) df SS VC

Variation 
(%)

Fixation 
index (FST)

Among 
populations

55 3,403.31 5.99 95.21 0.952* 47 1,280.70 1.181 18.74 0.187*

Within 
populations

520 156.70 0.30 4.79 852 4,362.59 5.12 81.26

Total 575 3,560.01 6.29 899 5,643.29 6.30

Among groups 5 2,738.90 5.60 78.09 0.958* 3 400.08 0.53 8.18 0.205*

Among 
populations

50 664.41 1.27 17.71 44 880.62 0.80 12.35

Within 
populations

520 156.70 0.30 4.2 852 4,362.59 5.12 79.46

Total 575 3,560.01 7.17 899 5,643.29 6.44

Abbreviations: SS, sum of squares; VC, variance components.
*p < 0.001. 
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F I G U R E  3   (a) Hypothetical original area and dispersal routes of Kerria japonica. The coloured star represents the fossil of K. antiqua  
(Becker, 1969). (b) A maximum credibility clade tree of 73 chloroplast DNA (cpDNA) haplotypes using BeaSt and ancestral area 
reconstructions for K. japonica using raSp. The dashed branches show the topology without a time scale. Blue grey bars represent the 95% 
highest posterior density intervals for node ages. The relevant estimated mean ages are shown near the corresponding nodes. Different 
pie charts show the probabilities of ancestral area reconstructions (colours of pie slices defined in legend). (c) Climatic sequence of events 
from the mid-Miocene to Pleistocene (modified from Favre et al., 2015). Red line based on a global average δ18O (‰) indicates a change 
in global temperature; the development of the monsoon and associated Central Asian aridification are symbolized by blue and yellow 
polygons. (d) The profile map for terrain of the Chinese mainland along 33°N extracted by ArCmap 10.2.2
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3.2 | Phylogeographical structure

For the cpDNA data, the FCT value (0.781) of Samova reached a pla-
teau when K was equal to 6 (Figure S1 in Appendix S3), indicating the 
presence of the spatial population genetic structure for six groups 
(A–F), which closely corresponded to the geographical divisions in 
East Asia (Figure 1). An examination of the genealogical relation-
ships for cpDNA haplotypes revealed six clades (A–F) corresponding 

to the groups derived by Samova (Figure 1c). As for the nSSR data, 
StruCture yielded the highest likelihood when the samples were 
clustered into four groups (Figure S2 in Appendix S3). Four clusters 
with distinct geographical patterns were recognized (Figure 2a): CW, 
CC, CE and Japan (JP). Four populations (C10, C11, C33 and C34) lo-
cated at the boundary of the three-step landforms of China, showed 
signs of genetic admixture (Figure 2b). The AMOVA results (Table 2) 
showed that the genetic variation among groups was 78.09% for 
cpDNA and 8.18% for nSSR.

F I G U R E  4   Distribution of the number of pairwise nucleotide differences for chloroplast DNA (cpDNA) haplotypes in Kerria japonica. 
The black squares show the observed distributions, whereas the open circles represent simulated distributions under the models of pure 
population growth (a,c,e,g,i,k,m,o) and spatial expansion (b,d,f,h,j,l,n,p), respectively, (Rogers & Harpending, 1992), together with their 95% CIs

TA B L E  3   Estimates of gene flow (Nm) among four clusters of Kerria japonica based on the nuclear microsatellite (nSSR) data

Groupa  Θ

M Nm

CW→ CC→ CE→ JP→ CW→ CC→ CE→ JP→

CW 0.073 – 314.266 183.381 55.098 – 5.714 3.334 1.002

CC 0.098 86.927 – 156.317 48.163 2.137 – 3.843 1.184

CE 0.098 111.427 138.680 – 93.325 2.727 3.394 – 2.284

JP 0.044 34.209 115.328 193.500 – 0.374 1.259 2.113 –

Abbreviations: Θ = effective population size; M = migration rates.
aFour clusters of the nuclear microsatellite (nSSR) data revealed by StruCture (see Figure 2 for each cluster abbreviation and contained populations). 
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3.3 | Molecular dating and ancestral range 
reconstruction

The Bayesian phylogenetic tree clustered 73 cpDNA haplotypes 
into six lineages (Figure 3b), coinciding with the Samova result and 
the network-derived genealogical clades of haplotypes (Figure 1c). 
TMRCA was estimated to be in the late Miocene (7.78 Ma; 95% 
highest posterior density [HPD], 5.50–10.32 Ma). The BBM analysis 
suggested that the ancestors of K. japonica might have originated in 
North America and subsequently dispersed to East Asia (node I in 
Figure 3b). The ancestors of lineages D and F probably originated in 
East China and dispersed to Japan (node II in Figure 3b).

3.4 | Historical demographical analyses and gene 
flow estimation

The mismatch distributions, overall and for each group in China, were 
generally multimodal and/or very ragged, indicating populations that 
are either stable/shrinking in size or structured. In contrast, Groups 
F and FD exhibited unimodal distributions, suggesting recent demo-
graphical/spatial expansions (Figure 4; Rogers & Harpending, 1992). 
For the identified growing/expanding population groups F and FD, 
the expansion times were dated to 31 Ka (95% CI, 15–46 Ka) and 
23 Ka (95% CI, 11–37 Ka), respectively. The estimated levels of gene 
flow (Nm) between each pair of neighbouring clusters (i.e., CW vs. 
CC, CC vs. CE, and JP) were very low (Table 3), with the lowest rate 
(2.113) occurring from CE to JP.

3.5 | Climatic data analysis and ENM

Between the CC and CE regions, significant differences in mean 
values were detected for all precipitation (BIO12–19) and many 
temperature variables at present and during the LGM. Seven/
eight precipitation variables between the CW and CC regions and 
some temperature variables between the CE and JP regions signifi-
cantly differed between the two periods (Table S9 in Appendix S3). 
Moreover, for the 50 Chinese populations, the present-day indices of 

temperature, precipitation and moisture were found to gradually de-
crease from the east to the west (Figure 5).

Our palaeodistribution modelling (Figure 6) indicated the exis-
tence of a few suitable habitats for the Japanese population in the 
coastal areas of Japan during the LGM (CCSM4 and MIROC-ESM). 
On the Chinese mainland, we detected only slight distribution range 
changes from the LGM to the present in general. In terms of the 
phylogeographical group, the populations from the CE region expe-
rienced more loss of a suitable habitat during the LGM compared 
to those from the CW and CC regions. However, the CE group also 
expanded during the LGM along the southern margin of the exposed 
CJK land bridge.

4  | DISCUSSION

4.1 | Unique phylogeographical breaks delineated 
by the three-step landforms of China and the ECS

Distinct phylogeographical breaks were identified using both nSSR 
and cpDNA markers. Four recognized clusters (CW, CC, CE, and 
JP) of the nSSR data corresponded closely to the geographical fea-
tures of East Asia and were separated according to the three-step 
landforms of China and the ECS (Figure 2). Patterns associated with 
the three-step landforms have rarely been reported and only in ani-
mals such as frogs (Nanorana and Quasipaa; Che et al., 2010) and 
birds (Alcippe morrisonia and Stachyridopsis ruficeps; Qu et al., 2015); 
however, these patterns highlighted the significance of geography 
in shaping the evolutionary history of living organisms. Apart from 
the restricted distribution/sampling locations of the previously stud-
ied species, their specific biological characteristics (e. g. tall and 
woody plants with wind-pollinated seeds; Sun et al., 2014) obscuring 
the clear genetic structure, possibly, are another reason for the rare 
demonstration of this phylogeographical pattern.

The ECS and the boundary between the SHFS and SJFS regions 
have been acknowledged as biogeographical divides that have sig-
nificantly affected the genetic differentiation of plant species, 
as confirmed by many species of East Asia's temperate flora (Cao 
et al., 2016; Ma et al., 2015; Wang et al., 2013). This includes our 

F I G U R E  5   Climatic differences among 50 Chinese populations (black dots) related to the accumulated temperature more than 10°C, 
mean annual precipitation and moisture index. The black line delineates the boundary for each unit of the three-step landforms of China 
between 35°N and 27°N. The value of bioclimatic variables is shown according to the colourful bars. South China sea islands are shown as 
the insets at the right bottom (Map source: http://www.resdc.cn)

http://www.resdc.cn
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studied species, K. japonica, with two identified lineages/cluster: F/
JP and A/CW, regardless of the dataset used (Figures 1 and 2). In 
contrast, the orographical/ecological barrier between Central and 
East China has been largely ignored, although a weaker but clear 
genetic structure has been found in Kalopanax septemlobus and 
Juglans cathayensis (Bai et al., 2014; Sakaguchi et al., 2012). In this 
study, a clear divergence was observed between two regions (CC 
vs. CE), notwithstanding the existence of two admixed populations, 
C33 and C34 (Figure 2b). In fact, the NE-SW Xuefeng Mountains, 
which have a maximum elevation of 1,934 m and form a part of the 
boundary between the middle and low ‘steps’, have hindered gene 
flow between clusters CC and CE, reducing the dispersal of pollen 
(insect-pollinated) and seeds (gravity-dispersed achenes) of K. japon-
ica. In contrast, each monophyletic lineage located in the CC and CE 

regions, especially lineages B and E, probably diverged from each 
other since the late Miocene (3.98 Ma; 95% HPD, 2.50–5.85 Ma). 
Therefore, populations maintained in these lineages might have 
had an opportunity for adaptation to different climatic conditions 
for millions of years. Accordingly, significant differences in climatic 
parameters, including the present-day moisture index and all pre-
cipitation (BIO12–19) and four temperature variables (BIO1, BIO6, 
BIO10 and BIO11) at present and during the LGM, were detected 
between the CC and CE regions (Figure 5; Table S9 in Appendix S3). 
Therefore, it was inferred that limited gene flow caused by the het-
erogeneity in landscape and climate reinforced the phylogeographi-
cal break between the CC and CE regions.

Apparently, K. japonica is widely distributed across the floristic 
regions of East Asia, including the CW, CC, CE and JK regions. Apart 

F I G U R E  6   Potential distribution ranges of Kerria japonica and each phylogeographical group (see Figure 2 for each cluster abbreviation 
and contained populations) at the present and during the last glacial maximum (LGM; c. 21 ka). The current distributions were modelled with 
19 bioclimatic variables in Maxent 3.2 based on presence-only records (see also Figure 1; Appendix S1) and then projected onto a subset of 
climatic variables of the LGM simulated by Community Climate System Model version 4 (CCSM 4) and Model for Interdisciplinary Research 
on Climate-Earth System Model (MIROC-ESM). The logistic value of habitat suitability is shown according to the colourful bars (Map source: 
http://www. worldclim.org) JP: Japan; CE: East China; CC: Central China; CW: the Hengduan Mountains

http://www
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from the JK region, which is relatively isolated because of the pres-
ence of the ECS, the other regions of the Chinese mainland lack clear 
boundaries. Therefore, the phylogeographical structure associated 
with the three-step landforms identified in K. japonica may provide 
evidence of floristic regionalization in East Asia. The three ‘steps’ 
located between 35°N and 27°N may define the boundaries of the 
three floristic regions: CW, CC and CE.

4.2 | Biogeographical history of K. japonica

Based on its estimated stem/crown age (14.76/7.78 Ma) and the 
BBM evidence of its mid-Miocene origin in NA (Figure 3b), K. japon-
ica probably migrated into East Asia via the Bering land bridge some-
time between the Langhian and Tortonian periods, also supported 
by the presence of the fossils of K. antiqua found in the Miocene 
of southwestern Montana (Becker, 1969). The mesophytic decidu-
ous forests in Central and western NA were severely reduced in 
area from the mid-Miocene, followed by the formation of extensive 
grasslands and establishment of much drier conditions in NA in the 
late Miocene (Graham, 2018; Wen et al., 2016). This resulted in the 
sharp contraction, fragmentation or disappearance of many hygro-
philous plants in NA, including K. japonica, which prefers a humid 
environment on the forest edge or beside streams on mountain 
slopes (Lu & Alexander, 2003). Synchronously, the formation of the 
modern EAF was triggered by the establishment and development 
of the Asian monsoon during the Neogene, with many areas of China 
(mainly in Central, East, and Southeast China) becoming humid (Chen 
et al., 2018; Guo et al., 2008). However, the Miocene cooling (which 
began at approximately 10 Ma) resulted in north China becoming 
cold and, therefore, unsuitable for K. japonica (Miao et al., 2012). 
Thus, K. japonica might have migrated further south towards warmer 
environments, establishing a wide distribution in the CC and CE re-
gions, which served as a suitable habitat. Owing to its stable geologi-
cal history, this region also served as a refuge for many Tertiary relict 
trees and East Asia's temperate flora (Lopez-Pujol et al., 2011; Shi 
et al., 1998; Wu et al., 2011).

4.3 | Tectonic and/or climate-related factors 
triggering intra-specific diversification

The estimated crown age (7.78 Ma; 95% HPD, 5.50–10.32 Ma; node 
I in Figure 3b) coincided with the start of the Asian monsoon inten-
sification in the late Miocene (Zachos et al., 2001). The Asian mon-
soon intensification is an important environmental response to the 
uplift of the QTP, which led to increasing seasonality (An et al., 2001; 
Jacques et al., 2011). It is difficult, however, to clarify, unambigu-
ously, the causality between the enhanced monsoon and species/in-
tra-specific diversification, just as has been the case for other plants 
(Sun et al., 2014; Wang, Schneider, et al., 2012). The seasonal climate 
change resulted in diverse conditions, with temperature asynchrony 
and varying amounts of rainfall in different regions of East Asia; this 

might have promoted the onset of intra-specific diversification in K. 
japonica (Figure 5; Table S9 in Appendix S3; Shu et al., 2007).

There were three main periods (7.0–5.0 Ma, 2.0–1.3 Ma, and 
0.2–0.015 Ma) when there were land connections between the 
Chinese mainland and Japan after the early Miocene formation of 
the Japanese archipelago (Kimura, 2003). Notably, the estimated 
stem age of lineage F (6.78 Ma; 95% HPD, 4.16–9.14 Ma; node II in 
Figure 3b) broadly corresponded to the first period of the CJK land 
bridge that resulted from the exposure of the ECS floor. Lineage D on 
the low ‘step’ in China is sister to F and possesses the highest genetic 
diversity (Table 1; Figure 3b). Moreover, the BBM analysis suggested 
that the ancestors of lineages D and F probably originated in East 
China (node II in Figure 3b). Thus, it is likely that the CJK land bridge 
acted as a corridor for its ancestors to expand into Japan from East 
China, and that this was followed by its independent evolution after 
the sea level rose and was cut-off from the Chinese mainland. The 
other two times of CJK land bridge (2.0–1.3 Ma and 0.2–0.015 Ma) 
formation occurred during glaciations; therefore, it was probably 
no longer a suitable habitat for tender plant species because of the 
colder and drier conditions triggered by the winter monsoon climate 
intensification in the more northerly latitudes (Hao et al., 2010). 
Hence, the ECS acted as an impenetrable barrier to dispersal and 
gene exchange for many of the East Asian temperate plant species 
that now exhibit a disjunct distribution in the CJK region. This would 
have been compounded by limited dispersal ability and poor cold 
and drought tolerance of these plants, even though the CJK land 
bridge was repeatedly exposed during the LGM and/or earlier cold 
periods (Cao et al., 2016; Li et al., 2008; Wang et al., 2013). A similar 
mechanism might have contributed to maintaining the independent 
Japanese lineage of K. japonica after its formation.

For lineages on the Chinese mainland, each estimated crown 
age was generally quite young (3.90–1.44 Ma; Figure 3b), implying 
that genetic divergence was probably shaped by geological history 
during the late Pliocene and Pleistocene. The early Pleistocene for-
mation (2.55 Ma; 95% HPD, 1.46–3.90 Ma; node IV in Figure 3b) 
and maintenance of the independent lineage A might be associated 
with many factors, including the differences in the monsoon regime, 
geological history, and topographical features between SHFS and 
SJFS. The SHFS (the high ‘step’) was mainly influenced by the Indian 
monsoon, and it experienced an intense uplift of the QTP, forming 
a high mountain system incised by deep river gorges. However, the 
SJFS (on the middle and low ‘steps’) was mainly influenced by the 
East Asian monsoon and was relatively stable, with medium/low 
mountains, basins and plains formed during the same period (Shi 
et al., 1998; Wang, Kirby, et al., 2012). Other lineages (B–E) in Central 
and East China were mainly restricted to their respective mountain 
chains (Figure 1). These mountain chains differ topographically and 
ecologically, exhibiting variations in temperature, precipitation and 
humidity (Figure 5; Li et al., 2013). Combined with the similar phy-
logeographical structure detected in several other plants, including 
Eurycorymbus cavaleriei, Juglans cathayensis and Dendrobium monili-
forme, the data collectively suggested that the obvious genetic 
differentiation and highly structured distribution of plant species 
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in Central and East China were more affected by the orographical 
isolation effects associated with scattered mountain chains than 
the limited tectonic events that have occurred in this region (Bai 
et al., 2014; Wang et al., 2009; Ye et al., 2017). Overall, the differ-
ent evolutionary histories of these lineages on the Chinese mainland 
may reflect variations in the development of their related floristic 
regions, which shaped the current distribution pattern of plant di-
versity (Kreft & Jetz, 2010). The spatiotemporal population differ-
entiation of K. japonica provides clues to understand the formation 
and historical evolution of plant diversity in East Asia, especially with 
respect to the floristic regions of the CW, CC and CE regions.

4.4 | Demographical history of the Chinese 
mainland and Japan

Both MDA and ENM results showed differences in demographi-
cal history between the Chinese mainland and Japan. Each group 
(A–E) on the Chinese mainland has high genetic diversity, and 
the historical demography appears to have been relatively stable 
(Table 1; Figure 4). The Chinese mainland is an important glacial 
refuge for many Tertiary plant species and resident temperate 
flora because this region was never directly affected by extensive 
ice sheets (Qiu et al., 2011). Moreover, K. japonica usually grows 
on mountain slopes in evergreen broad-leaved or mixed evergreen 
and deciduous broad-leaved forests. Mountain chains with a wide 
ecological amplitude may allow local species/populations to re-
spond to climatic changes by moving vertically and/or N-S along 
the mountain range. Thus, K. japonica survived Quaternary climate 
fluctuation and had a rather stable demographical history on the 
Chinese mainland.

In contrast, the low genetic diversity and wide distribution of 
H71 in the Japanese populations indicate that they might have ex-
perienced a founder effect during post-glacial expansion, which is 
supported by the unimodal distributions of the F/FD group in MDA 
(Table 1; Figures 1 and 4). Accordingly, our estimated expansion 
time for group F/FD, especially the minimum value of the 95% CI 
(15/11 Ka), suggests that the Japanese population experienced ex-
pansion events after the LGM. This scenario is in agreement with 
pollen-data reconstructions of forest biomes in East Asia, which 
indicated that most of Japan and the exposed ECS were occupied 
by mixed (temperate and boreal) or temperate-deciduous forests 
during the LGM (Harrison et al., 2001). Therefore, the Japanese 
populations of K. japonica were confined to a relatively narrow 
area, which was consistent with the palaeodistribution modelling 
for the LGM, indicating a few suitable habitats in the coastal areas 
of Japan during that period (Figure 5). However, we could not dis-
miss the possibility that the gene flow from Japan to East China 
occurred via the exposed ECS during the cold periods because 
population C50 on the mainland and the Japan group were not 
genetically differentiated, despite the fact that the passage was 
not a suitable habitat for migration (see above; Hao et al., 2010). 
Subsequently, the restored warm-temperate evergreen forest in 

most of Japan during the inter/post-glacial periods likely promoted 
population range expansion.
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