" BioOne COMPLETE

Chloroplast View of the Population Genetics and
Phylogeography of a Widely Distributed Shrub Species,
Rhododendron dauricum (Ericaceae)

Authors: Jiang, Nan, Man, Li, Zhang, Wei, Dong, Hai-Xiao, Wang, Hua-
Ying, et al.

Source: Systematic Botany, 41(3) : 626-633

Published By: The American Society of Plant Taxonomists

URL.: https://doi.org/10.1600/036364416X692343

BioOne Complete (complete.BioOne.org) is a full-text database of 200 subscribed and open-access titles
in the biological, ecological, and environmental sciences published by nonprofit societies, associations,
museums, institutions, and presses.

Your use of this PDF, the BioOne Complete website, and all posted and associated content indicates your
acceptance of BioOne’s Terms of Use, available at www.bioone.org/terms-of-use.

Usage of BioOne Complete content is strictly limited to personal, educational, and non - commercial use.
Commercial inquiries or rights and permissions requests should be directed to the individual publisher as
copyright holder.

BioOne sees sustainable scholarly publishing as an inherently collaborative enterprise connecting authors, nonprofit
publishers, academic institutions, research libraries, and research funders in the common goal of maximizing access to
critical research.

Downloaded From: https://complete.bioone.org/journals/Systematic-Botany on 19 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Systematic Botany (2016), 41(3): pp. 626633

© Copyright 2016 by the American Society of Plant Taxonomists
DOI 10.1600/036364416X692343

Date of publication August 26, 2016

Chloroplast View of the Population Genetics and Phylogeography of a Widely
Distributed Shrub Species, Rhododendron dauricum (Ericaceae)

Nan Jiang,' Li Man,' Wei Zhang,' Hai-Xiao Dong,”> Hua-Ying Wang,' Ming-Rui Li,"
Feng-Xue Shi," and Ming-Zhou Sun™?

'Key Laboratory of Vegetation Ecology of Ministry of Education, Institute of Grassland Science,
Northeast Normal University, Changchun 130024, China
2College of Plant Science, Jilin University, Changchun 130062, China
3 Author for correspondence (sunmz100@nenu.edu.cn)

Communicating Editor: Michael ]. Moore

Abstract—Climatic oscillations during the last glacial maximum (LGM) have played important roles in the distributions and genetic struc-
tures of extant species. Here, we investigated the population structure of a deciduous shrub species, Rhododendron dauricum L., across its current
geographic distribution in northeastern China based on six chloroplast regions (trnS-trnfM, trnL-ndh], rpoC1-rpoB, trnS-trnG, trnH-psbA, and
trnK-matK). A total of 11 haplotypes were identified. The results showed a significant geographic distribution pattern (Nst > Gsy, p < 0.01) in
northeastern China. In addition, our results showed that there were high levels of genetic diversity in R. dauricum and that more than 70% of
the genetic variability was distributed among groups. Furthermore, results from the neutrality test failed to identify population expansion at
the whole-species level. These findings together suggested that R. dauricum shows spatial genetic structure and that the LGM has had profound
impacts on the geographic distribution and genetic variability of this species.

Keywords—Genetic diversity, haplotype, last glacial maximum, spatial genetic structure.

The climatic oscillations of the last glacial maximum (LGM,
21-18 ka) have resulted in repeated drastic environmental
changes that have profoundly shaped the current distributions
and genetic structures of extant species (Hewitt 2000, 2003).
Based on population genetics, fossil pollen, and paleoecologi-
cal evidence, a series of recent studies from diverse plant
species have revealed some basic phylogeographic patterns
and concepts that have together shed light on the Quaternary
history of temperate plants (Kamei 1981; Huntley and Birks
1983; Tsukada 1988; Webb and Bartlein 1992; Lang 1994). One
classic view is the southern refugia model (Bennett et al. 1991).
According to this model, extensive latitudinal range shifts
occurred during the LGM. For example, southward retreats
during glacials were followed by rapid expansions northward
during inter-/postglacials (Fujii et al. 2002; Griffin and Barrett
2004; Tsuda and Ide 2005; Bartish et al. 2006; de Lafontaine
et al. 2010). The repeated range contractions and expansions of
plant species have shaped plant distribution patterns in the
Northern Hemisphere (Hewitt 1996, 1999). Examples from
Europe and North America have demonstrated the roles of
southern glacial refugia in the formation of current ecosystems
(Taberlet et al. 1998; Soltis et al. 2006). However, recent studies
of widespread north temperate and boreal plants have revealed
a different viewpoint, namely that some species survived the
LGM in northern refugia near the ice margin (McLachlan et al.
2005; Wall et al. 2010; Beatty and Provan 2011; Nakamura et al.
2014). These studies indicated that in the East Asian temperate
forests, phylogeographic patterns cannot be simply explained
by southern glacial refugia (Qiu et al. 2011). For example,
Opgenoorth et al. (2010) inferred that the Juniperus tibetica
(Kom.) Kom. complex survived the LGM in situ on the
southeast edge of the Qinghai-Tibetan Plateau, which had
multiple refugia across its range. In addition, Wang et al. (2008)
revealed that Primula secundiflora Franch. showed multiple
separated refugia within a large geographic region without
range expansion. Similarly, studies in Ginkgo biloba L. (Gong
et al. 2008), Croomia japonica Miq., and C. heterosepala (Bak.)
Oku. (Li et al. 2008) also showed only limited (the former) or
even no (the latter two) range expansion; the range expansions
during the inter-/postglacials of Alsophila spinulosa (Wall. ex
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Hook.) R. M. Tryon (Su et al. 2005), Pinus kwangtungensis Chun
ex Tsiang (Tian et al. 2008), Platycrater arguta Siebold et Zucc.
(Qiu et al. 2009a), Kirengeshoma koreana Nakai, and K. palmata
Yatabe (Qiu et al. 2009b) were localized. Those studies indicated
that some (primarily dominant) species in the temperate mixed
conifer and broadleaved forests of East Asia might have
survived the glaciations in situ and displayed a limited
population expansion during post-glaciations. These species
might not have experienced drastic cycles of southward range
contraction and northward expansion.

In this study, we investigated the genetic structure of
Rhododendron dauricum L. (Ericaceae) across its current geo-
graphic distribution in northeastern China. R. dauricum is a
temperate-deciduous Northeast Asia endemic shrub species
widely distributed in northeastern China, the Korean Peninsula,
and the Russian Far East. In northeastern China, R. dauricum
occurs primarily in the Greater Khingan Mountains (GKM),
Lesser Khingan Mountains (LKM), and Changbai Mountains
(CM). Characterized by both a temperate climate and a com-
plex topography, these areas have never been directly impacted
by extensive and unified ice sheets (Shi et al. 1986; Liu 1988).
The Quaternary history of species distributed in this region
may display divergent characteristics.

To this end, we used cpDNA sequences to describe the
population structure and investigate the phylogeographic
history of R. dauricum in northeastern China. The aims of
this study are as follows: (1) examine the genetic diversity
and genetic differentiation among different geographic and
spatial genetic groups of R. dauricum, (2) identify the intra-
species phylogenetic relationships of chloroplast haplotypes
and (3) test phylogeographic and demographic patterns in
R. dauricum. We expect our findings to provide novel evidence
for the hypothesis that some taxa persisted in situ in north-
eastern China during the LGM.

MATERIALS AND METHODS

Sampling and DNA Extraction— A total of 166 R. dauricum individuals
were collected from 23 populations that covered its current geographic
range in northeastern China (Appendix 1; Fig. 1). In brief, a total of
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Fic. 1. The four geographic regions of the 23 populations and geo-
graphic distributions of 11 cpDNA haplotypes in R. dauricum identified
with gaps set as missing. Section size of the pie reflects the frequency of
haplotype occurrence in each population. Haplotype colors correspond
to those shown in panel.

55 accessions from seven populations were sampled from the GKM;
29 individuals of four populations were collected from the LKM; eight
populations sampled from the CM consisted of 47 accessions; and
35 accessions from four populations were collected from the Liaodong
Peninsula (LP). It is known that R. dauricum is also distributed in the
Russian Far East and the Korean Peninsula. However, detailed informa-
tion on these geographic distributions is not yet known. No samples were
obtained from these areas, primarily because it is infeasible to collect sam-
ples from these regions. Mature leaves or flowers were sampled from each
individual and preserved in silica gel. Sample vouchers have been depos-
ited at the Northeast Normal University Herbarium (NENU).

Total DNA was extracted from the collected samples using a modified
4 x CTAB procedure (Doyle and Doyle 1987). DNA quality was checked
by electrophoresis on 1.0% agarose gels, and qualified DNA samples
were stored at —20°C for polymerase chain reaction (PCR) amplification.

PCR and DNA Sequencing—A total of 73 primer pairs collected
from previous studies were examined in our study (Appendix 2; Taberlet
et al. 1991; Johnson and Soltis 1994; Johnson and Soltis 1995; Demesure
et al. 1995; Oxelman et al. 1997; Hamilton 1999; Grivet et al. 2001;
Shaw et al. 2005; Shaw et al. 2007; Kress and Erickson 2007; Lahaye et al.
2008; Fior et al. 2013). We used two filtering steps to obtain markers
showing sufficient polymorphism. First, three randomly selected individ-
uals were amplified by each of the 73 primer pairs. After adjusting the
annealing temperature, primers with nonspecific amplifications or no
obvious electrophoretic bands were regarded as having failed to amplify
and were then discarded. Populations AK (from GKM), BY (from LP) and
SJ] (from CM) were distant from each other, and accessions from these
populations were used to perform the final filtering step. Two individuals
from each of the three populations were chosen on a random basis. PCR
amplification, DNA sequencing, and alignment were used to test for poly-
morphism, and this step excluded markers that revealed neither SNPs nor
indels. Finally, six primer pairs (trnSf-trnfMr, TabE-ndh], rpoClf-rpoB,
trnSCCYrnGUCO, trnH-psbA and trnK-matK), which were shown to be
polymorphic among the examined accessions, were used to amplify the
population samples. PCRs were performed in a 30 pL total volume
containing 20-50 ng template DNA, 1 x PCR buffer (Mg2+ plus), 0.6 pM
of both forward and reverse primers, 0.2 mM of dNTP Mixture, 3 ug of
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BSA, and 1 unit of rTaq polymerase (Takara, Dalian, Liaoning, China).
The PCR parameters for all amplification programs of cpDNA were
as follows: 5 min of predenaturation at 95°C followed by 35 cycles of
30 sec of denaturation at 94°C, 30 sec of annealing at the temperature in
Appendix 2 for each chloroplast region, elongation (90 sec for trnS-trnfM,
trnL-ndh] and rpoC1-rpoB, 1 min for trnS-trnG and trnK-matK, and 30 sec
for trnH-psbA) at 72°C, and a final elongation step of 10 min at 72°C. All
amplified products were separated by electrophoresis on 1.5% agarose
gels and sequenced with the ABI3730 sequencer (Haerbin Boshi Biotech-
nology CO., Ltd., Haerbin, Heilongjiang, China).

Data Analyses—PoPULATION ANALysEs—Initial sequence editing
and assembling were performed using ContigExpress (Informax Inc.,
North Bethesda, MD, USA, 2000). DNA sequence alignment was performed
using ClustalX 2.0 (Larkin et al. 2007) and alignments were edited manu-
ally in BioEdit 7.0.1 (Hall 1999). Genetic diversity parameters were calcu-
lated using DnaSP 5.10 (Rozas et al. 2003), including number of
polymorphic sites (S), number of haplotypes (h), haplotype diversity (Hg),
and nucleotide diversity (7) for each population and every geographic
region (GKM, LKM, CM, and LP). To further detect if the studied
populations have experienced expansion, Fu and Li’s D and F (Fu and Li
1993) were calculated for the total population and the four geographic
regions using DnaSP. A spatial analysis of molecular variance (SAMOVA)
was used to analyze the spatial genetic structure of populations using
SAMOVA 1.0 (Dupanloup et al. 2002), with the K varying from 2-20 and
each simulation starting from 100 random initial conditions. To further
assess the partitioning of genetic variation, an analysis of molecular vari-
ance (AMOVA; Excoffier et al. 1992) was performed using Arlequin 3.11
with 1,000 random permutations to test for the significance of partitions,
grouping populations by geographic region.

PHYLOGENETIC AND PHYLOGEOGRAPHIC ANALYSES—Haplotype identi-
fication and network reconstruction were performed using TCS 1.21
(Clement et al. 2000). The fix connection limit was set as 41 steps when
gaps were treated as missing and 65 steps when gaps were considered a
fifth state to enable all haplotypes to be connected. Phylogenetic relation-
ships among haplotypes were inferred from tests of the Neighbor-Joining
(NJ) method, which were calculated using MEGA 5 (Tamura et al. 2011)
with the Maximum Composite Likelihood method as a substitution model.
We chose 1,000 bootstrap replicates (Felsenstein 1985) to evaluate clade
support. To assess the correlation between genetic and geographic dis-
tance, an isolation-by-distance (IBD) analysis, with 1,000 randomizations
on matrices of pairwise population Fsr values and the geographic dis-
tances, was performed using Isolation By Distance Web Service Version
3.23 (Jensen et al. 2005). To test for the presence of phylogeographic struc-
ture, Ngr (a measure of genetic differentiation that incorporates phyloge-
netic distance) was compared to permuted values of Gsr (an unordered
measure of genetic differentiation that does not incorporate phylogenetic
distance) with the program PERMUT (http://www.pierroton.inra.fr/
genetics/labo/Software/PermutCpSSR). Populations containing fewer
than three individuals cannot be incorporated in PERMUT; accordingly,
these populations were not included.

REsuLTS

c¢pDNA Diversity and Demographic Analyses—The
concatenated cpDNA sequences (including indels) had an
aligned length of 4,130 bp, in which 57 SNPs and 11 haplo-
types were identified (Table 1). All new sequence data gener-
ated from this study were submitted to GenBank under the
accession numbers KT696608 — KT697615. In all 22 populations
analyzed, the haplotype diversity (Hg) and nucleotide diver-
sity () ranged from 0-0.733 and from 0-0.00594, respectively.
The genetic diversity parameters of population BY were the
highest, with the highest values of both Hyq and 7. In all four
geographic regions, the values of haplotype diversity (Hg)
and nucleotide diversity (r) ranged from 0.353-0.605 and
from 0.00011-0.00269, respectively. LP had the highest
genetic diversity.

Analyses of a neutrality test of the complete data set did
not support the hypothesis that R. dauricum had undergone
a historical population expansion. Neutrality test statistics,
both overall and in the four geographic regions, were non-
significant or significant and positive (Table 1).
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Chloroplast genetic diversity and results of neutrality tests for R. dauricum. S = number of polymorphic sites (SNPs); & = number of haplotypes,

Hy = haplotype diversity; 7 = nucleotide diversity; NC, not calculated; *= p < 0.02.

Group S h Hy i Haplotype Fu and Li's D Fu and Li's F
Total 57 11 0.834 0.00238 H1 -H11 2.12684* 1.39211
AL 1 2 0.600 0.00015 H1, H2 NC NC

AE 0 1 0.000 0.00000 H1 NC NC
AK 1 2 0.533 0.00013 H1, H2 NC NC

JH 0 1 0.000 0.00000 H1 NC NC

ZL 1 2 0.200 0.00005 H1, H4 NC NC

P 1 2 0.533 0.00013 H1, H2 NC NC
GH 1 2 0.400 0.00010 H1, H2 NC NC

HS 0 1 0.000 0.00000 H2 NC NC
HH 0 1 0.000 0.00000 H2 NC NC
ML 3 3 0.378 0.00022 H1, H2, H3 NC NC
™ 0 1 0.000 0.00000 H2 NC NC
MS 0 1 0.000 0.00000 H8 NC NC

YL 0 1 0.000 0.00000 H8 NC NC

LJ 0 1 0.000 0.00000 H7 NC NC

CB 0 1 0.000 0.00000 H7 NC NC
WT 1 2 0.333 0.00008 H7, H9 NC NC

LS 0 1 0.000 0.00000 H7 NC NC

SJ 3 2 0.600 0.00044 H5, H7 NC NC
KD 1 2 0.200 0.00005 H5, H6 NC NC
FH 0 1 0.000 0.00000 H5 NC NC

BY 45 4 0.733 0.00594 H5, He, H10, H11 NC NC
WL 0 1 0.000 0.00000 H5 NC NC
GKM 2 3 0.446 0.00011 H1, H2, H4 —-0.91934 —-0.72396
LKM 3 3 0.463 0.00031 H1, H2, H3 0.95411 1.31094
CM 6 4 0.605 0.00032 H5, H7, H8, H9 1.17948 0.90646
LP 45 4 0.353 0.00269 H5, He, H10, H11 1.68697* 1.33221

Spatial Genetic Analysis, Phylogeographic Structure, and
AMOVA—The optimal number of groups indicated by
SAMOVA was K = 3 (Fcr = 0.82673; Appendix 3). Thus, all
23 populations were divided into three groups. Group 1
contained all 11 populations from GKM and LKM, group 2
was composed of populations from CM and LP except for
population BY, and group 3 is a single-population group
consisting of population BY.

The IBD test revealed a significant correlation between
genetic and geographic distances of cpDNA haplotypes over
all populations (r = 0.5084, p < 0.0010) as well as in each
main SAMOVA group (r = 0.2974, p = 0.0270 for group 1
and r = 0.5752, p < 0.0010 for group 2). Ngr of R. dauricum
(0.851) was significantly higher than Ggr (0.749) at a global
level (p < 0.01) and the two grouping schemes tested
(Table 2), which indicated significant phylogeographic struc-
ture in the data set regardless of the grouping scheme used.
AMOVA analysis revealed that the main source of variation

TABLE 2. Results of the analysis of molecular variance (AMOVA) and
the test of phylogeographic structure (Nsr > Ggr) of cpDNA sequence data
from R. dauricum populations. Groupings were as follows: (a) by geogra-
phy with four regions and (b) by groupings from SAMOVA (for K = 3).
Fer = differentiation among groups of populations, Fsc = differentiation
among populations within groups, Fsr = differentiation among individ-
uals within populations.

Group  d.f. Fixation indices % of variation P Nst Gst P
(a) 3  Fcr=0.72268 72.27 <0.01 0.721 0.512 <0.01
19  Fsc =0.47232 13.10 <0.01 - - -
143 Fgr = 0.85366 14.63 <0.01 - - -
(b) 2  Fcr=0.82673 82.67 <0.01 0594 0.286 <0.01
20 Fsc =0.33991 5.89 <0.01 - - -
143 Fgr = 0.88562 11.44 <0.01 - - -
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was found among the groups (Table 2). For example, 72.27%
and 82.67% (p < 0.01) of the total variation were derived
from the geographic and SAMOVA groups, respectively.
These findings suggested that R. dauricum showed obvious
spatial genetic structure in its current distribution range in
northeastern China.

Haplotype and Phylogenetic Analyses—The topology
obtained from TCS was used to infer relationships among
the 11 cpDNA haplotypes (Fig. 2a; Fig. 1), of which HI1
(observed 39 times, in 23.49% of individuals), H2 (observed
36 times, 21.69%), H5 (observed 30 times, 18.07%), and H7
(observed 26 times, 15.66%) were the most frequent haplo-
types. In addition, the haplotypes H10, H2, H5, and H7 were
located in the center of the haplotype network. Moreover,
our results also showed that all haplotypes from CM (H5,
H7, H8, and H9) and haplotype H6 from LP were clustered
together as one clade (Clade I). Similarly, Clade II consisted
of H1, H2, H3, and H4, which only occurred in GKM and
LKM. The remaining haplotypes (H10 and H11) occurred in
LP and were clustered as Clade III. More than half of
the populations were fixed for a single haplotype (13 of the
23 populations). Haplotypes H3, H4, and H9 were found to
be private alleles of populations ML, ZL, and WT, respectively,
whereas haplotypes H10 and H11 were found to be private
alleles in population BY. When gaps were set as fifth infor-
mative sites (Fig. 2b), there were no significant changes in
the haplotype network. Although more haplotypes were
identified, they were merely further subdivisions of the hap-
lotypes with gaps regarded as missing.

Phylogenetic relationships of the 11 cpDNA haplotypes
were assessed under NJ analyses. All haplotypes were clus-
tered into three clades (Fig. 2c), which was consistent with
the haplotype network (Fig. 2a). Haplotypes H5-H9 were
clustered as Clade I, Clade II contained H1-H4; H10 and
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Fic. 2. (a) Statistical parsimony network of 11 cpDNA haplotypes
recovered from 166 accessions of R. dauricum with gaps set as missing.
Haplotype circle area represents relative frequency. Haplotypes were
arbitrarily assigned numbers 1-11 and color-coded to indicate different
geographic regions. The dots on branches indicate mutational steps, and
the double hatch marks represent the omission of dots. (b) Statistical par-
simony network with gaps set as a fifth state. Haplotype numbers were
based on haplotypes in (a). (c) NJ phylogenetic trees for the 11 cpDNA
haplotypes. Numbers above branches are bootstrap support values
based on 1,000 replicates. Section size of the pie reflects the frequency of
individuals from each geographic region.

H11 were clustered as Clade III. The support bootstrap
values for internal nodes of the tree were generally high. We
checked the segregating sites of the 11 haplotypes, attempting
to discover the pattern of nucleotide variation among the
three clades (Fig. 3). In all, 88 polymorphisms (including 57
SNPs and 31 indels) were observed, and we identified the fix-
ation sites among these clades (six for Clade I, 10 for Clade II,
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and 56 for Clade III, including indels), which showed quite
different nucleotide variation patterns among the three clades.

DiscussioN

Genetic Diversity and Population Structure—Of the
73 primer pairs tested in this study, six were amplified suc-
cessfully and shown to be polymorphic. When confronted
with chloroplast marker choice in Rhododendron, Ericaceae,
or other related families, these six primer pairs and associated
chloroplast regions may be priorities. From the sequences
amplified by those primer pairs, our results showed that the
haplotype diversity (Hy = 0.834) of R. dauricum was higher
than that of other temperate shrub or small-sized tree species,
such as R. delavayi (C. B. Clarke) Ridley (Hy = 0.634; Sharma
et al. 2014), wild Prunus pseudocerasus Lindl. (Hq = 0.557;
Chen et al. 2015), Zygophyllum xanthoxylon (Bunge) Maxim.
(Hg = 0.534; Shi and Zhang 2015), and the Rosa sericea Wall.
ex Lindl. complex (Hgq = 0.522-0.779; Gao et al. 2015), and it
was also higher than the mean for cpDNA as reported by
Petit et al. (2005) in 170 species of angiosperms (Hy = 0.670).

Of all 23 populations, population BY had the highest
genetic diversity (Hyq = 0.733, n = 0.00594). Of all four
geographic regions, CM had the highest haplotype diversity
(Hgq = 0.605) and LP had the highest nucleotide diversity
(7 = 0.00269). Therefore, the two regions were identified as
potential genetic diversity centers of R. dauricum. The results
of AMOVA showed that the source of most genetic variability
was among groups. According to the standard of Wright
(1978), the differentiation values calculated among groups
(Fcr), populations (Fsc), and individuals (Fsr) were all more
than 0.25, indicating a great genetic differentiation of groups
on different levels. Similar results were obtained from the
SAMOVA cluster, showing that the genetic structures of dif-
ferent clusters were significantly different, while the origins
of R. dauricum from different groups were diverse.

The observation of high genetic diversity indicated that
R. dauricum might not have undergone a severe genetic bottle-
neck in the evolutionary process. In contrast, the nucleotide
diversity (7 = 0.00238) of R. dauricum does not show a high
level compared with the haplotype diversity. Our results were
similar to previous studies, such as Kandelia candel (L.) Druce
(r = 0.00304; Chiang et al. 2001), Fatsia japonica (Thunb.)
Decne. et Planch. (r = 0.00285; Chen 2004), and wild Prunus
pseudocerasus (m = 0.00209; Chen et al. 2015). To test the factors
that have led to the contrasting observation of the high haplo-
type diversity and the low nucleotide diversity of R. dauricum,
we checked the segregating sites of these haplotypes. Only
57 SNPs were observed, and the three clades showed quite
different nucleotide variation patterns. Accordingly, we con-
sider that the small number of SNPs within each population
might be one factor that led to the contrasting observations.
Moreover, the deep phylogeographic splits between the geo-
graphic or SAMOVA groups are, most likely, the other reason
for high haplotype diversity but low nucleotide diversity, a
pattern that is considered to result from isolation among dif-
ferent refugia.

Phylogeographic Structure and Inference of Demographic
Patterns—Our results on the phylogeographic structure of
R. dauricum were consistent with previous studies of temper-
ate montane flora in northeastern China, which were strongly
structured phylogeographically (Chen et al. 2008; Tian et al.
2009; Chen et al. 2012b). In this study, Nsr was significantly
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F1c. 3. Segregating sites of the 11 cpDNA haplotypes. All sequences are compared to the reference haplotype H1. The fixation sites in Clade I (H5-H9),
Clade II (H1-H4) and Clade III (H10 and H11) are expressed in red, yellow, and blue.

higher than Ggr at the global, geographic, and grouping
levels. Moreover, the network and NJ tree of haplotypes
showed clear geographic structure. The amazing uniformity
of SAMOVA clustering (K = 3) and geography further con-
firmed that populations from different origins had a distinct
genetic makeup. Therefore, we propose that the current distri-
bution of R. dauricum might result from occupying different
refugia during the LGM. For example, populations from the
GKM and CM might have had distinct refugia during the
LGM. Similar phenomena have also been observed in
Ostryopsis davidiana Decne. (Tian et al. 2009), Fagus engleriana
Seemen ex Diels (Lei et al. 2012), Quercus wvariabilis Blume
(Chen et al. 2012a) and Juglans cathayensis Dode (Bai et al.
2014). In addition, the results of the neutrality test suggested
stable population dynamics recently, implying no spatial
expansions in the post-glaciations. Regarding Fu and Li’s D,
we found that it shows a significant positive value at the spe-
cies level, possibly due to the population structure observed
within this species. Similarly, when all 23 populations or
populations within each main SAMOVA group were pooled
together, the IBD test showed a significant correlation between
genetic and geographic distance. It also indicates that these
populations might not have undergone recent population
expansion. Ikeda and Setoguchi (2013) used an isolation-with-
migration (IM) model to estimate demographic history of
Phyllodoce nipponica Makino. Their results showed that mixing
of populations and gene exchange did not emerge in the post-
glaciations, so the differences between isolated refugia have
not been eliminated. Likewise, our results proved that the
genetic imprint from different refugia still deeply influences
the genetic structure of R. dauricum in northeastern China.
Qian and Ricklefs (2000) and Harrison et al. (2001) pro-
posed two different hypotheses for Asian species diversity.
Harrison et al. (2001) suggested that temperate forests would
have retreated southward to approximately 30°N during the
LGM, so a genetic signature of ‘southern richness’ and
‘northern purity” in many species should be detected. On the
contrary, Qian and Ricklefs (2000) observed that there have
been multiple isolated refugia for northern China plants pos-
sibly due to the great physiographical heterogeneity in this
region, providing abundant opportunities for allopatric spe-
ciation in the Quaternary. Our results are consistent with the
latter view. Habitat fragmentation formed barriers against
gene flow, further leading to genetic diversification, acceler-
ating variation and even speciation (DeChaine and Martin
2004; Li et al. 2012; Gao et al. 2015). Under this hypothesis,
the long-term isolation among multiple refugia and little
admixture among populations of different origins have caused
substantial genetic diversification in R. dauricum. Given that
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this may be an example of cryptic speciation, we therefore
checked the nucleotide variation patterns of R. dauricum and
we found that there exist some fixation sites among the three
clades. The deep divergence of these clades suggested the
possibility of cryptic speciation within this species. However,
only a few selected loci were used in this study, which largely
limited our inference on this topic. To this end, further investi-
gations based on genome-wide markers might provide novel
insights into this issue.

In conclusion, cpDNA haplotypes have delineated the
genetic diversity and population genetic structure of
R. dauricum, providing insights into the phylogeographic pat-
terns. Our results showed high levels of genetic diversity and
great genetic differentiation among different groups. A signif-
icant phylogeographic structure was also detected in this
species. Moreover, the phylogeographic and demographic
patterns of multiple localized refugia and no postglacial
range expansion have been proved. Our results are consistent
with the hypothesis that the complex landforms of East Asia
have provided local species with opportunities to survive the
last glaciation in situ.
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AL, Ali River, Inner Mongolia, GKM, 50°33.387’N, 123°32.587'E, 518,
5, 06/23/2011, 58-62; AE Arshaan, Inner Mongolia, GKM, 46°40.410'N,
120°03.100'E, 965, 10, 06/26/2011, 74-83; AK, Aokelidui, Inner Mongolia,
GKM, 51°50.307’N, 122°02.222’E, 1,310, 10, 06/24/2011, 84-93; JH, Jinhe,
Inner Mongolia, GKM, 51°02.479'N, 121°17.613'E, 1,026, 5, 06/23/2011,
94-98; ZL, Zhalantun, Inner Mongolia, GKM, 48°05.141'N, 122°42.339'E,
332, 10, 05/02/2011, 21-25, 112-116; TP, Taipingling, Inner Mongolia,
GKM, 47°29.302'N, 120°29.430’E, 1,595, 10, 06/03/2012, 122-131; GH,
Genhe, Inner Mongolia, GKM, 50°46.498'N, 121°29.496'E, 865, 5, 05/07/
2012, 132-136; HS, Daheishan, Heilongjiang, LKM, 50°14.468'N,
126°26.905'E, 518, 5, 05/06/2012, 52-56; HH, Wudaohuoluo, Heilongjiang,
LKM, 50°14.718'N, 127°31.708'E, 121, 5, 05/28/2012, 117-121; ML,
Maolangou, Heilongjiang, LKM, 49°05.893'N, 129°46.257'E, 166, 10, 08/
03/2014, 146-155; TW, Tangwanghe, Heilongjiang, LKM, 49°05.591'N,
129°45.527'E, 444, 9, 08/03/2014, 156-164; MS, Maoershan, Heilongjiang,
CM, 45°15.532'N, 127°26.948'E, 424, 5, 07/22/2011, 38, 40-43; YL, Yilan,
Heilongjiang, CM, 46°19.471'N, 129°34.079'E, 119, 9, 04/25/2012, 137-145;
L], Linjiang, Jilin, CM, 41°53.678'N, 126°45.195'E, 673, 11, 08/02/2011,
26-30, 32-37; CB, CM, Jilin, CM, 42°27.387'N, 128°08.639’E, 682, 2, 07/
08/2011, 44-45; WT, Wangtiane, Jilin, CM, 41°32.821'N, 127°56.597'E,
725, 6, 08/03/2011, 46-51; LB, Laobaishan, Jilin, CM, 44°14.547'N,
127°55.155'E, 450, 1, 07/29/2010, 57; LS, Lushuihe, Jilin, CM, 42°32.338’
N, 127°53.024'E, 767, 8, 08/04/2011 99-106; SJ, Sanjiaolongwan, Jilin,
CM, 42°21.973'N, 126°26.362'E, 785, 5, 07/26/2011, 107-111; KD,
Kuandian, Liaoning, LP, 40°30.412'N, 124°29.533'E, 216, 10, 04/26/2011,
1-10; FH, Fenghuangshan, Liaoning, LP, 40°24.790’N, 124°04.686'E, 363,
5, 04/26/2011, 11-14, 16; BY, Bingyugou, Liaoning, LP, 39°59.484'N,
122°57.802'E, 230, 10, 06/12/2011, 63-66, 68-73; WL, Wulongshan,
Liaoning, LP, 40°15.303'N, 124°20.130'E, 135, 10, 08/03/2014, 165-174.

APPENDIX 2. Information about the 73 primer pairs tested in this study.
Data are in the following order: chloroplast regions, primer names and
sequences, product size (bp), annealing temperature (°C), literature source,
and result of PCR amplification. Primers in bold were ultimately chosen.

trnH-psbA, trnH: ACTGCCTTGATCCACTTGGC, psbA: CGAAGCT
CCATCTACAAATGG, ~400, 47, Hamilton 1999, Amplified; rpl20-5'
rps12, rpl20: TTTGTTCTACGTCTCCGAGC, 5'-rps12: GTCGAGGAACAT
GTACTAGG, ~1000, 48, Hamilton 1999, Amplified; psbB-psbF, psbB:
GTTTACTTTTGGGCATGCTTCG, psbFr: CGCAGTTCGTCTTGGACCAG,
-, -, Hamilton 1999, Failed to amplify; tmS-trnG, tmS°“Y: GCCG
CTTTAGTCCACTCAGC, trnGV“?: GAACGAATCACACTTTTACCAC,
~750, 48, Hamilton 1999, Amplified; truL-ndh], TabE: GGTTCAAG
TCCCTCTATCCC, ndh]: ATGCCYGAAAGTTGGATAGG, ~1100, 48,
Taberlet et al. 1991, Shaw et al. 2007, Amplified; trnL Y t-C:
GGGGATAGAGGGACTTGAAC, trnld: CGAAATCGGTAGACGCTACG,
~600, 48, Taberlet et al. 1991, Amplified; trnL ™ V-trnFEAY, TrnL-F(f):
ATTTGAACTGGTGACACGAG, TrnL-F(c): CGAAATCGGTAGACGC
TACG, -, -, Taberlet et al. 1991, Failed to amplify; tnTHCW gy (HAA)
trnTa: CATTACAAATGCGATGCTCT, trnLb: TCTACCGATTTCGCC
ATATC, -, -, Taberlet et al. 1991, Failed to amplify; trnTHCW_ gy pCGAN
trnTf: CATTACAAATGCGATGCTCT, trnFr: ATTTGAACTGGTGACA
CGAG, -, -, Taberlet et al. 1991, Failed to amplify; rps16 intron, rps16R2:
TCGGGATCGAACATCAATTGCAAC, rps16F: GTGGTAGAAAGCAAC
GTGCGACTT, ~900, 48, Oxelman et al. 1997, Amplified; rbcL, rbcLr:
CTTCTGCTACAAATAAGAATCGATCTC, rbcLf: ATGTCACCACAAA
CAGAGACTAAAGGC, -, -, Kress and Erickson 2007, Failed to amplify;
atpF-atpH, atpF: ACTCGCACACACTCCCTTTCC, atpH: GCTTTTAT
GGAAGCTTTAACAAT, ~600, 48, Lahaye et al. 2008, Amplified; psbK-
psbl, psbK: TTAGCCTTTGTTTGGCAAG, psbl: AGAGTTTGAGAGT
AAGCAT, ~500, 47, Lahaye et al. 2008, Amplified; trnS-trnfM, trnSf:
GAGAGAGAGGGATTCGAACC, trnfMr: CATAACCTTGAGGTCA
CGGG, ~1100, 48, Demesure et al. 1995, Amplified; rpoC2, rpoC2-f:
CGAGCAGTTTCTTGRAAACTCGC, rpoC2-r: GAGGATTAATGKCR
GATCCWCAAGG, -, -, Grivet et al. 2001, Failed to amplify; frnK, trnK1:
GGGTTGCCCGGGACTCGAAC, trnK2r: CAACGGTAGAGTACTCGGC
TTTTA, -, -, Grivet et al. 2001, Failed to amplify; trnK-trnQ, trnK2f:
TAAAAGCCGAGTACTCTACCGTTG, trnQr: CTATTCGGAGGTTCGAA
TCCTTCC, -, -, Grivet et al. 2001, Failed to amplify; trnQ-trnS, trnQf:
GGGACGGAAGGATTCGAACC, trnS: ATTGCGTCCAATAGGATTT
GAA, -, -, Grivet et al. 2001, Failed to amplify; rpoCI-trnC, rpoCl:
GCACAAATTCCRCTTTTTATRGG, trnCr: CGACACCCRGATTTGAAC
TGG, -, -, Grivet et al. 2001, Failed to amplify; trnC-trnD, trnCf:
CCAGTTCAAATCTGGGTGTC, trnDr: GGGATTGTAGTTCAATTGGT,
-, -, Grivet et al. 2001, Failed to amplify; psbA-trnS, psaAf:
ACTTCTGGTTCCGGCGAACGAA, trnSr: AACCACTCGGCCATCTCT
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CCTA, -, -, Grivet et al. 2001, Failed to amplify; trnV-rbcL, trnVf:
CGAACCGTAGACCTTCTCGG, rbcLr: GCTTTAGTCTCTGTTTGTGG,
~500, 44.5, Grivet et al. 2001, Amplified; orf512-0rf184, orf512:
AGTATGGGATCCGTAGTMGG, orfl84r: GGCCYCGGATTTCCATAT
AAAG, -, -, Grivet et al. 2001, Failed to amplify; petA-psbE, petAf:
GCATCTGTTATTTTGGCACA, petEr: TACCTTCCCTATTCATTGCG, -, -,
Grivet et al. 2001, Failed to amplify; psbB1-psbB2, psbBl: TGCCTT
GGTATCGTGTTCATAC, psbB2r: CYTGTCTTYTTGTAGTTGGAT, ~1000,
48, Grivet et al. 2001, Amplified; petB-petD, petB3f: CTATCGTCCRACCG
TTACWGAGGCT, petDr: CAAAYGGATAYGCAGGTTCACG, -, -, Grivet
et al. 2001, Failed to amplify; trnS-trnR, tmS: CGCCGCTTTAG
TCCACTCA, tmRr: ATTGCGTCCAATAGGATTTGAA, -, -, Grivet et al.
2001, Failed to amplify; rpsi8-clpp, 1psl8f: GCTCGTATTTTATC
TTTGTTACC, clppr: AACCTGCTAGTTCTTWTTAT, -, -, Grivet et al.
2001, Failed to amplify; rps8-rpl16, rps8f: TGAACAATATTTTCGGTAAT,
rpll6r: AACCAGATTTCGTAAACAACG, -, -, Grivet et al. 2001, Failed to
amplify; atpH-atpl, atpHf: CCAGCAGCAATAACGGAAGC, atplr: ATA
GGTGAATCCATGGAGGG, ~900, 48, Grivet et al. 2001, Amplified; atpl-
rpoC2, atplf: GATGRCCCTCCATGGATTCACC, rpoC2r: GCGAGTTTT
CAAGAAACTGCTCG, -, -, Grivet et al. 2001, Failed to amplify; clpp-psbB,
clppf: ATAAWAAGAACTAGCAGGTT, psbBr: ATAYACCCAATGCCAR
ATAG, -, -, Grivet et al. 2001, Failed to amplify; trnT-psbC, trT2f:
GCCCTTTTAACTCAGTGGTA, psbCr: GAGCTTGAGAAGCTTCTGGT,
-, -, Grivet et al. 2001, Failed to amplify; psbD-trnT, psbD:
CTCCGTARCCAGTCATCCATA, trT““Y-R: CCCTTTTAACTCAGTGG
TAG, -, -, Shaw et al. 2007, Failed to amplify; rpl23-psbA, rpl23:
TAAGACAGAAATAAAGCATTGCGTCGAAC, psbA3": CTAGCACTG
AAAACCGTCTT, -, -, Grivet et al. 2001, Failed to amplify; trnD-trnT,
trnDf: ACCAATTGAACTACAATCCC, trnTr: CTACCACTGAGTTAAAA
GGG, -, -, Grivet et al. 2001, Failed to amplify; psbC-trnS, psbCf:
GGTCGTGACCAAGAAACCAC, tmSr: GGTTCGAATCCCTCTCTCTC,
~1100, 49, Grivet et al. 2001, Amplified; trnfM-psaA, trnfMf: GAA
CCCGTGACCTCAAGGTTATG, psaAr: ATTCGTTCGCCGGAACCAGA
AGT, -, -, Grivet et al. 2001, Failed to amplify; trnS-trnT, trnSf:
CGAGGGTTCGAATCCCTCTC, trnTr: AGAGCATCGCATTTGTAATG, -, -,
Grivet et al. 2001, Failed to amplify; trnF-trnV, tmFf: CTCGTGTCACC
AGTTCAAAT, tmVr: CCGAGAAGGTCTACGGTTCG, -, -, Grivet et al.
2001, Failed to amplify; rbcLf-orf106, rbcLf: ATGTCACCACAAACAGAAA
CTAAGCAAGT, orfl06: ACTACAGATCTCATACTACCCC, -, -, Grivet
et al. 2001, Failed to amplify; orfl84-petA, orfl84f: GGCCYCGGATTTCC
ATATAAAG, petAr: CCCTCKGAAACAAGAAGTT, -, -, Grivet et al. 2001,
Failed to amplify; petA-psbE, petAf: GCATCTGTTATTTTGGCACA, psbEr:
TACCTTCCCTATTCATTGCG, -, -, Grivet et al. 2001, Failed to amplify;
psbL-rps18, psbL: GAAAATAAAACAGCAAGTAC, 1psl8r: GGTAAC
AAAGATAAAATACGAGC, -, -, Grivet et al. 2001, Failed to amplify;
psbB2-petB3, psbB2f: CAGAAGCTTGGTCTAAAATTCC, petB3r: GRTCCC
AAGGGAARGAATAACCAGT, -, -, Grivet et al. 2001, Failed to amplify;
petD-rps8, petDf: TCCAGTAGTAATTCTAGGTA, rps8r: TAAAATAC
TTTTACGAGAAG, -, -, Grivet et al. 2001, Failed to amplify; rpoCI-rpoB,
rpoC1f: CTGGTAATARRCACAAAACCATCC, rpoB: GTTACACAAC
AACCCCTTAGAGG, ~1100, 48, Grivet et al. 2001, Amplified; trnD@/“-
psbM, tmDY9RAq: GGGACTGTAGTTCAATCGGT, psbM-FAq651:
ACTCCCTCACTAAGAAAAG, -, -, Shaw et al. 2005, Fior et al. 2013,
Failed to amplify; rpsd-trnFCAY, 1psdR2:  CTGTSAGACCATAAT
GAAAMCG, trnT"“YR: AGGTTAGAGCATCGCATTTG, -, -, Shaw et al.
2005, Failed to amplify; trmD I T | T, CTACCACTGAG
TTAAAAGGG, tmEYY9R: TCCTTGAAAGAGAGATGTCCT, -, -, Shaw
et al. 2005, Failed to amplify; trnS™Y-trnG e, tmSY“YAq: GAGAGA
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GAGGGATACGAACC, psbZ-AqR: ACTAGACCAACCATCAGAAGAAG,
~600, 54, Shaw et al. 2005, Fior et al. 2013, Amplified; rps12-rpl20, 5'rps12-
Aq: AATAGAAACACAAGACAGCCAAT, rpl20-Ag515: ACGTCCTCT
CTATACACCG, ~500, 52, Shaw et al. 2005, Fior et al. 2013, Amplified;
ycf6-psbM,  psbM-RAq:  ATGGAAGTAAATATTGTCGC, ycf6-FAq558:
TCCATTGATTTGATTGTTICG, -, -, Shaw et al. 2005, Fior et al. 2013,
Failed to amplify; ndhA intron, ndhAxl: GCYCAATCWATTAGTTAT
GAAATACC, ndhAx2: GGTTGACGCCACAGATTCCA, ~1000, 51, Shaw
et al. 2007, Amplified; 3'trnV-ndhC, tmVYA9x2: GTCTACGGTTCGART
CCGTA, ndhC: TATTATTAGAAATGYCCARAAAATATCATATTC, ~500,
48, Shaw et al. 2007, Amplified; rpl32-trnL, trnL": rpL.32-F: CAGTT
CCAAAAAAACGTACTTC, CTGCTTCCTAAGAGCAGCGT, ~700, 48,
Shaw et al. 2007, Amplified; ndhj-trnF“%, ndh: ATGCCYGAAAGTT
GGATAGG, TabFR: CTCGTGTCACCAGTTCAAAT, ~700, 51, Shaw et al.
2007, Amplified; rpl14-rps8-infA-rpl36, rpL14: AAGGAAATCCAAAAGG
AACTCG, rpL36: GGRTTGGAACAAATTACTATAATICG, -, -, Shaw
et al. 2007, Failed to amplify; psbJ-petA, psb]: ATAGGTACTGTAR
CYGGTATT, petA: AACARTTYGARAAGGTTCAATT, -, -, Shaw et al.
2007, Failed to amplify; ndhF-rpl32, ndhF: GAAAGGTATKATCCAY
GMATATT, rpL32-R: CCAATATCCCTTYYTTTTCCAA, -, -, Shaw et al.
2007, Failed to amplify; ndhC-trnVU”, ndhC: TATTATTAGAAA
TGYCCARAAAATATCATATTC, trnV"A9x2-Aq605: TCATATACTAAAA
CCCGATTGC, -, -, Shaw et al. 2007, Fior et al. 2013, Failed to amplify;
trnK U pps16, tmKUYYx1: TTAAAAGCCGAGTACTCTACC, rps16x2F2-
Aq517: GGGTGGTTTTTGGTGAGACT, -, -, Shaw et al. 2007 Fior et al.
2013, Failed to amplify; trnTYpshD, tmTESYR: CCCTTTTAACT
CAGTGGTAG psbD-Aq536: CTCTACCGAATTTGAATATC, -, -, Shaw
et al. 2007, Fior et al. 2013, Failed to amplify; psbE-petL, psbE:
TATCGAATACTGGTAATAATATCAGC, petl-Aq664: ATAGCGCGGA
TGCAACAATG, -, -, Shaw et al. 2007, Fior et al. 2013, Failed to amplify;
atpH-atpl, atpH: CCAAYCCAGCAGCAATAAC, atpl-Ag551: GTATATGG
AATTTAATGCCTAGAAG, -, -, Shaw et al. 2007, Fior et al. 2013, Failed to
amplify; psal-accD, psal-75R:  AGAAGCCATTGCAATTGCCGGAAA,
accD: AATYGTACCACGTAATCYTTTAAA, -, -, Shaw et al. 2007, Failed to
amplify;  rps16-tmQMY?,  rps1éxl:  GTTGCTTTYTACCACATCGTTT,
tmQYY9Aq597: TGTCAGTAGATCGGAGTTAAGC, -, -, Shaw et al. 2007,
Fior et al 2013, Failed to amplify; ndhA intron, ndhAx2-Aq:
GGTTGACGCCACAGATTCCA, ndhAx1-Aq597: GAATCCTTATGGGG
CTTTACG, -, -, Shaw et al. 2007, Fior et al. 2013, Failed to amplify;
tmCMycfs, tnCC“MEAG520: TACGAGTGCTCAGACATTCA,  ycf6-
RAq: GCCCGAGCAAGACTTACTATATCCAT, -, -, Shaw et al. 2007, Fior
et al. 2013, Failed to amplify; tnC“-rpoB, tmCE““RAq: CACAC
RGATTTGAACTGGGG, rpoB-Aq573: TTGAATGAAAAATGGAAGC, -, -,
Shaw et al. 2005, Fior et al. 2013, Failed to amplify; matK, matk900:
CGTTTAATCACTCGAATGTATCA, matk1470: AACATGTTGATCGT
AAATAA, -, -, Fior et al. 2013, Johnson and Soltis 1994, Failed to amplify;
trnK-matK, trnK3914F: AAGATGTTGATWGTAAATGA, matK1470R:
TGGGTTGCTAACTCAATGG, -, -, Johnson and Soltis 1995, Failed to
amplify; trmK-matK, tmK: AGAAGATTGGTTGCGGAGAA, matK:
AAAAGAGCGATTGGGTTGAA, ~900, 48, This study, Amplified.

APPENDIX 3. K value and Fcr value pairs observed in SAMOVA with
the K values varying from 2 to 20.

2,0.75011; 3, 0.82673; 4,0.83737; 5, 0.84424; 6, 0.84910; 7, 0.84968; 8, 0.85014;
9, 0.85345; 10, 0.85498; 11, 0.85523; 12, 0.85582; 13, 0.85475; 14, 0.85514; 15,
0.85542; 16, 0.85631; 17, 0.85686; 18, 0.85790; 19, 0.85901; 20, 0.86137.
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