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Abstract

The ‘Tanaka-Kaiyong Line’ (TKL) is a major phytogeographic boundary in Southwest

China, separating East Asia’s Sino-Himalayan and Sino-Japanese Floras. However, little is

known about the importance of this boundary in promoting intraspecific phylogeographic

subdivision and divergence. Using chloroplast (cpDNA) and nuclear-intron (nDNA)

sequence data, we reconstructed the population history of Sophora davidii, a drought-

tolerant riparian shrub widely distributed on either side of the TKL. Specifically, we

aimed at testing two long-standing explanations for possible vicariant events across the

TKL: (i) Late Pliocene (c. 3 Ma) geological uplift of the eastern Qinghai-Tibetan Plateau

(QTP) or (ii) a sharp environmental gradient associatedwith the establishment of different

monsoon regimes on either side of the TKL during the (Late) Pleistocene. Our genealogical

analyses detected a major west–east split in cpDNA, geographically largely consistent

with the TKL, and dated to c. 1.28 Ma (95% HPD: 0.21–2.96 Ma), hence postdating the

latest phase of eastern QTP uplift. Furthermore, integrating cpDNA phylogeographic

patterns with mismatch analyses, we found multiple refugial isolation and long-term

demographic stability of populations in the west (Hengduan Mountain Range) compared

with extensive range expansions in the east, possibly during the last glacial period(s) and

followed by differentiation into regional sublineages (southeast: Yunnan-Guizhou Pla-

teau vs. northeast: Qinling Mts./Loess Plateau). Although nuclear differentiation was less

marked, the geographical pattern of nDNA haplotypes provided some further indication

of the species’ eastward expansion, possibly from source populations located just east of

the TKL (lower Jinshajiang region). Overall, the present data reject the geological

(tectonic) explanation for the TKL and, instead, provide supportive evidence for its role as

a climatically driven barrier to present-day plant dispersal. In addition, our study high-

lights changing temperatures and vegetation types during the last glacial period(s), along

with aspects of regional topography, to be important determinants of the glacial eastward expan-

sion of S. davidii. In consequence, our study lends support to a ‘glacial out-of-Hengduan Mts’.

hypothesis for the xerophytic-riparian flora of Southwest China, which in turn is inconsistent

with the traditional viewof theTKLas a ‘classical’ vicariant-biogeographicboundary.
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Introduction

One of the most important insights into the field of

phylogeography is that the geographical distribution of

genetic lineages often coincides with known biogeo-

graphic boundaries (e.g. Burton 1998; Avise 2000; Thiel-

Egenter et al. 2009). Thus, before doing a survey of

genetic markers, researchers may well predict biogeo-

graphic boundaries as potentially suitable study areas

for detecting past divergence (e.g. vicariant) events,

long-lasting barriers to recurrent gene flow or recent

secondary contacts between historically allopatric popu-

lations (Irwin 2002). Conversely, any phylogeographic

break found to coincide with a biogeographic boundary

is expected to provide supportive evidence for the

hypothesized historical (e.g. geological) and/or ecologi-

cal processes that might have contributed to the origin

and maintenance of such a boundary (Glor & Warren

2011). Hence, testing phylogeographic explanations for

biogeographic boundaries should be of great interest to

evolutionary biologists, ecologists and biogeographers.

Over the last years, considerable progress has been

made on plant phylogeographic studies in China and

adjacent regions (reviewed in Qiu et al. 2011). It is now

well established that species of East Asia’s temperate

flora are often subdivided into readily distinguished

genealogical units, or ‘intraspecific phylogroups’, which

are nearly always allopatric and typically oriented in

ways ‘that seem to make good biogeographical sense’

(cf. Avise 2009). In particular, such phylogroups are

increasingly found to coincide with known biogeo-

graphic boundaries (e.g. mountain ranges, river systems

or sea straits), acting as physical barriers to past or

contemporary dispersal. Prominent examples include

the ‘Mekong-Salween Divide’ in the Himalaya–Hengdu-

an mountains regions (Sinopodophyllum hexandrum:

Li et al. 2011), the East China Sea/Tsushima–Korean

straits (Croomia: Li et al. 2008; Kirengeshoma spp./

Platycrater arguta: Qiu et al. 2009a,b) and the ‘Tokara

Gap’, a deep sea-barrier in the Japanese Ryukyu Islands

(Zhai et al. 2012). However, deep intraspecific diver-

gences without apparent physical barriers to gene flow

have also been reported (e.g. Aconitum gynandrum:

Wang et al. 2009; Qiu et al. 2011).

Clearly, studies of the East Asian flora still remain

limited regarding tests for intraspecific phylogeographic

subdivisions where phytogeographic boundaries have

traditionally been suggested. This study focuses on one

of the most important of such boundaries within the

East Asiatic Floristic Kingdom (sensu Wu et al. 2011),

the ‘Tanaka-Kaiyong Line’ (reviewed in Li & Li 1992,

1997; Zhu & Yan 2002). According to phytogeographic

studies, this line (hereafter ‘TKL’) runs through the

middle of Southwest China (extending from c. 33°N/

102°E to 19°N/108°E) and separates two environmen-

tally divergent subkingdoms, that is, the ‘Sino-Himala-

yan Forest’ to the west and the ‘Sino-Japanese Forest’ to

the east (Tanaka 1954; Lang 1994; Li & Li 1992, 1997;

Fig. 1).

Li & Li (1997) provided an insightful hypothesis to

explain the origin of the TKL as resulting from a combina-

tion of historical (tectonic) and ecological (climate-related)

processes. Specifically, these authors proposed that the

separation of species populations on either side of the

TKL results from vicariance that occurredwhen the uplift-

ing of the Himalayas and the Qinghai-Tibetan Plateau

(QTP) induced the rising and the climatic fluctuation of

areas located to the west and east of the line, that is, the

Hengduan Mountain Range (presently affected by mon-

soons from both the Indian and Pacific oceans) and the

Yunnan-Guizhou Plateau (affected mainly by Pacific

monsoons). However, it appears unlikely that the initia-

tion of these different processes (i.e. tectonic vs. climate-

related) took place simultaneously, given two major

reasons. First, geological evidence dates the start of the

uplifting of the eastern part of the QTP within the Late

Tertiary/mid-Miocene (c. 15–10 million years ago, Ma;

Royden et al. 2008), followed by another major episode of

uplift in the Late Pliocene (c. 3 Ma; Li et al. 1979; Zhou

et al. 2006). Although geomorphological changes contin-

ued throughout the Pleistocene (c. 1.1–0.6 Ma), those

likely affected only the highest elevations of the plateau

and its eastern slopes rather than the TKL area (Li et al.

1979; Harrison et al. 1992; Shi et al. 1998; Cheng et al. 2001;

Ming et al. 2006). Second, in terms of climatic patterns, it is

believed that the presently differing monsoon regimes

had become established on either side of the TKL only

during the (Late) Pleistocene (Hsii 1978; Zhao 1986; Wang

1994; Mitsui et al. 2008). Thus, given this geological and

palaeo-climatic evidence and provided the TKL had

resulted from a single vicariant mechanism, we would

expect that the temporal divergence of intraspecific phylo-

groups coinciding with this boundary would differ under

scenarios driven by either geology or climate.

Consequently, there are at least two alternative

hypotheses: (i) if major tectonic events associated with

the QTP uplifting did isolate an ancestral lineage once

continuously distributed on either side of the TKL, the

divergence of descendant lineages across this boundary

should be greater or equal to approximately 3 Ma.

Although subsequent tectonic events during the Pleisto-

cene may have reinforced population subdivision, these

effects should be more pronounced in areas west of the

TKL due to their complex topography of large moun-

tains and river systems in deep gorges (2000–4000 m

a.s.l), whereas areas east of the TKL mainly comprise

hilly and low plains (0–2000 m a.s.l; Fig. 1). (ii) Alterna-

tively, if climatic patterns related to different monsoon
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regimes were the most important factor historically

isolating and ‘sorting’ phylogroups across the TKL

(i.e. along a sharp climatic gradient and according to

ecological preferences), we might infer their divergence

to be not much older than the Late Pleistocene. To our

knowledge, these contrasting hypotheses regarding the

question of whether the Sino-Himalayan to Sino-Japa-

nese transition in the temperate flora of the TKL region

is primarily driven by geology or climate have never

been tested in a plant species by means of molecular

phylogeographic data.

There are many temperate plant species and genera

distributed across the TKL (Li & Li 1997; Zhu & Yan

2002, 2003), some of which are predominantly found in

forested habitats (e.g. Quercus glaucoides/Q. glauca in the

Sino-Himalayan vs. Sino-Japanese forests; Li & Li 1992)

and others in nonforested habitats (e.g. Spiraea japonica

complex: Zhang et al. 2006b). Sophora davidii (Franch.)

Skeels. (Leguminosae, Papilionoideae) belongs to this

latter category and seems to be a particularly suitable

candidate for testing the role of the TKL as a geologi-

cally or climatically driven barrier to present-day plant

dispersal. The species is a deciduous, insect-pollinated

spiny shrub or small tree native to China and widely

distributed on either side of the TKL (west: Hengduan

Mountain Range; southeast: Yunnan-Guizhou Plateau;

northeast: Qinling Mts./Loess Plateau; Fig. 1; Tucker

1994; Bao & Vincent 2010). There is no significant differ-

ence between both sides of the TKL in the habitats of

S. davidii, including dry hill slopes and terraces, open

areas of forest edge and open sandy places in (semi-)

arid river valleys (c. 150–3400 m a.s.l.; Bao & Vincent

2010; Table 1). These habitats are very common on both

sides of the TKL, and no apparent distribution gaps of

S. davidii occur across this boundary (D.M. Fan,

personal observation). The seeds of S. davidii are small

(c. 4 mm) and usually gravity-dispersed, even though

secondary dispersal by flooding may occasionally con-

tribute to rare long-distance movement (Bao & Vincent

2010; D.M. Fan, unpublished data). Although popula-

tions vary considerably in some morphological traits

(e.g. leaflet size and shape, corolla colour, legume size

and shape), no subspecies have been designated over

the species’ wide geographical range (Bao & Vincent

2010).

To understand the temporal and geographical diver-

gence of S. davidii, we conducted a phylogeographic

survey of chloroplast (cp) DNA and nuclear (n) DNA

sequence variation in 40 populations across the entire

range of the species (Fig. 1; Table 1). The combined

usage of cytoplasmic vs. nuclear markers, with different

modes of inheritance (maternally vs. biparentally) and

dispersal (through seed vs. pollen and seed), allowed

us to obtain a more complete picture of the biogeo-

graphic history, population structure and dispersal

dynamics of the species compared with a single-locus

(e.g. cpDNA) approach. More specifically, we addressed

the following questions: (i) Is there a TKL pattern in the

cytoplasmic and/or nuclear phylogeographic structure

of S. davidii? (ii) If so, and when dated by using a

molecular clock approach, what are the implications of

this phylogeographic break for the role of the TKL as

Fig. 1 Locations of sampled populations

(1–40) of Sophora davidii, with the inset

illustrating the species’ entire distribution

range in China (modified from Bao &

Vincent 2010). The red dashed line repre-

sents the ‘Tanaka-Kaiyong Line’ (TKL)

(Li & Li 1997; Zhu & Yan 2002) separat-

ing two major floristic subkingdoms

within the East Asiatic Floristic King-

dom, that is, Sino-Himalayan Forest to

the west and Sino-Japanese Forest to the

east, respectively. The blue dashed lines

indicate river flow routes before the reor-

ganization of drainage systems by rever-

sal and capture events during the Late

Pliocene/Pleistocene [adapted from Clark

et al. (2004); see text].

© 2013 John Wiley & Sons Ltd
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Table 1 Details of 40 sampled populations of Sophora davidii from China and number of each chlorotype (C1–22) and nDNA (ncpGS)

haplotype (H1–23) per population. Also indicated is the assignment of each population to one of seven cpDNA groups (A–G) as

identified by SAMOVA (see Fig. 2a)

No Location

Regions/

Drainages

Latitude

(°N)

Longitude

(°E)
Altitude

(m)

Chlorotype

frequencies

CpDNA

groups

Nuclear

haplotype

frequencies

Northeast region

1 Yanan, Shaanxi Loess Plateau 36.43 109.53 1368 C6 (10) A H1 (5), H14 (8)

2 Tongchuan,

Shaanxi

Loess Plateau 35.16 109.08 920 C6 (10) A H1 (7), H14 (8), H15 (1)

3 Meixian,

Shaanxi

Qinling Mountain 34.13 107.75 811 C6 (10) A H1 (6), H14 (6)

4 Tianshui, Gansu Qinling Mountain 34.41 105.98 1289 C6 (10) A H1 (6), H12 (1), H14 (6),

H15 (2)

5 Lueyang,

Shaanxi

Jialingjiang 33.23 106.08 635 C6 (10) A H1 (1), H14 (9), H15 (1)

6 Hanzhong,

Shaanxi

Hanjiang 33.21 106.96 547 C6 (10) A H1 (1), H14 (11), H15 (1)

7 Ruicheng, Shanxi Loess Plateau 34.80 110.52 1023 C6 (10) A H1 (9), H14 (1)

8 Jinan, Shandong Yellow River 36.66 117.07 169 C6 (10) A H1 (5), H14 (6)

9 Handan, Hebei Yellow River 36.66 114.29 221 C6 (10) A H1 (6), H14 (3)

10 Xichuan, Henan Hanjiang 33.13 111.43 208 C6 (10) A H1 (5), H12 (3), H14 (4)

Southeast region

11 Changyang,

Hubei

middle Yangtze 30.48 111.25 203 C1 (8), C5 (2) B H14 (1), H15 (9), H16 (2)

12 Xingyi, Guizhou Nanpanjiang 25.14 104.95 1072 C1 (10) B H14 (9), H17 (2)

13 Anlong,

Guizhou

Eastern Honghe 25.10 105.40 1300 C1 (10) B H14 (10)

14 Xuanwei,

Yunnan

Nanpanjiang 26.25 104.06 2022 C1 (8), C4 (2) B H1 (2), H2 (4), H12 (1),

H14 (6), H17 (2)

15 Chuxiong,

Yunnan

lower Jinshajiang 25.32 101.55 1810 C1 (10) B H14 (10), H17 (1)

16 Wuding, Yunan lower Jinshajiang 25.54 102.42 1820 C1 (10) B H1 (1), H14 (6), H17 (2),

H19 (2)

17 Anning, Yunnan Eastern Honghe 24.96 102.45 1833 C1 (10) B H14 (4), H17 (4)

18 Yuxi, Yunnan Eastern Honghe 24.40 102.60 1758 C1 (10) B H1 (1), H14 (7), H17 (6)

19 Mengzi, Yunnan Eastern Honghe 23.37 103.45 1490 C1 (10) B H14 (4), H17 (6)

20 Jinping, Yunnan Eastern Honghe 23.46 104.70 1242 C1 (10) B H14 (10)

21 Heqing, Yunnan middle Jinshajiang 26.08 100.39 1376 C3 (8), C6 (2) G H14 (10)

22 Leibo, Sichuan lower Jinshajiang 28.24 103.60 429 C1 (3), C2 (7) B H1 (1), H2 (2), H14 (6),

H17 (2)

23 Jinyang, Sichuan lower Jinshajiang 27.41 103.06 553 C1 (7), C2 (3) B H1 (1), H2 (1), H14 (7),

H22 (4)

Hengduan Mountains

24 Luhuo, Sichuan upper Yalongjiang 31.2 100.86 3123 C22 (10) E H2 (4), H5 (1), H17 (5)

25 Yajiang, Sichuan upper Yalongjiang 30.04 101.01 2645 C22 (10) E H1 (1), H2 (1), H4 (4),

H5 (3), H17 (6)

26 Kangding,

Sichuan

upper Daduhe 30.12 102.17 1432 C15 (10) F H7 (2), H8 (3), H9 (3),

H10 (2), H11 (1)

27 Danba, Sichuan upper Daduhe 30.87 101.86 1892 C14 (10) F H7 (5), H9 (1), H10 (2),

H11 (2)

28 Nixi, Yunnan upper Jinshajiang 28.02 99.5 2586 C7 (4), C9 (1),

C10 (2),

C18 (3)

C H12 (3), H22 (6)

29 Xiangcheng,

Sichuan

upper Jinshajiang 28.87 99.83 2702 C9 (6), C17 (4) C H12 (3), H22 (6)

30 Derong, Sichuan upper Jinshajiang 28.63 99.29 2285 C9 (7), C18 (3) C H12 (5), H22 (5)

31 upper Jinshajiang 28.26 99.27 2487 C
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either a historical (tectonic) or ecological (climate-

related) boundary in the biogeography of Southwest

China? (iii) What population–demographic patterns

are detectable within the species, and how do they

relate to potential historical processes that may have

generally impacted the xerophytic-riparian flora of this

region?

Materials and methods

Population sampling

Leaf samples were collected from 40 S. davidii popula-

tions (400 individuals), 17 of which were from areas

west of the TKL, 13 from the southeast and 10 from the

northeast (Table 1, Fig. 1). Collections were made from

approximately 10 individuals per population, spaced at

least 50 m apart. To test the monophyly of all sampled

populations of S. davidii by phylogenetic analysis, we

also obtained leaf material of all six Sophora species

whose ranges either broadly or nearly overlap with that

of S. davidii (i.e. S. flavescens, S. moorcroftiana, S. prazeri,

S. tomentosa, S. tonkinensis, S. japonica; Bao & Vincent

2010; D.M. Fan, personal observation). Two of those

(S. flavescens and S. tomentosa) have been recognized as

close relatives of S. davidii in a previous molecular

phylogenetic analysis, but taxon sampling within the

genus was limited (Heenan et al. 2004). In addition, we

sampled several more distantly related legume taxa as

outgroups (see Table S1, Supporting information).

Voucher specimens of representatives of all S. davidii

populations sampled (plus outgroups) have been

deposited in the Herbarium of Kunming Institute of

Botany, Chinese Academy of Sciences (KUN).

DNA extraction, amplification and sequencing

Total genomic DNA was extracted from c. 20 mg of sil-

ica-dried leaf material using a modified cetyltrimethyl

ammonium bromide (CTAB) protocol (Doyle & Doyle

1987). After preliminary screening of ten chloroplast

fragments using available primer pairs (i.e. atpB/rbcL:

Samuel et al. 1997; trnL-c/trnL-d, trnL-e/trnL-f: Taberlet

et al. 1991; trnS/trnG, psbA/trnH: Hamilton 1999; and

ndhF/rpl32, 3’trnV/ndhC, psbJ/petA, atpI/atpH, rpl32/

trnL(UAG): Shaw et al. 2007), we chose the psbA/trnH

and rpl32/trnL(UAG) intergenic spacer (IGS) regions for

the full phylogeographic survey because they contained

the most polymorphic sites. These two cpDNA frag-

ments were amplified and sequenced in all 400 S. davi-

dii individuals sampled. In addition, 330 individuals

representing all 40 populations were surveyed for

sequence variation in a region of the chloroplast-

expressed nuclear gene glutamine synthetase (ncpGS),

which contains four introns, using primers GScp687f

and GScp994r designed by Emshwiller & Doyle (1999).

Table 1 Continued

No Location

Regions/

Drainages

Latitude

(°N)

Longitude

(°E)
Altitude

(m)

Chlorotype

frequencies

CpDNA

groups

Nuclear

haplotype

frequencies

Benzilan,

Yunnan

C9 (6), C16 (3),

C18 (1)

H3 (2), H12 (3), H17 (1),

H22 (6)

32 Zhubalong,

Sichuan

upper Jinshajiang 29.75 99 2423 C8 (5), C9 (1),

C16 (4)

C H12 (4), H22 (6)

33 Batang, Sichuan upper Jinshajiang 29.44 99.06 2495 C9 (3), C12 (3),

C13 (4),

C16 (1)

C H12 (4), H17 (2), H20 (1),

H22 (5), H23 (1)

34 Deqin, Yunnan upper Mekong 28.41 98.9 2893 C11 (4), C19 (1),

C20 (5)

D H2 (2), H7 (1), H11 (1),

H12 (5)

35 Yanmen,

Yunnan

upper Mekong 28.1 98.92 1894 C11 (8), C20 (1),

C21 (1)

D H2 (4), H3 (4), H12 (1),

H17 (2), H22 (1)

36 Mangkang,

Xizang

upper Mekong 29.57 98.3 3427 C11 (10) D H2 (1), H6 (3), H12 (5),

H17 (1), H22 (1)

37 Changdu, Xizang upper Mekong 31.03 97.29 3246 C11 (10) D H5 (1), H12 (6), H13 (2),

H17 (2), H18 (2),

H22 (2)

38 Leiwuqi, Xizang upper Mekong 31.18 97.1 3272 C11 (10) D H12 (7), H13 (3), H17 (2),

H18 (1), H22 (3)

39 Luolong, Xizang upper Salween 30.88 96.24 3265 C2 (10) G H5 (5), H6 (2), H21 (4)

40 Basu, Xizang upper Salween 30.04 96.77 3400 C2 (10) G H5 (1), H6 (1), H12 (3),

H17 (2), H21 (4)

© 2013 John Wiley & Sons Ltd
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This region has been used successfully in phylogenetic

or phylogeographic analyses of various plant taxa,

including legumes (Emshwiller & Doyle 1999; Doyle

et al. 2003; Perret et al. 2003; Yockteng & Nadot 2004a,b;

Wallace et al. 2009). For our phylogenetic tests of mono-

phyly, we also sequenced the cpDNA (psbA/trnH,

rpl32/trnL(UAG)) and nuclear DNA (ncpGS) regions in

related Sophora and legume species. For the same

purpose, we also sequenced the internal transcribed

spacer (ITS) region of nuclear ribosomal DNA in 31

populations of S. davidii (2–3 individuals per popula-

tion) and again in related taxa. Additional sequence

data were extracted from GenBank (see Table S1,

Supporting information).

DNA amplifications via polymerase chain reaction

(PCR) were performed in 20 ll containing 10–50 ng of

total DNA, 2 ll of 109 buffer, 2 ll of MgCl2, 2 ll
of 2.5 mM dNTPs, 1 ll of each 10 mM primer and 0.2 ll
of Taq polymerase. The PCRs for the psbA/trnH, ncpGS

and ITS regions were conducted under the following

conditions: initial denaturation of 3 min at 94 °C, fol-

lowed by 33 cycles with 20 s at 94 °C, 30 s at 55 °C and

40 s at 72 °C; followed by a final extension step at

72 °C for 10 min. For the amplification of rpl32/

(a)

(b)

Fig. 2 Geographical distribution of (a) 22

chlorotypes (C1–22) and (b) 23 nuclear

(ncpGS) haplotypes (H1–23) identified in

40 populations of Sophora davidii. The

dashed lines in (a) delimitate the seven

population groups (A–G) detected by

SAMOVA. TKL: Tanaka-Kaiyong Line.

© 2013 John Wiley & Sons Ltd
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trnL(UAG), the following programme was used: 5 min at

80 °C, 31 cycles of 1 min at 95 °C, 1 min of annealing at

50 °C, followed by a ramp rate of 0.3 °C/s to 65 °C and

extension at 65 °C for 4 min, with a final 5-min exten-

sion at 65 °C; reactions were then held at 10 °C until

further processing. PCR products were purified using

the TIANgel Midi Purification Kit (Beijing Tiangen

Biotech Co., Ltd), in some cases after excising bands

from 1.5% agarose gels. Sequencing was carried out

from both directions using the amplification primers.

Sequences containing microsatellites and singletons in

some individuals (see Results) were amplified and

sequenced twice to exclude the possibility of PCR

errors.

Sophora davidii is a diploid (2n = 18) species (Yang

2001; Yin et al. 2006; D.M. Fan, unpublished data). Thus,

for ncpGS heterozygotes, the two alleles were sequenced

simultaneously, and the two haplotypes were identified

using the haplotype subtraction method of Clark (1990),

that is, the sequence of a heterozygote was compared

with those of homozygotes until the observed combina-

tion of double-banded sites could be accounted for (see,

e.g. Olsen & Schaal 2006; Zhou et al. 2007; Wallace et al.

2009; Liao et al. 2010). All but two haplotypes were

observed at least once in a homozygous individual. The

newly generated sequence data for cpDNA (psbA/trnH,

rpl32/trnL(UAG)) and nuclear DNA (ncpGS, ITS) were

submitted to GenBank (see Table S1, Supporting

information; note that repeated attempts to amplify

cpDNA/ITS from S. japonica and ncpGS/ITS from

S. prazeri failed; geographical details of ITS haplotype

distribution are available upon request).

Data analyses

Sequences were aligned using CLUSTAL_X 1.81 (Thomp-

son et al. 1997), and all gaps (indels) were coded as

binary states (0 or 1) using the GAPCODER program

(Young & Healy 2003). Phylogenetic (tree-based) tests

of monophyly were conducted separately for the

cpDNA (psbA/trnH, rpl32/trnL(UAG)), ncpGS and ITS

data sets using the maximum parsimony (MP) criterion

in PAUP* 4.0b10 (Swofford 2003). Heuristic searches were

performed with 10 random sequence addition replicates

to increase the probability that all the shortest trees

were found. Clade support was assessed using 1000

bootstrap replicates.

For the phylogeographic analyses, the geographical

distribution of cpDNA haplotypes (‘chlorotypes’) and

nuclear (ncpGS) haplotypes was plotted on a relief

map of China using ARCMAP 9.x (ESRI, Inc.), and their

genealogical relationships were assessed using the

median-joining network method (Bandelt et al. 1999) as

implemented in the program NETWORK 4.1.0.8 (http://

www.fluxus-engineering.com). All variable sites were

included and weighted equally.

The divergence time between two higher-level

cpDNA clades identified was estimated using a Bayes-

ian approach as implemented in BEAST v.1.7.1 (http://

beast.bio.ed.ac.uk; Drummond & Rambaut 2007). Given

the large number of polymorphisms in our cpDNA data

set involving repetitive regions (i.e. mononucleotide

repeats and microsatellites; see Results), the BEAST analy-

sis was performed separately on two data sets, one

including and the other excluding all repeats (alignment

positions 61, 177–181, 236–237, 249–254, 281–291,

587–593, 612 and 682–688; see Table S2, Supporting

information), resulting in 22 and 19 chlorotypes, respec-

tively (see Results). This separate treatment is justifiable

because repetitive DNA regions of cpDNA have been

shown previously to have much higher mutation rates

than simple substitutions (e.g. Provan et al. 1999), and

hence, their inclusion for dating events using conven-

tional substitution rates could be problematical. For each

data set, a likelihood-ratio test in PAUP* 4.0b10 (Swofford

2003) indicated rate homogeneity in nucleotide substitu-

tion rate among the chlorotype sequences (full data set/

22 chlorotypes: P = 0.45; pruned data set/19 chloro-

types: P = 0.47). Therefore, estimations of divergence

times for each data set in BEAST were run under the

assumption of a strict clock. In addition, we used (i) the

GTR substitution model with estimated base frequencies

and a site heterogeneity model of gamma; and (ii) a coa-

lescent tree prior that assumes an unknown and con-

stant population size back through time. This tree prior

is most suitable for trees describing the relationships

between individuals in the same population/species

(Drummond & Rambaut 2007). A normal distribution

prior was used for the mean substitution rate of each

data set, with a mean set of 4.62 9 10�9 substitutions

per site/year and a standard deviation of 2.20 9 10�9.

This prior was chosen based on the lower and upper

ranges for previously estimated (synonymous) substitu-

tion rates of 1.0 9 10�9 and 8.24 9 10�9 for cpDNA in

angiosperms (Wolfe et al. 1987; Richardson et al. 2001).

Posterior distributions of parameters were approximated

using Markov chain Monte Carlo (MCMC) analyses of

100 million steps each and sampled every 10 000 genera-

tions. Convergence of the parameters sampled was

checked using the program TRACER 1.5 (Rambaut &

Drummond 2004), and the burn-in steps were discarded

to obtain an estimation of the posterior probability

distribution of divergence dates at the relevant node.

Our aligned data matrices and trees can be obtained

from TreeBASE (www.treebase.org/treebase) (submis-

sion name: Deng Mei Fan, PIN: 13583).

For the population genetic analyses of both cpDNA

and ncpGS (hereafter ‘nDNA’), we used the program
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HAPLONST (Pons & Petit 1996; available at http://www.

pierroton.inra.fr/genetics/labo/Software/) to calculate

measures of total and within-population haplotype

diversity (hT and hS), as well as population differentia-

tion based on ordered (NST) and unordered (GST)

alleles/haplotypes. The values of NST and GST were

then compared in HAPLONST using U-statistics to test for

the presence of phylogeographic structure. Spatial

genetic structure of chlorotypes and nuclear haplotypes

was analysed by the program SAMOVA (spatial analysis

of molecular variation; Dupanloup et al. 2002). This

program uses a simulated annealing procedure to iden-

tify groups of populations (K) that are geographically

homogeneous and maximally differentiated from each

other. The program iteratively seeks the composition of

a user-defined number, K, of groups of geographically

adjacent populations that maximizes FCT, that is, the

proportion of total genetic variance due to differences

among groups of populations. The program was run

for 1000 iterations for K = {2,…, 10} from each of 100

random initial conditions. In addition, we used hierar-

chical analysis of molecular variance (amova) to further

quantify genetic differentiation between groups or sub-

groups (as identified by SAMOVA), as well as between

populations within groups and among individuals

within populations. All amova analyses were performed

with the program ARLEQUIN 3.1 (Excoffier et al. 2005),

with significance tests of variance components based on

1000 permutations. Isolation by distance (IBD) was

examined for both marker types in GENALEX 6 (Peakall &

Smouse 2005) by testing the relationship between pair-

wise population differentiation (FST) and ln-transformed

geographical distances (Rousset 1997) using Mantel

tests with 1000 random permutations.

Based on the cpDNA data, we tested by means of

mismatch distribution analysis (MDA; Rogers & Har-

pending 1992) whether S. davidii as a whole, or certain

population genetic groups identified, had undergone

recent population expansion. For this analysis, we com-

pared the distribution of the number of pairwise

differences between chlorotypes with their theoretical

distribution expected under a model of sudden (step-

wise) demographic expansion. Goodness of fit was

tested with the sum of squared deviations (SSD)

between observed and expected mismatch distributions,

and Harpending’s (1994) raggedness index (HRag), using

1000 parametric bootstrap replicates. In the single

instance where the hypothesis of rapid expansion was

not rejected (see Results), we converted the parameter

value for the mode of the mismatch distribution (s) and
its 95% confidence interval (CI), as assessed by 1000

parametric bootstrap replicates, into estimates of time

since expansion (t, in years BP) using t = s/2u (Rogers &

Harpending 1992). The value u was calculated as

u = 2 lkg, where l is the substitution rate, k is the aver-

age sequence length used for analysis (831 bp) and g is

the generation time in years. For l, we assumed the

same minimum and maximum values as indicated

above (i.e. 1.0 and 8.24 9 10�9 substitutions per site/

year, respectively) and 5 years were used as an approx-

imation for g based on observations on age of first

reproduction of S. davidii in cultivation at Kunming

Botanical Garden (D.M. Fan, personal observation). All

the aforementioned demographic analyses were

performed in ARLEQUIN.

Results

Assessment of monophyly of S. davidii

Figure S1 (Supporting information) shows the

MP-derived strict consensus trees of all representative

cpDNA (psbA/trnH, rpl32/trnL(UAG)) and nuclear

(ncpGS, ITS) haplotypes of S. davidii, with related and/

or broadly co-occurring Sophora species and other

legume taxa used as outgroups. All three analyses

suggested monophyly of S. davidii with high bootstrap

support (cpDNA: 85%; ncpGS: 99%; ITS: 99%). Even

though this taxon sampling is still limited (Sophora

comprises about 50–60 species; Heenan et al. 2004), it is

notable that S. davidii was consistently placed with

likewise high support as sister to S. moorcroftiana, a

dominant shrub of the dry-warm valleys of the Yarlung

River (southwestern QTP region) (cpDNA: 97%; ncpGS:

99%; ITS: 99%).

Chloroplast DNA sequences

Phylogeographic patterns. The aligned sequences of the

two IGS regions, rpl32/trnL(UAG) and psbA/trnH, were

504 and 327 bp, respectively. When combined, these

sequences contained five positions of simple indels

(1–18 bp), eight positions of repetitive regions (mononu-

cleotide repeats and microsatellites), nine base substitu-

tions and one inversion of 6 bp (see Table S2, Supporting

information). These 23 polymorphisms identified a total

of 22 chlorotypes (C1–22) across the 400 plants analysed.

Chlorotype frequencies for each population are

presented in Table 1.

Sixteen chlorotypes (C7–22) were found west of the

TKL, that is, in populations (24–38) from the Hengduan

Mountain Range (HDM), whereas five chlorotypes

(C1, C3–6) were confined to populations (1–23) located

east of the TKL (Fig. 2a). All northeastern populations

(1–10) from the Qinling Mts. (QL)/Loess Plateau (LP)

were fixed for a single chlorotype, C6, which otherwise

was found in a single southeastern population (21) from

the Yunnan-Guizhou Plateau (YGP) at low frequency.
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Only a single chlorotype, C2, was shared across the

TKL, occurring in populations from the far west (39, 40)

and the southeast (22, 23; Table 1, Fig. 2a).

The chlorotype network (Fig. 3a) recovered all eastern

(C1, C3–6) chlorotypes together with C2 as a clade

(hereafter ‘eastern clade’), which was separated by at

least five mutational steps from all the western (C7–22)

chlorotypes (‘western clade’). However, relationships

among the latter remained ambiguous because of the

presence of multiple closed ‘loops’. The maximum clade

credibility tree generated by BEAST (Fig. 4) retrieved

‘eastern’ and ‘western’ chlorotypes as reciprocally

monophyletic lineages, with their divergence dated to

about 1.28 Ma (95% highest posterior density, HPD:

0.21–2.96 Ma). The same analysis performed on the data

set without repetitive gene regions (i.e. 19 chlorotypes,

excluding C10, C11, C13) resulted in essentially the

same tree topology (not shown) and a similar diver-

gence time, that is, 1.37 Ma (95% HPD: 0.18–3.02 Ma).

The analysis of spatial genetic structure for chloro-

type variation using SAMOVA showed the value of FCT
reaching a plateau at 0.91 when the number of groups

(K) equalled K = 7. As shown in Fig. 2(a), six of these

seven groups (A–F) had nonoverlapping geographical

ranges, including two (A and B) being located east of

the TKL (A: northeast; B: southeast) and four (C–F)

occurring west of this line along different river valleys

(C: upper Jinshajiang; D: upper Mekong; E: Yalong

River; F: Daduhe River). The seventh group (G), how-

ever, traversed the TKL by comprising two populations

in the far west (39, 40: upper Salween) and one disjunct

population just east off the line (21: middle Jinshajiang).

amova showed that most chlorotype diversity occurred

among these seven groups (91.17%), with only little fur-

ther subdivision among populations within groups

(2.52%) or within populations (6.31%; details not

shown).

Population genetic diversity and structure. For the cpDNA

data, the average within-population diversity (hS = 0.171)

was much lower than the total diversity (hT = 0.857), and

both NST (0.924) and GST (0.801) were high. The U-test

showed that NST was significantly larger than GST

(U = 3.81, P < 0.05), indicating a phylogeographic struc-

ture of chlorotype distribution. Measures of chlorotype

diversity were markedly higher in the west when

compared to the southeast (hT = 0.900 vs. 0.220;

hS = 0.322 vs. 0.137), and the same was true for estimates

of population subdivision (NST = 0.732 vs. 0.280;

GST = 0.643 vs. 0.378). However, no significant phylogeo-

graphic structure was detected in both the west and the

southeast (U = 0.68 and �0.30, P = 0.317 and 0.382,

respectively). Mantel tests revealed a significant pattern

of IBD for cpDNA at the range-wide scale (r = 0.540,

P < 0.001) and in the west (r = 0.534, P < 0.001) but not

in the southeast (r = 0.158, P = 0.087).

Nuclear DNA sequences

Phylogeographic patterns. About 40% of the 330 individu-

als surveyed for partial ncpGS sequence variation

turned out to be heterozygotes. The 463 sequences of

this nuclear gene region were characterized by 53 base

substitutions and nine indels (see Table S3, Supporting

(a) (b) Fig. 3 Median-joining networks of (a) 22

chlorotypes (C1–22) and (b) 23 nuclear

(ncpGS) haplotypes (H1–23) identified in

Sophora davidii from areas west vs. east of

the TKL (i.e. Hengduan Mts. vs. north-

east/southeast). The size of circles corre-

sponds to the frequency of each

haplotype. Small open circles indicate

unsampled or extinct haplotypes. Each

solid line represents one mutational step

that interconnects two haplotypes except

for the broken line between H14 and

H12, representing 37 mutational steps.
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information); one minisatellite region, which we were

unable to sequence through for several individuals, was

excluded from analyses. The 62 polymorphisms defined

23 distinct haplotypes (Table 1; Table S3, Supporting

information).

As shown in Fig. 2b, five nuclear haplotypes

(H1, H12, H14, H17 and H22) were relatively common,

that is, occurring in ≥25% of all populations. Two of

those, H12 and H22, were largely confined to areas

west of the TKL [excepting H12 in the northeast/south-

east (pops. 10/14) and H22 in the southeast (23)],

whereas H1 and H14 were (almost) exclusive to the east

[excepting H1 in the west (25)]. However, H17 and a

less common haplotype (H2) were widely shared

between the west and the southeast. Of the 17 rare

haplotypes remaining, 14 were restricted to the west

(i.e. H3–11, H13, H18, H20, H21, H23), whereas only

three were unique to either the southeast (H19) or the

central-/northeast (H15, H16).

The genealogical analysis of nuclear haplotypes

(Fig. 3b) showed that the eastern haplotype H14 dif-

fered from the other ones by a minimum of 37 muta-

tions, while only one to five mutation steps separated

the remaining haplotypes from each other. Apart from

the unique occurrence of H14 in the east, there was no

apparent association of haplotypes with geography. In

fact, SAMOVA failed to uncover any reliable population

genetic grouping in this nuclear data set because

FCT values fluctuated little between the highest

FCT = 0.54 (for K = 2) and the lowest FCT = 0.52 (K = 8)

with each increase in K. Nonetheless, amova revealed

that still 30.51% of the total nDNA variation was due to

differences among the seven cpDNA groups (A–G)

identified, compared with 17.76% among populations

and 51.73% within populations (details not shown).

Population genetic diversity and structure. Based on the

nDNA data, estimates of both total genetic diversity

(hT = 0.844) and average within-population diversity

(hS = 0.559) were high. Consequently, both NST (0.470)

and GST (0.338) were relatively low, but NST was signifi-

cantly larger than GST (U = 3.33, P < 0.05). Nuclear ha-

plotypic diversity was greater in the west when

compared to the east (hT = 0.851 vs. 0.638; hS = 0.696 vs.

0.474). Likewise, nuclear subdivision among western

populations was higher in terms of NST (0.323 vs. 0.207)

but not for GST (0.183 vs. 0.257), resulting in significant

phylogeographic structure in the west (NST > GST,

U = 2.75, P < 0.05) but not in the east (NST < GST,

U = �4.7, P < 0.05). Similar results were obtained when

the west was compared separately to the northeast or

southeast (data not shown). Finally, Mantel tests

Fig. 4 BEAST-generated maximum clade

credibility tree of 22 chlorotypes (C1–22)
identified in Sophora davidii using the full

data set with repetitive gene regions.

Eastern and western chlorotypes are sis-

ter groups, with their divergence time

estimated at 1.28 Ma (95% HPD: 0.21–

2.96 Ma). Numbers next to nodes indi-

cate posterior probabilities (>0.75). Note

that chlorotype C2 (‘eastern clade’)

occurs in areas west and east of the TKL

(see Fig. 3a, and text for details).
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revealed significant IBD for nDNA at the species-wide

range (r = 0.405, P < 0.001) and regionally (west:

r = 0.412; east: r = 0.227; both P < 0.01).

Historical demography based on cpDNA sequence
variation

The mismatch distribution for all chlorotypes of S. davi-

dii was multimodal (Fig. 5a) and that of the western

populations was bimodal (Fig. 5b). However, none of

the statistical comparisons between these observed dis-

tributions and the simulated ones under a sudden (step-

wise) demographic expansion model significantly

rejected the expansion model (all P values > 0.05 based

on SSD and HRag; Table 2). Despite the good statistical

fit of the expansion model to these nonunimodal distri-

butions, this is not taken here as strong evidence for

expansion (cf. Castoe et al. 2007), because multimodal

(a) (b)

(c) (d)

Fig. 5 Distribution of the number of pairwise nucleotide differences for cpDNA sequence data in (a) Sophora davidii as a whole, (b)

populations west of the TKL, (c) populations east of the TKL and (d) populations in the southeast region. The solid line shows

observed distributions of differences among chlorotypes, whereas the dashed line represents simulated distributions under a model

of sudden (stepwise) demographic population expansion (Rogers & Harpending 1992).

Table 2 Mismatch distribution analysis (MDA) of cpDNA sequence data for Sophora davidii from populations as a whole, west of the

TKL, east of the TKL and in the southeast region. Goodness of fit of observed-to-theoretical mismatch distributions under a sudden

(stepwise) expansion model (Rogers & Harpending 1992) is tested with the sum of squared deviations (SSD) and Harpending’s

(1994) raggedness index (HRag). Upper and lower 95% confidence limits around estimates of s and associated ranges of t (in years BP)

are in parentheses

Regions s tmin (Ma) tmax (Ma)

Observed modality of

mismatch distribution SSD P HRag P

Overall 8.188 (2.994–12.896) NC NC Multimodal 0.026 0.190 0.055 0.070

West 2.063 (0.621–10.258) NC NC Bimodal 0.006 0.700 0.013 0.950

East 4.977 (0–48.477) NC NC Bimodal 0.188 0.040 0.491 0.020

Southeast 3.000 (0.383–3.141) 0.179 (0.023–0.187) 0.022 (0.003–0.023) Unimodal 0.011 0.280 0.296 0.550

NC, not calculated.
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(including bimodal) distributions generally indicate

either populations that are stable or shrinking in size or

structured populations (e.g. Rogers & Harpending 1992;

Excoffier & Schneider 1999; Ray et al. 2003). In fact, the

strongest bimodal distribution was detected in the east-

ern populations (Fig. 5c), reflecting regional population

substructure due to the fixation of chlorotype C6 in the

northeast (Fig. 2a). Not unexpectedly, this pattern sig-

nificantly rejected the expansion model in terms of SSD

and HRag (both P < 0.05; Table 2). However, when anal-

ysed separately, the southeastern populations showed a

unimodal distribution (Fig. 5d) that was also statisti-

cally consistent with the expansion model (P = 0.280

and 0.550 for SSD and HRag, respectively; Table 2).

Based on the corresponding s value, and assuming

minimum and maximum mutation rates of 1.0 9 10�9

and 8.24 9 10�9 substitutions per site/year, this expan-

sion event was dated at 179 000 and 22 000 years BP,

respectively. However, taking the 95% CI’s of s into

account provided much broader estimates of 0.023–

0.187 and 0.003–0.023 Ma, respectively (Table 2).

Discussion

Major lineage divergence in S. davidii and
cytoplasmic–nuclear discrepancies

A major finding of the present study is that S. davidii

comprises two geographically distinct lineages as

inferred from the chlorotype network analysis (Fig. 3a),

namely a western lineage distributed in the Hengduan

Mountain Range (HDM) and an eastern lineage occu-

pying both the Yunnan-Guizhou Plateau (YGP) in the

southeast and the Qinling Mountains (QL)/Loess

Plateau (LP) in the northeast (Fig. 2a). This genealogi-

cal split is geographically largely consistent with the

‘Tanaka-Kaiyong Line’ (TKL), except for one eastern-

clade chlorotype, C2, shared between two widely

disjunct pairs of populations from the far west (upper

Salween: 39, 40) and the southeast (lower Jinshajiang:

22, 23; Table 1, Fig. 2a). Given that C2 occupies an

interior (ancestral) rather than tip (derived) position in

the network (Fig. 3a), this chlorotype sharing across

the TKL is best explained by the retention of an ances-

tral polymorphism (i.e. incomplete lineage sorting)

rather than long-distance dispersal (Avise 2000;

Templeton 2001).

However, the network of nuclear (ncpGS) haplotypes

failed to register a genealogical break across the TKL

(Fig. 3b), mainly because of two unrelated haplotypes

(H2 and H17) that were widely shared between western

and eastern populations (Figs 2b, 3b). Nonetheless, sev-

eral common nuclear haplotypes were (almost) unique

to either the west (H12, H22) or the east (H1, H14), and

all of the rare ones were region-specific (Figs 2b, 3b).

Most of these nuclear haplotypes differed by only one

or few mutational steps, but H14 (unique to the east)

was unusually divergent, differing by 37 steps from the

remainder (Fig. 3b). It might be argued that H14 was

transferred from other species of Sophora by interspe-

cific hybridization and introgression. However, all sam-

pled cpDNA and nuclear (ncpGS, ITS) sequences of

S. davidii comprised highly supported monophyletic

lineages in our phylogenetic parsimony analyses

(Fig. S1), which argues against the possibility of haplo-

type introgression. Instead, the existence of a highly

divergent haplotype (H14) throughout the east may

well reflect local adaptation to novel selective pressures

during the species’ range expansion into geographically

and ecologically different environments.

Our observation of much stronger phylogeographic

division across the TKL in cpDNA as opposed to

nDNA should not be unexpected because, based on

theory and simulation data, the likelihood of observ-

ing such breaks in a continuously distributed species

will increase with a decrease in both dispersal dis-

tances and effective population sizes (Ne) of the

genetic markers used (Neigel & Avise 1986; Irwin

2002). Thus, the fact that the maternally inherited

chloroplast genome of S. davidii is dispersed only

through seed and has about half of the Ne of the

nuclear ncpGS gene, which is dispersed through both

pollen and seed, makes cpDNA more likely to show

phylogeographic divisions (Schaal et al. 1998; Irwin

2002; Petit et al. 2005). In support of this, our analysis

of chlorotype variation by SAMOVA revealed a total of

seven geographically distinct population groups (A–G)

throughout the species’ range (Fig. 2a), whereas the

corresponding analysis of nDNA failed to uncover

any such pattern.

This high (phylo)geographic resolution of cpDNA is

indicative of long-term impediments to seed flow both

across the TKL and among regional population groups.

In turn, this accords with the species’ habitat restriction

to deep river valleys (especially in the west), and its

usually gravity-dispersed seeds (Bao & Vincent 2010).

Moreover, given the entomophilous pollination of

S. davidii (Tucker 1994), it seems unlikely that pollen

flow has swamped any historical imprints of population

structure by cpDNA. In fact, amova still revealed a

large proportion of nuclear variation (30.51%) due to

differences among cpDNA groups, further suggesting

that pollen is not dispersed far over wide geographical

distances. We therefore conclude that the sharing of

several common nuclear haplotypes across the TKL

and/or among cpDNA groups (Fig. 2b) is most likely

due to the retention of ancestral polymorphisms, that is,

insufficient time for lineage sorting at the nDNA level,
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rather than high contemporary pollen flow (Neigel &

Avise 1986; Chiang & Schaal 2006).

The timing and mode of the west–east split in
S. davidii

Strong genetic differentiation across southern and north-

ern parts of the TKL has been reported previously for the

perennial herbs Tacca chantrieri (Zhang et al. 2006a) and

Dysosma versipellis (Qiu et al. 2009c; Guan et al. 2010). In

addition, several studies have found genealogical and/or

haplotype distribution patterns that broadly coincide

with the TKL when taken as a division line between the

Sino-Himalayan and Sino-Japanese Forest Subkingdoms

(Spiraea japonica complex: Zhang et al. 2006b; Taxus walli-

chiana: Gao et al. 2007; Ainsliaea: Mitsui et al. 2008).

Among the above studies, three used molecular dating

analyses and inferred divergence times coinciding either

with the Late Tertiary (Zhang et al. 2006b; Gao et al. 2007)

or with Late Pleistocene (Qiu et al. 2009c). However,

because all three studies were lacking sufficient samples

from areas proximal to and/or along the entire TKL, it

remains unclear whether genetic boundaries coincide

with this phytogeographic boundary. Thus, molecular

evidence in support of a phylogeographic impact of the

TKL remains tenuous.

Based on a well-sampled data set, our BEAST analyses

suggest that the two main cpDNA lineages of S. davidii

diverged approximately 1.28 Ma (95% HPD:

0.21–2.96 Ma) or 1.37 Ma (95% HPD: 0.18–3.02 Ma),

depending on whether repetitive gene regions were

included or excluded. In any event, these point and

interval estimates appear virtually incompatible with

the hypothesis that this lineage divergence relates to

range fragmentation caused by Late Pliocene (c. 3 Ma)

episodes of geological uplift of the eastern QTP (Li

et al. 1979; Zhou et al. 2006). Rather, taking the recency

of this divergence into account, one alternative expla-

nation may be found in the dramatic climatic changes

Southwest China has experienced during the (Late)

Pleistocene, including the establishment of presently

differing monsoon regimes on either side of the TKL

(Hsii 1978; Wang 1994; Mitsui et al. 2008). Even though

the primary factors initiating the west–east split in

S. davidii remain unclear, it is feasible that a Pleisto-

cene-originated ecological barrier associated with the

TKL contributed to this divergence and thus without

an apparent geographical–physical barrier in this

region (see also Irwin 2002; Levin 2004; Kozak &

Wiens 2006). Under this scenario, ancestral populations

originally sundered west vs. east of this boundary

accumulated genetic differences (in cpDNA and to a

lesser extent at the nuclear ncpGS gene) that up to

date may be maintained by environmental obstacles

(such as differences in climate across the TKL) to

inter-regional gene flow (Avise 2009).

Contrasting population histories west vs. east of the
TKL

Following their initial divergence in the Early or Late

Pleistocene, populations west vs. east of the TKL must

have experienced strikingly different histories. As

outlined below, this probably featured substantial refu-

gial (geographical) isolation and demographic stability

in the west compared with at least two range expan-

sions and further lineage differentiation in the east.

Refugial isolation and demographic stability of western popu-

lations. Regarding the western lineage, the cpDNA-

based SAMOVA structured populations into five groups

(C–G), mainly corresponding to a series of parallel,

north–south trending river valleys in the Hengduan

Mountain Range (i.e. G: upper Salween; D: upper

Mekong; C: upper Jinshajiang; E: Yalongjiang;

F: Daduhe), except for one population just east of the

TKL (middle Jinshajiang: 21) clustering with the

Salween valley (Fig. 2a). The geographical localization

and genetic isolation of each of those five groups thus

largely reflect the strong landscape effects of the

Hengduan Mountains and their deep river gorges as

natural dispersal barriers, even among closely situated

populations (see also Wang et al. 2008; Yuan et al. 2008;

Liu et al. 2009; Qiu et al. 2011). Western populations

exhibited high levels of cytoplasmic substructure

(GST/NST = 0.643/0.732) along with significant IBD,

which is further evidence of restricted seed dispersal.

However, the nonsignificant phylogeographic structure

of chlorotype distributions observed in the west also sug-

gests that historical disruptions of gene flow (e.g. via

genetic drift and/or founder events) left their signature

in the lineage composition of contemporary western

populations (Avise 2000). Moreover, geomorphological

changes affecting the eastern slopes of the QTP during

the Late Pleistocene (c. 1.1–0.6 Ma; Li et al. 1979; Harrison

et al. 1992; Shi et al. 1998) may have had an additional

role in promoting population genetic substructuring in

western S. davidii as suggested for other plant species

from this region (e.g. Yuan et al. 2008; Liu et al. 2009).

Notably, for both chloroplast and nuclear markers, the

Hengduan Mountains were clearly identified as the spe-

cies’ main centre of high levels of genetic variation and

haplotype endemism (Table 1, Fig. 2), both of which are

‘classic’ signatures of glacial refugia (e.g. Provan &

Bennett 2008). In concordance with this theory, the

western lineage exhibited a bimodal mismatch distribu-

tion of chlorotypes (Fig. 5b), which despite nonsignifi-

cant SSD and HRag values (Table 2) was interpreted as

© 2013 John Wiley & Sons Ltd
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reflecting past demographic stability. Hence, long-term

persistence of populations in the west may have allowed

for the maintenance of considerable amounts of total

haplotypic diversity for both cpDNA and nDNA

(hT = 0.900 and 0.851, respectively). Overall, this inter-

pretation accords with results of previous biogeographic

and phylogeographic studies that identified the Hengdu-

an Mountains as a major refuge for flora and fauna

during (Late) Pleistocene glaciation (e.g. Wang 1992; Ying

et al. 1993; Ying 2001; Wang et al. 2008; Chen et al. 2010;

Qiu et al. 2011). Furthermore, the present data indicate

that S. davidii existed in multiple independent glacial

refugia along different river valleys within this mountain

range, consistent with a ‘refugia within refugia’ scenario

(sensu G�omez & Lunt 2007; see also Wang et al. 2008).

Range expansions and further divergence in eastern popula-

tions. The major and more complex features of the east-

ern lineage are as follows. First, SAMOVA revealed only

two cpDNA groups (Table 1, Fig. 2a), one (A) was

comprised of all populations from the northeast [Qin-

ling Mountains (QL)/Loess Plateau (LP)], while popula-

tions from the southeast [Yunnan-Guizhou Plateau

(YGP), excepting (21)] plus the single population from

the middle Yangtze [Three Gorges Mountain Region

(TGMR)] comprised the second group (B). Second,

group A was fixed for an ancestral (interior) chlorotype

(C6), whereas group B was predominated by the

derived (tip) chlorotype C1 (Fig. 3a). Third, the cpDNA

mismatch analysis for the entire east showed a strongly

bimodal profile (Fig. 5c) as expected for a structured

population (Ray et al. 2003; Castoe et al. 2007). And

finally, population expansion inferred within the south-

east (Fig. 5d) was dated to about 179 000 or

22 000 years BP (depending on the mutation rates used),

corresponding to, respectively, China’s penultimate and

last glacial periods (Yi et al. 2005), even though these

estimates should be treated with caution given their

wide confidence intervals (Table 2). Collectively, these

data point at a scenario of two major range expansion

events in areas north vs. south of the Qinling Moun-

tains, possibly during cold periods, and followed by

further differentiation. Hence, it seems reasonable to

first evaluate this range expansion hypothesis

separately for each area.

Regarding the south (group B), the network of chloro-

types indicates that the predominant chlorotype C1 is a

mutational derivative of C2, which is only found in the

West YGP (lower Jinshajiang: populations 22/23;

Figs 2a, 3a). It is feasible therefore that the lower

Jinshajiang region is the most likely source for the

spreading of the species into the southeast, that is,

along the valleys of Puduhe (a tributary of the Jinshaji-

ang), Honghe and Nanpanjiang (populations 12–20), as

well as into areas further eastward, that is, downstream

along the middle Yangtze up to the TGMR (population

11), perhaps facilitated by seed flooding (Bao & Vincent

2010; Fig. 1). Notably, genetic similarities between

Jinshajiang and Honghe/Nanpanjiang valley popula-

tions have previously been identified in the spiny frog

Nanorana yunnanensis (Zhang et al. 2010) and the xero-

phytic shrub Terminalia franchetii (Zhang et al. 2011). In

either species, these genetic patterns were interpreted

as reflecting past expansions along north-to-south river

flow routes once connecting the palaeo-Jinshajiang with

the Honghe/Nanpanjiang during the Late Pliocene/

Pleistocene (Clark et al. 2004). However, in southeastern

S. davidii, the time of expansion inferred [i.e. during the

last glacial period(s)], renders such a palaeo-drainage

scenario almost untenable; rather, changing tempera-

tures and vegetation types during this time may have

contributed to demographic changes in the east.

As to the northeast (group A), all populations are

fixed for an ancestral chlorotype, C6, which is also

found in the West YGP, albeit at low frequency (middle

Jinshajiang: population 21; Table 1, Fig. 2a). By contrast,

a large number of nuclear haplotypes are shared

between the northeast and southeast (e.g. H1, H12,

H14, H15; Figs 2b, 3b), and both regions share similar

levels of relatively high total nuclear diversity

(hT = 0.573 and 0.539, respectively). Together, these data

suggest a spatially extensive range expansion in the

east, followed by a vicariant event in the Qinling

region, rather than long-distance colonization of the

northeast (e.g. from the West YPG) followed by range

expansion. Accordingly, C6 most likely represents an

ancestral polymorphism retained in the southeast, while

having become fixed in the northeast through range

expansion. It is remarkable that the single population

surveyed from the middle Yangtze/TGMR (11) clus-

tered together with the southeast (group B) in cpDNA

but exclusively shared a nuclear haplotype (H15) with

the northeast (group A; Table 1, Figs 2, 3b). Thus, the

middle Yangtze and its northern tributaries

(e.g. Jialingjiang, Hanjiang) may have functioned as a

stepping stone for the northward spread of the species.

While this hypothesis needs to be clarified further by

more extensive sampling, we note that the species is

rare along the middle Yangtze, not least because of

massive habitat loss due to the ‘Three Gorges Dam’

construction (Zhao 1998; Li 2003; Zhang 2006).

The population history of eastern S. davidii in the light
of palaeo-ecological evidence

We can gain an additional perspective on the spe-

cies’ dynamic population history in the east by

interpreting our inferred expansion times in the light of
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palaeo-ecological evidence. Thus, during the last glacial

maximum (LGM: c. 18 000 years BP; and possibly earlier

cold periods), the northernmost part of subtropical

Central China and North China (c. 32°N–45°N) was

cooler by at least 7–10 °C and dryer by c. 200–300 mm/

year (Sun 1991; Zhou et al. 1991), and both steppe and

desert vegetation expanded in a west-to-east direction

throughout a broad latitude band between 32°N and

40°N; at the same time, these climate changes replaced

much warm-temperate (mostly evergreen) forest in

areas further south with grassland/shrub or a complex

mosaic of ‘mixed’ forest (Winkler & Wang 1993; Yu

et al. 2000; Harrison et al. 2001; see also Qiu et al. 2011).

As S. davidii is a xerophytic, drought-tolerant spiny

shrub (Wu et al. 2008), it seems plausible therefore that

the species expanded its range during dry glacial peri-

ods by tracking changes in newly available habitat, both

at its northern range limit (i.e. in the Qinling Moun-

tains/Loess Plateau region) and in areas further south

(lower Jinshajiang/Puduhe/middle Yangtze, Honghe,

Nanpanjiang). Hence, the (near) fixation of different

(ancestral vs. derived) chlorotypes in the northeast vs.

southeast (C6 vs. C1) may reflect a pattern of ‘stochastic

surfing’ of organellar genomes into newly occupied

territories during the last glacial(s) (Klopfstein et al.

2006; Excoffier et al. 2009; see also Irwin 2002). Upon

climate amelioration, re-colonization of warm-temperate

(evergreen/deciduous) forest, along with geographical

obstacles imposed by the Qinling Mountains and

different (humid vs. dry) climates on opposite sites of

this watershed area (Zhao 1986), may have contributed

to the genetic (cytoplasmic) isolation of northeastern

S. davidii populations from those located further south.

Conclusions

The results obtained clearly exemplify the utility of

comparing chloroplast and nuclear DNA variability and

suggest a major phylogeographic break in cpDNA

within the riparian shrub S. davidii associated with the

‘Tanaka-Kaiyong Line’ (TKL). This major phytogeo-

graphic boundary within the East Asiatic Floristic King-

dom appears to present a (Late) Pleistocene-originated

environmental barrier to dispersal for this species,

whereby the establishment of differing climate

(monsoon) regimes on either side of the TKL could

have played a role in structuring ancestral populations.

In addition, a presumed ancestral set of eastern popula-

tions located just east of the TKL (e.g. along the lower

Jinshajiang) appears to have expanded further eastward

during the last glacial(s). As this expansion proceeded,

a cpDNA polymorphism in the ancestor would have

become differentially sorted by drift into two expanding

population groups (A vs. B) north vs. south of the

Qinling Mountains. Computer simulations show this

can happen (Irwin 2002), but we cannot exclude the

alternative hypothesis that this cytoplasmic subdivision

within the species’ eastern range is a remnant of two

originally allopatric sublineages that separately gave

rise to northern and southern populations.

Taking all these results into account, we suggest an

ecological transition associated with the TKL region

may be responsible for the origin and maintenance of

the major west–east split in S. davidii. However, given

the species’ subsequent eastward expansion, the TKL

cannot be viewed as a ‘classical’ biogeographic bound-

ary that fostered allopatric lineage divergence within the

range of a formerly widespread ancestral stock of

S. davidii. Such a simple mode of vicariant allopatric dif-

ferentiation (also known as the ‘dumbbell model’; Coyne

& Orr 2004) has previously been invoked for other plant

species showing similar genetic breaks coinciding with

the TKL (Zhang et al. 2006a; Qiu et al. 2009c). Rather, the

phylogeographic history of S. davidii detected herein

supports a ‘glacial out-of-Hengduan Mts.’ hypothesis

for the xerophytic-riparian flora of Southwest China,

and it will be interesting to establish whether other such

plant species conform to this expectation. That said, any

genetic breaks observed across the TKL (and whatever

their source) may not be fully understood without tak-

ing selective responses to environmental gradients into

account. Hence, further work is required to examine

such environmental factors (e.g. longitudinal rainfall

gradient; Sun & Wang 2005) and related ecophysiologi-

cal traits possibly differentiating western vs. eastern

populations of S. davidii (e.g. drought tolerance along

the longitude).
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