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Abstract 
This study has mainly focused on ecological issues of Section Heterobalanus, which contains about nine 
sclerophyllous alpine species and occurs mainly in the China Mountains. To investigate the population 
history and demography of an endemic oak species (Quercus aquigolioides, Fagaceae) from the Himalaya-
Hengduan Mountains region, and elucidate how the unique climatic conditions and heterogeneous 
topography resulted the uplift of the QTP shaped the genetic diversity and evolutionary history of the 
species.We sequenced and analyzed a total 1406 base pairs from chloroplast DNA (cpDNA) trnT-L 
sequences for 296 individuals from 19 populations across the species’ geographic range. Based on these data, 
we constructed the genealogical relationships and coalescent analysis was used to test demographic 
hypotheses. 38 haplotypes were identified based on cpDNA variation, and of overall 38 haplotypes, 33 
hyplotypes are restricted to single population. High levels of haplotype diversity (Hd=0.948) and low levels 
of nucleotide diversity (π=0.1976) were detected within the whole species, and a great amount of variation 
occurred among populations within groups (57.3%). The phylogenetic result demonstrated that Q. 
aquifolioides cpDNA hyplotypes have three main genetic lineages with distinct distribution. And these genetic 
lineages resulted by two main bottlenecks in the species took place at 9.37Ma and 8.41Ma, and they have 
undergone several genetic bottlenecks for a time span of ca. 9 million years. Significant interpopulation 
differentiation and phylogeopgraphic structure were also detected (GST=0.629, NST= 0.946, NST>GST, 
P<0.01), and the mismatch distribution analyses indicated a demographic equilibrium for Q. aquifolioides. 
But as a result of its complex topography, the overall network gave no clear indication regarding demographic 
process. Together with fossil evidence, the results strongly suggested that multiple microrefugia of Q. 
aquifolioides existing and the microrefugia were scattered throughout the present geographical range before 
the Last Glacial Maximum (LGM). Although this species seems to have post-glacial expansion, Q. aquifolioides 
did not undergo marked changes in population sizes from the late Miocene. And the uplift of the QTP 
contributed to the phylogeny of cpDNA hyplotypes and differentiation among the population by 
heterogeneous topographies and climatic change formed the uplift. The two main genetic bottlenecks at ca. 
9Ma could contribute to the uplift of eastern and southern QTP at 13-8Ma and strengthen of Asian Summer 
monsoon at same time causing by the uplift. And several genetic differentiations at ca. 3Ma could confirm 
with the uplift of the QTP since 3.6Ma. It was reasonable to conclude that the Mio-Pliocene growth of the 
QTP and the accompanied climatic changes could account for the modern pattern of Q. aquifolioides 
phylogenetic structure in the HHMs region: first, the center and northern QTP drought and the different 
evaluation in south and east margin at 13-8Ma made the three main different lineages (NW group and other 
all). Then the asynchronous and heterogeneous uplifting of QTP in different regions during 9-0.7 Ma 
resulted to the difference time of the bottleneck in the different lineages. These findings have wide 
implications for understanding plant species’ responses to the uplift of QTP and climatic change with it. 
Keywords: molecular phylogeography, oak, nucleotide variation, Qinghai-Tibetan Plateau (QTP), 
microrefugia, demographic history, divergence, ecological niches 
 
Yang Q-S, Wang B-X, Gao L, Xiong H-B, Tang W (2019) Ecological Study on Molecular Phylogeography 
of Quercus aquifolioides, An Endemic Oak in SW China. Ekoloji 28(107): 899-914. 

 

INTRODUCTION 
The Himalaya–Hengduan Mountains (HHMs) 

region in the southern and southeastern Qinghai-
Tibetan Plateau (QTP) is considered an important 

reservoir and a differentiation center for temperate and 
alpine plants in the Cenozoic. It has long been argued 
that this region have been a refugium for plants on the 
QTP platform and in the north temperate zone of 
eastern Asia during the Quaternary Ice Age (Wu 1987), 
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i.e. glacial ‘tabula rasa’ hypothesis (sensu Qiu et al. 2011) 
because of the high species biodiversity (ca. 8000 
angiosperm species) (Sun 2002, Sun and Li 2003) and 
endemism (ca. 10%) (Wu and Wu 1996). Several recent 
phylogeographical studies of trees and birds support the 
hypothesis that most current populations of such 
species on the QTP platform are derived from 
individuals that re-colonized this area from refugia 
located at lower altitudes at the plateau edge during the 
Last Glacial Maximum (LGM, approximately 20ka BP) 
and/or previous glacial periods (Qiu et al. 2011, Qu et 
al. 2005). However, this idea is rejected by others (Fan 
et al. 2012, Quet al. 2005, Tang and Shen 1996) because 
the expansion times estimated separately for most 
populations were much earlier than the LGM. 
Therefore, they suggested that at least some plateau 
populations survived the very cold and arid conditions 
of the LGM in situ, i.e. the LGM microrefugia 
hypothesis (Opgenoorth et al. 2010). Wang et al. (2009) 
contributed the first phylogeographic evidence for 
glacial in situ survival on the QTP platform, using the 
alpine herb Aconitum gymnandrum (Ranunculaceae) as a 
model system. Additional evidence for in situ survival 
recently emerged from surveys of cpDNA sequence 
variation in two endemic shrubs Potentilla fruticosa 
(Rosaceae) (Li et al. 2010, Shimono et al. 2010), 
Hippophae tibetana (Elaeagnaceae) (Wang et al. 2010), 
and a group of juniper species, referred to as the 
‘Juniperus tibetica complex’ (Opgenoorth et al. 2010). 
Phylogeographic analysis of J. tibetica complex 
demonstrated a new pattern of the historical population 
dynamics, and many of the LGM microrefugia of them 
occurred within the present distribution range, partly 
well above 3500 m marking the world’s highest known 
tree lines of the LGM (Opgenoorth et al. 2010). As a 
biodiversity hotspot region, there was few molecular 
interspecies phylogeography surveys had been done in 
the HHMs region. Cun and Wang researched 
phylogeography of an endemic conifer tree species, 
Tsuga dumosa, and suggested that T. dumosa recolonized 
the Himalaya from the Hengduan Mountains before 
the LGM (Cun and Wang 2010). According to the 
phylogeographical study in global level, we speculate 
that this may not be the only phlogeographical pattern 
of tree species in the HHMs region. 

Because of the potential importance of high-
mountain areas for glacial forest endurance 
(Opgenoorth et al. 2010), we have focused our attention 
on an emblematic HHMs region evergreen 
sclerophyllous oak (Quercus aquifolioides Rhed. & Wils.), 
which is a long-lived, endemic tree species of Quercus 

section Heterobalanus Menitsky (Fagaceae). The modern 
distribution of Q. aquifolioides, rather discontinuous, 
ranges the main the HMMs region as well as eastern 
Himalaya, northern Hengduan Mountains, W Sichuan 
Plateau and northwestern Yunnan-Guizhou Plateau 
(Fig. 1), with an altitude range of ca. 2000–4350m a.s.l. 
(Yang et al. 2009). Q. aquifolioides can grow in various 
habitats, especially in cool and semiarid environment, 
and always formed pure evergreen sclerophyllous oak 
forest which playing an important role in preventing 
soil erosion in this region. It is also dominant specie of 
evergreen broad-leaved forest in the HHMs region and 
formed a special oak forest type in China, whose 
physiognomy and structure were similar with the 
sclerophyllous oak forest in the Mediterranean region, 
Europe and the California, American (Tang 2006, Wu 
1995, Yang et al. 2009). The first credible macrofossil 
record of the species, Quercus namulingensis Li et. Guo, 
extended back to the middle Miocene (ca. 15Ma) in the 
Wulong Formation in Namling, Tibet (Li and Guo 
1976, Spicer et al. 2003). And abundant macrofossil 
records of the section were found from Pliocene to 
Pleistocene throughout their present distribution (Fig. 
1, Table S1), which implied that the section had been 
a dominant element of the vegetation in the region since 
that time. Although with these many advantages 
including wide distribution and abundance 
macrofossils, there has been lack investigation of 
population diversity and evolutional history by using 
molecular marker for the species. Only a hypothesis of 
evolutional history for the section Heterobalanus was 
presented by Zhou et al. basing on the fossil record and 
morphological and physiological features (Zhou et al. 
2003). They considered that the section had its origins 
in the subtropical broad-leaf forest which was widely 
distributed in many regions including the HHMs 
region in the Miocene. And with the uplift of the QTP, 
the section became dominant elements in the HHMs 
region because of its adaptive changed features. 
Although the hypothesis was partly supported by the 
fossil and morphological and physiological features, it 
still has been lack of molecular evidence and the details 
of its differentiation processes are still largely unknown. 
The availability of new phylogenetic and 
phylogeographical molecular tools, such as non-
recombining and uniparentally inherited chloroplast 
DNA (cpDNA) markers (Avise 2000, Petit and 
Vendramin 2007), has resulted in intensive 
investigation of the evolutional history and spatial 
distribution pattern of the intra-species (Avise 2009, 
Hewitt 2000, Liu et al. 2012, Petit and Vendramin 
2007). 
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In this study, we used the trnT-L sequences of 
cpDNA to examine the phylogeographical pattern of 19 
populations of Q. aquifolioides across the HHMs region, 
which have the basic origin (Ma 2006) and the largest 
distribution region (Yang et al. 2009) within the section. 
The main objectives of this study are: (1) what is the 
genetic structure of Q. aquifolioides populations as 
revealed by cpDNA variation? (2) What are the main 
historical factors that shaped the phylogeographical 
structure of Q. aquifolioides? (3) Did the 
phylogeographical result of Q. aquifolioides support the 
Zhou et al. mentioned hypothesis of the section or 
conflict with it? 

MATERIALS AND METHODS 

Population Sampling 
The plant materials used in this investigation were 

from 19 populations representing almost all the natural 
distribution areas of Q. aquifolioides in the HHMs 
region. Fresh leaf material was collected throughout the 
geographical range of Q. aquifolioides during 2003–2006. 
A total of 296 individuals were sampled from 19 
populations, spaced at least 10m apart. Leaves were 
dried in silica gel. The latitude, longitude and altitude 
of each collection location (Table 1) were measured 
using an eTrex Global Positioning System (Garmin). 
Voucher specimens are retained in the Kunming 
Institute of Biology (KUN), Chinese Academy of 
Sciences. 

DNA Extraction, PCR Amplification, and 
Sequencing 

Total genomic DNA was isolated from 
approximately 30mg of each leaf sample following a 
CTAB protocol modified from Doyle and Doyle 
(1987). The quality and quantity of DNA were 
determined in 0.8% agarose gels. DNA samples were 
diluted to ~20ng/ul with 1×TE buffer and stored at -
20℃. Genetic polymorphism of cpDNA was detected 
by direct sequencing of the trnT-L sequences in Q. 
aquifolioides. PCRs were performed using the primers 
and protocols described by Taberlet et al. (1991). The 
primers ‘a’ and ‘d’ were used to amplify the trnT-L 
fragment comprising the intergenic spacer between trnT 
(UGU) and trnL (GAA) 5’ exon genes and the trnL 
(UAA) intron (Taberlet et al. 1991). The noncoding 
region of the cpDNA was amplified by PCR in a PTC-
100TM thermocycler (MJ Research, Inc.). PCR 
amplification was performed in a 20μL volume, 
containing ~20ng plant DNA, 1×buffer, 2.0mM 
MgCl2, 0.5mM dNTPs, and 0.1μM of each primer and 
1.5unit of DNA Taq polymerase (TaKaRa). Cycling 
conditions were 94℃ for 3 min as an initial 
denaturation step before entering 35 cycles each 
composed of 45 sec. at 94℃, 40 sec. at 55 ℃, and 40 sec. 
at 72 ℃. A final extension step of 5 min at 72 ℃ was 
usually programmed at the last cycle and reactions were 
held at 4℃ until further processing. Agarose-gel 
electrophoresis (1.5%) and ethidium bromide (EB) 
staining were used to check the PCR products. 

 
Fig. 1. The modern of Quercus aquifolioides and fossil distribution of Quercus section Heterobalanus. a. distributions. 
b. Modern habits and characteristics. c. fossils from Kunming, Yunnan in the late Miocene .d. Fossil from Yongping, 
Yunnan in the Pliocene. 
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 The PCR products were purified by using the 
QIAquick Gel Extraction Kit (Qiagen, Valencia, CA). 
The purified PCR products were sequenced in both 
directions by standard methods on an ABI 3730XL 
DNA Sequencer (Applied Biosystems, Foster City CA, 
USA). Primers were used as sequencing primers for the 
region. 

Sequence Analysis 
The DNA sequences were aligned and manually 

adjusted in BioEdit v7.0 (Download from 
http://www.psc.edu/biomed) (Hall 1999) and assigned 
to different haplotypes using DnaSP v5.10 (Rokas and 
Holland 2000). Phylogenetic relationships among the 
cpDNA haplotypes were reconstructed by Neighbor 
Joining (NJ) using MEGA v5.10 (Tamura et al. 2011) 
and by Maximum Parsimony (MP) and Maximum 
Likelihood (ML) analyses in PAUP v4.10b (Swofford 
2002). All gaps (indels) were coded as binary states (1 or 
0) using FastGap v1.2 (Download from 
http://192.38.46.42/about/fb/FastGap_home.htm 
(Borchsenius 2009). In the ML analysis, we used 
MODELTEST v3.7 (Posada and Crandall 1998) to 
select parameters and assumptions and chose the 

K81uf+I+G model (Kimura 1981). The ML analyses 
were conducted with the heuristic search option over 
100 random-taxon-addition replicates with tree 
bisection–reconnection (TBR) branch swapping, and 
MulTrees. In the MP analyses, a heuristic search with 
100 random-taxon-addition replicates with tree TBR 
branch swapping was implemented and in order to 
provide a complete search for the shortest tree, 
MulTrees was not enforced and no more than 3000 
trees were saved per replicate. Bootstrap values were 
calculated to access branch support using 1000 
replicates of a heuristic search with simple addition with 
TBR and MULPARS in effect.  

Phylogenetic relationships among haplotypes were 
also inferred with MRBAYES v3.1.2 (Ronquist and 
Huelsenbeck 2003) using an HKY+I+G substitution 
model following Mr.Modeltest v2.2 (Nylander 2004). 
Bayesian analyses were conducted using two 
independent Markov Chain Monte Carlo runs with 1 
million generations each, sampling trees every 1000 
generations and with a burn-in of 25%. One additional 
specimen (Quercus glauca, accession No. AB063533) 
were included as the outgroup. 

Table 1. Geographic origins, sample sizes, cpDNA haplotypes and their frequencies, as well as diversity measures 
of the 19 Quercus aquifolioides populations studied 

 Populations Code Longitude Latitude Alt.(m) N Haplotypes(frequences,%) NpH π Hd 

1 Gongbujiangda, 
T GB 93°14.854′ 29°53.242′ 3361 16 H3(58),H4(42) 0 0.0103 0.525 

2 Linzhi, T LZ 94°22.173′ 29°39.717′ 3036 16 H3(63),H4(37) 0 0.0098 0.500 
3 Mangkang, T MK 98°12.469′ 29°48.795′ 3077 16 H14(75),H15(25) 2 0.0157 0.400 
4 Deqin, YN DQ 98°54.933′ 28°29.760′ 3672 16 H1(58),H2(42) 0 0.0103 0.525 
5 Xianggelila, YN ZD 99°43.269′ 27°47.938′ 3478 15 H2(7),H32(93) 1 0.0026 0.133 
6 Weixi, YN WX 99°23.767′ 27°35.906′ 2552 16 H23(19),H24(25),H25(56) 3 0.0142 0.625 
7 Xianggelila, YN ZS 100°11.429′ 27°20.425′ 2440 18 H33(44),H34(17),H35(11),H36(11),H37(11),H38(6) 6 0.0370 0.778 
8 Ninglang, YN NL 100°40.517′ 27°44.533′ 2625 16 H16(31),H17(6),H18(63) 3 0.0278 0.542 
9 Lijiang, YN LY 100°02.559′ 27°31.965′ 2865 14 H13(100) 1 0.0000 0.000 
10 Lijiang, YN LN 100°24.055′ 26°57.338′ 2510 14 H9(100) 1 0.0000 0.000 
11 Luquan, YN LQ 102°45.083′ 25°59.501′ 2500 16 H10(69),H11(25),H12(6) 3 0.0168 0.492 
12 Kunming, YN KM 102°43.415′ 25°13.990′ 2500 18 H7(70),H8(30) 2 0.0167 0.425 
13 Qiaojia, YN QJ 102°59.385′ 27°04.472′ 2853 16 H19(56),H20(19),H21(19),H22(6) 4 0.0157 0.650 
14 Xiangchen, SC XC 99°48.444′ 28°58.192′ 3509 13 H1(31),H2(46),H26(15),H27(8) 2 0.0176 0.718 
15 Yajiang, SC YJ 100°50.013′ 30°09.731′ 3251 14 H28(14),H29(64),H30(14),H31(7) 4 0.0157 0.582 
16 Kangding,SC KD 101°53.093′ 29°59.426′ 3086 16 H6(100) 1 0.0000 0.000 
17 Xiaojing, SC XJ 102°50.181′ 30°59.527′ 3235 16 H5(100) 0 0.0000 0.000 
18 Jingchuan, SC JC 102°00.496′ 31°31.135′ 2882 15 H5(100) 0 0.0000 0.000 
19 Ma’erkang, SC ME 102°12.833′ 31°52.708′ 3235 15 H5(100) 0 0.0000 0.000 

Geo-group 
 Whole species     296  33 0.1976 0.948 

 NW group(1, 2, 
17, 18, 19)  North-western  78 H3(24), H4(17), H5(59) 0 0.1226 0.572 

 C group(16)  Central  16 H6 (100) 1 0.0000 0.000 

 HM group 
(other all)  Hengduan Mountains  202 

H1(6), H2(7), H7(6), H8(3), H9(7), H10(5), 
H11(2), H12(0.5), H13(7), H14(6), H15(2), H16(2), 

H17(0.5), H18(5), H19(4), H20(1), H21(1), 
H22(0.5), H23(1), H24(2), H25(4), H26(1), 

H27(0.5), H28(1), H29(4), H30(1), H31(0.5), 
H32(7), H33(4), H34(1), H35(1), H36(1), H37(1), 

H38(0.5) 

32 0.1508 0.958 

Alt., altitude; N, number of sampled individuals; NpH, number of private haplotypes; YN, Yunnan Province; T, Tibet Autonomous Region; SC, Sichuan Province 

http://www.psc.edu/biomed
http://192.38.46.42/about/fb/FastGap_home.htm
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Sequence data were then tested for population 
structure by comparing the genetic variation within and 
among the defined population using ARLEQUIN 
v3.11 (Excoffier et al. 2005). Nucleotide diversity (π) 
and haplotype diversity (Hd) were calculated for each 
population using the DnaSP v5.10 (Rozas et al. 2003). 
Average genetic distances between Q. aquifolioides and 
the outgroup species and within Q. aquifolioides were 
estimated by MEGA v5.10 (Tamura et al. 2011) using 
Kimura two-Parameter Model (Kimura 1981). Analysis 
of molecular variance (AMOVA) was performed using 
pairwise differences and haplotype frequencies with 
ARLEQUIN v3.11 (Excoffier et al. 2005). Measures of 
DNA divergence between populations and groups (FST) 
(Excoffier et al. 2005) were calculated, and the 
significance was tested using 1 000 permutations. To 
measure the level of genetic variation, total haplotype 
diversity (HT) and within-population diversity (HS) 
(Nei 1987) were calculated. GST and NST were used to 
estimate differentiations between populations, with GST 
taking into account haplotype frequency and NST taking 
into account genetic difference in addition (Nei 1987). 
A comparison was made between GST and NST using a 
permutation test with 1000 permutations. These 
analyses were performed using the program PERMUT 
v1.0 (Download from http://www.pierroton.inra.fr/ 
genetics/labo/Software/PermutCpSSR) (Pons and Petit 
1996) for overall populations and for each group 
(identified by the spatial analysis of molecular variance).  

In an attempt to further infer demographic 
processes, a mismatch distribution analysis was carried 
out using ARLEQUIN v3.11 (Excoffier et al. 2005). 
The shape of the graph of the mismatch distribution is 
expected to be multimodal in samples drawn from 
populations at demographic equilibrium, whereas 
unimodal distributions are generally found in 
populations that have passed through a recent 
demographic expansion (Harpending et al. 1998). The 
fit of the mismatch distribution to Poisson distributions 
was assessed by Monte Carlo simulations of 1000 
random samples. The sum of squared deviations (SSDs) 
and raggedness (r) indices between observed and 
expected mismatch distributions were used as test 
statistics; their P-values represented the probability of 
obtaining a simulated SSD that was larger than or equal 
to the observed SSD. Fu’s Fs, as implemented in 
ARLEQUIN v3.11 (Excoffier et al. 2005), and Fu and 
Li’s D* and F* statistics, as implemented in DnaSP 
v5.10 (Rozas et al. 2003), were used to test for deviations 
from neutrality. 

The likelihood ratio test (Felsenstein 1988) was 
carried out using PAUP 4.10b (Swofford 2002) to 
examine rate constancy among lineages. When the 
molecular clock hypothesis was not rejected, the average 
divergence time for different  Q. aquifolioides 
populations were estimated from the uncorrected mean 
pairwise distances of the Q. aquifolioides haplotypes. The 
variation rate for the trnT-L region in Quercus “Cerris” 
group was used since the group have included Quercus 
section Heterobalanus as well as Q. aquifolioides (Ma 
2006), which is 4.636×10-10 substitutions per site per 
year (s ⁄ s ⁄ y). 

To obtain additional information about past 
demographic history of the species, a haplotype network 
was constructed by TCS v1.2 (Clement et al. 2000), 
which implements statistical parsimony to fix 
connection limit at 15 steps. Network ambiguities were 
resolved following Opgenoorth et al. (2010): (1) rare 
haplotypes are more likely to be found at the tip, and 
common haplotypes found at interior nodes of a 
cladogram; (2) a singleton (i.e. a haplotype represented 
by a single individual) is more likely to be connected to 
haplotypes from the same population than to haplotypes 
from different populations. 

RESULTS 

Sequence Characteristics and Haplotype 
Distribution 

The cpDNA trnT-L region of Q. aquifolioides 
populations ranges from 1283 to 1334bp in size. 
Sequence variation was present both between and 
within populations. Average nucleotide frequency for 
the portion of cpDNA trnT-L region sampled was p(T) 
=29.7%, p(G) =12.8%, p(A) =41.7%, and p(C) 
=15.8%. Nucleotides A and T were rich in these 
sequences, with A/T contents of 71.4%, in accordance 
with the nucleotide composition of most noncoding 
chloroplast regions (Li 1997). The sequence alignment 
of ingroups had 1404bp, including 48 polymorphic 
sites, of which 33 are parsimony-informative, and 15 
indels with length varying from 1 to 32bp. Based on 
these nucleotide substitutions and indels, a total of 38 
haplotypes were identified (Table 1). The sequences of 
these haplotypes had been deposited in the GenBank 
(***–***). The number of haplotypes per population 
ranged between one and six (Table 1). Six out of 19 
populations were fixed for one haplotype, 8 displayed 
two haplotypes and 3 displayed three haplotypes, and 
only two populations (QJ and ZS) contained four and 
six haplotypes (Fig. 2). Most of the haplotypes were 
private haplotype (sensu Opgenoorth et al. 2010), which 

http://www.pierroton.inra.fr/genetics/labo/Software/PermutCpSSR
http://www.pierroton.inra.fr/genetics/labo/Software/PermutCpSSR
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are restricted to a single population. The most frequent 
haplotype (H5, with 46 individuals) occurred in the 
northern edge populations (XJ, JC and ME). 

Phylogenetic Relationships and Population 
Structure 

All phylogenetic analyses produced a similar 
topology and monophyly of the 38 ingroup haplotypes 
was partly supported (65% bootstrap support ML) (Fig. 
3a). Three main genetic lineages (GL1, GL2 and GL3) 
with distinct distribution were identified (Fig. 3a). GL1 
included only one haplotype (H6), which was located 
the center of the species geographic distribution (Fig. 
1). GL2 comprised haplotypes H3-5, which were 
present in the western and northern edge of the species 
geographic distribution. And the GL2 was subdivided 
into two subgroups (GL2a and GL2b), which 
correspond to separate geographic regions (Fig. 3a). All 
remaining hyplotypes were included in GL3, and GL3 
was also subdivided into two subgroup (GL3a and 
GL3b), respectively, and also confirming with the 
separation of geography, i.e. GL3a located in the 
southern edge and GL3b in the middle of species 
geographic distribution. In the haplotype network, 
these three major lineages are also recognized, 
consistent with the phylogenetic relationships (Fig. 3b). 

Most haplotypes close to each other in the phylogenetic 
relationships and haplotype network tend to occur in 
nearby populations. For example, H1 and H2 are both 
found only in DQ and XC; H3 and H4 only in GB and 
LZ (Fig. 1). But, notably, the three haplotypes (H3, 4 
and 5) had been included Clade B occurred in two long-
distance separated areas.  

Population structure of Q. aquifolioides was assessed 
based on sequence variation of cpDNA trnT-L 
sequences. Nucleotide diversity (π) within the 19 
populations ranges from 0 to 0.0370, and haplotype 
diversity (Hd) from 0 to 0.778 (Table 1). The highest 
level of diversity existed in ZS population (π=0.0370, 
Hd=0.778), and the second was in XC population 
(π=0.0176, Hd=0.718). Both of them were located the 
Hengduan Mountains region (Fig. 2). Meanwhile, six 
populations with only one hyplotype had zero value for 
π and Hd (Table 1), and most of them located the edge 
of geographical distribution (Fig. 1). Another worthy 
attention was the southern edge populations (QJ, LQ 
and KM, Fig. 2) which had a higher level diversity 
(Table 1), although they also located in the edge of 
geographical distribution. High levels of haplotype 
diversity (Hd=0.948) and low levels of nucleotide 
diversity (including sites with gaps / missing data) 

 
Fig. 2. A map showing the sampled populations of Quercus aquifolioides and the distribution of cpDNA haplotypes 
in the species. Pie charts show the proportions of haplotypes within each population. Haplotype legend with a 
missing top right corner in the rectangle represents for public haplotype 
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(π=0.1976) were detected within the whole species 
(Table 1).  

The number of groups was set to three according to 
the phylogenetic reconstruction and the modern 
geographical distribution. The three groups identified 
were: populations located the northwestern edge of the 
geological distributions (including W Sichuan Plateau 
and Tibet, hereafter NW group) including five 
populations (1,2, 17-19) with haplotype 3, 4 and 5 (Fig. 
2), population located in Kangdin, Sichuan province 
(hereafter C group) including only one population (16) 
with haplotype 6 and the others which mainly located 
in the Hengduan Mountain (hereafter HHM group) 
comprising the all other haplotypes with population (3) 
in Tibet, populations (4-13) in Yunnan province, and 
populations (14,15) in Sichuan province (Table 1, Fig. 
2). At the group level, haplotype diversity and 
nucleotide diversity were respectively, 0.572 and 0.123 
for NW group, 0.958 and 0.151 for HM group, and 0 
for C group (Table 1). HM group has higher haplotype 
diversity, but lower nucleotide diversity than the whole 
species. And gene diversity statistics in each single 

population was lower than both in the whole species 
and the HM group (Table 1). It mean that the 
differentiation among populations more than it within 
populations. The result was supported by analysis of 
molecular variance (AMOVA), which showing a great 
amount of variation occurred among populations 
within groups (53.1%) and among group (42.6%), and 
only few (4.3%) was within populations. The result of 
PERMUT v1.0 was also consistent with the 
differentiation among populations more than it within 
populations. Total genetic diversity HT was estimated to 
be 0.977 and within population diversity HS was 0.363 
(Table 2). 

Phylogeographical Analysis and Demographic 
Processes 

A significant phylogeographical structure across the 
species range and HM group was revealed. The NST was 
significantly larger than GST for the overall populations, 
and HM groups, but this pattern is not clear in NW 
group (Table 2), although the NST was larger than GST 

for NW group. Furthermore, the two subclade of GL3 
were corresponding to separate geographic regions (Fig. 

 
Fig. 3. a, The Maximum Parsimony strict consensus tree topology of the 38 cpDNA haplotypes detected from the 
trnT-L region of Quercus aquifolioides; numbers above the branches indicate Bayesian posterior probabilities, and 
numbers below the branches indicate the bootstrap values for MP (Left), ML (Middle) and NJ (Right) analyses, 
respectively; inferred dates in Ma before present. b, The network of the 38 haplotypes 
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2), the phenomena stressing the phylogeographical 
analysis of the HM group. As a result of its complex 
topography, the overall network gave no clear indication 
regarding demographic process (Fig. 3b), which 
indicating the uneven sampling in the Hengduan 
Mountains populations could potentially have distorted 
the frequencies in the network. The network analysis 
was partly supported by the result of mismatch 
distributions analysis and neutrality tests. The shape of 
the graph of the mismatch distribution was multimodal 
(Fig. 4a), indicating a demographic equilibrium 
(Harpending et al. 1998). The nonsignificant Tajima’s 
D value (0.904, P>0.05; Table 3) and Fu’s Fs value (-
0.876, P>0.05) support the result of mismatch 
distribution. But the low nonsignificant SSD (0.003, 
P=0.56) and Harpending’s r indices (0.010, P=0.13) of 
overall populations did not reject the recent 
demographic expansion. 

Mismatch distributions analysis indicates different 
pattern in each groups. A recent demographic expansion 
was supported by the nonsignificant SSD value and r, 
together with the unimodal shape of the graph (Fig. 4b) 
in the NW and HM groups (Table 3). But neutrality 

tests statistics produced nonsignificant Tajima’s D and 
Fu’s Fs values (P>0.05) for the NW and HM group, 
contradicting the mismatch distribution results (Table 
3). For the C group, both the SSD value and 
Harpending’s r indices were not accepted (Table 3), 
because the group only included a private hyplotype. 
The mismatch distributions analysis and neutrality tests 
made the different results in phylogeographical 
structure for the whole species and each group, and it 
indicated the complex evolutionary history in the 
species. 

Estimates of Divergence Time 
The result of the likelihood ratio test show that the 

clocklike tree cannot be rejected at a significance level 
of 0.05 in Q. aquifolioides (δ= 83.3, d.f. = 23, P > 0.05). 
We then applied the previously reported divergence rate 
(4.636×10-10) of the trnT-L region to estimate 
divergence times of the Q. aquifolioides lineages, shown 
in Fig. 3a. The divergence time between Q. aquifolioides 
and outgroup was estimated to be 9.73±1.54Ma BP, 
and among the three main lineages was estimated to be 
9.37±1.48 Ma BP. Another main divergence tool place 
on 8.41±1.46Ma BP within GL3 (including whole HM 

Table 2. Estimates of average gene diversity within populations (HS), total gene diversity (HT), interpopulation 
differentiation (GST) and number of substitution types (NST) (mean ± SE in parentheses) 

Populations HS (SE) HT (SE) GST(SE) NST(SE) 
Overall 0.363 (0.0655) 0.977 (0.0215) 0.629 (0.0638) 0.946 (0.0129)*** 

NW group 0.205 (0.1256) 0.648 (0.1925) 0.684 (0.0238) 0.973 (0.0067) 
C group NA NA NA NA 

HM Group 0.452 (0.0712) 0.994 (0.0107) 0.546 (0.0727) 0.902 (0.0142) *** 
Note: ***, P < 0.01. NA: not accepted 

 
Fig. 4. Mismatch distribution of the Quercus aquifolioides cpDNA trnT-L region in the overalll population sampled 
and in NW and HM groups 

Table 3. Results of the mismatch distribution analysis and neutrality tests in the overall populations and in each 
group 

Populations Tau SSD P-value r P-value D P-value Fs P-value 
Overall 9.24 0.003 0.56 0.010 0.18 0.904 0.79 -0.876 0.53 

NW group 0.00 0.459 0.00 0.259 0.97 3.831 1.00 16.936 0.997 
C group NA NA NA NA NA NA NA NA NA 

HM group 6.02 0.001 0.91 0.003 0.98 0.7734 0.80 -3.642 0.224 
SSD, sum of squared deviation under expansion model; r, Harpending’s raggedness index; D, Tajima’s D test statistic; Fs, Fu’s Fs test statistic. NA: not accepted. 
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group) and made the lineage into two subclades. The 
minimum divergence time between haplotypes in 
phylogenetic tree was about 0.77Ma, which was long 
before the LGM (20ka BP). 

DISCUSSION 
Adaptive divergence to different ecological niches 

due extensive distribution could explain the species 
identification failure for this group. 

Genetic Diversity and Variation of cpDNA in Q. 
aquifolioides 

High genetic diversity (HT = 0.977) was observed in 
our study although life history traits of Q. aquifolioides 
being traits associated with low total genetic diversity 
(Hamrick and Godt 1996). The species had the highest 
total genetic diversity among all the plant species 
surveyed on the QTP and Southwest China regions 
(HT= 0.27~0.97) (Qiu et al. 2011), and it extremely 
higher than Tsuga dumosa (HT=0.45 by mtDNA) (Cun 
and Wang 2010) with similar distribution. And 
compared with other surveyed oak species with a similar 
life history traits (Chen et al. 2012, Magni et al. 2005, 
Magri et al. 2007, Petit et al. 2002), the number of 
haplotypes and total genetic diversity (HT) were also 
significantly higher. Species genetic diversity and 
population structure can be affected by life history traits 
(e.g., life cycle, seed dispersal, breeding system, 
pollination mechanism) (Hamrick and Godt 1996) and 
environmental effects (e.g., geographical range, climate, 
topography) (Nybom 2004, Nybom and Bartish 2000). 
And high genetic differentiation (GST=0.629) was also 
found in Q. aquifolioides, greatly exceeding the mean 
value for outcrossing species (GST=0.29) reported by 
Nybom and Bartish (2000). In our study, two factors 
were the most likely reasons for this genetic structure of 
populations of Q. aquifolioides.  

First and foremost, complex topography and 
climate, and heterogenous habitat may lead to 
population isolation and promote relative high genetic 
differentiation among populations. A significantly larger 
NST (0.946) than GST (0.629; P < 0.01) were existed, 
likely to most of plant species surveyed on the QTP and 
its adjacent areas (Qiu et al. 2011), and indicates limited 
gene flow among populations in the species. Thus, rich 
haplotypes in Q. aquifolioides have probably from limited 
gene flow among populations and this diversity appears 
to result high among-population genetic variation. 
Genetic variation was mostly found among populations 
within group (59.1%), it also suggested that there was 
very little gene flow among populations and a long 
difference among populations. And the species 

distribution also contributed to the result, because most 
populations of this plant are spatially isolated, especially 
in the Hengduan Mountains region (Fig. 1). Compare 
with Q. aquifolioides, the less number of haplotype 
(n=13) (Huang et al. 2002) and lower HT (0.66) and 
GST (0.56) of Q. glauca, one of closely related species and 
outgroup in this study, indicate the reason. Because the 
distribution region (mainly in East China) (Ni and 
Song 1997) of Q. glauca was less complex and 
heterogenous than the HHMs region, although its 
distribution was larger than Q. aquifolioides.  

The complex topography can also explain the high 
gene diversity in HM group populations. Notably, the 
intersecting valleys of the Hengduan Mountains region 
lead to a larger altitudinal amplitude of approx. 400 m 
in the HM region. This larger altitudinal amplitude 
resulted in a larger climatic buffer of ca. 2-3℃ (0.54-
0.71℃ ⁄ 100 m; Zhang, 1998) and thus provide 
abundant niches for Q. aquifolioides populations. We 
hypothesis the different populations of Q. aquifolioides 
expansed in the interglacial and shrunk in the glacial 
along with elevation during the LGM, and they did not 
mix with each other because the large attitudinal 
amplitude. The different niches and isolation by large 
attitudinal amplitude provided high gene diversity of 
the populations in the Hengduan Mountains region.  

 The other factor may be related to different 
molecular method, because gene diversity of most oak 
species (HT=0.38-0.82, GST=0.74-0.96) (Magni et al. 
2005, Magri et al. 2007, Petit et al. 2002) analyzed by 
cpDNA PCR-RFLP method were lower than Q. 
aquifolioides by cpDNA sequence. Furthermore, when 
applying to the same plant materials, direct comparisons 
between the different methods indicate somewhat 
lower similarity between the dominant markers 
(RAPD, AFLP, and ISSR) and the SSR-based data 
(Nybom 2004). For example, the gene diversity is 
significantly different using two molecular marks in 
study on Terminalia franchetii (Ni and Song 1997, Zhang 
and Sun 2011), HT=0.78 by cpDNA sequence and 
HT=0.11 by AFLP. 

The Quaternary Glaciations and Modern 
Distribution of Q. aquifolioides 

Now it was well known that the postglacial 
recolonization during the Quaternary has greatly 
affected the present distribution pattern and 
phylogeographic structure of plant species (Abbott et al. 
2000, Chiang and Schaal 2006, Fujii and Senni 2006, 
Hewitt 1999, 2004, Petit and Vendramin 2007, Petit et 
al. 1997, Qiu et al. 2011). In the present study, 33 
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haplotypes (of total 38) were private and scattered over 
the distribution range (Fig. 2). According to 
Opgenoorth et al. (2010), such a spatial genetic pattern 
can be attributed to homoplasy, long-distance dispersal 
events during recolonization or to the fragmentation of 
formerly more widespread haplotypes. As they 
mentioned, homoplasy is unusual in the conservative 
chloroplast genome (Rokas and Holland 2000).  

Furthermore, our result suggested that the presence 
of these disjunctions also seems to contradict postglacial 
recolonizations just as above mentioned classical glacial 
‘tabula rasa’ scenario, i.e. forests on the Tibetan Plateau 
assumes the complete extinction of the former 
interstadial forests and postglacial recolonization from 
southern and eastern macrorefugia located in the deep 
valley gorges (Tang and Shen 1996). Firstly, if an 
average mutation rate of 4.636×10-10 substitutions per 
site per year (Ma 2006) in Q. aquifolioides cpDNA 
sequence, a single mutation in one of 1400bp sequence 
should take place every ca. 3000k years. And dispersal of 
private haplotypes to single populations throughout the 
range was very time-consuming and unlikely within a 
time span of 20ka BP or less following the LGM. So the 
high amount and even distribution of private haplotypes 
throughout the range of Q. aquifolioides distributional 
region provides a very strong argument against this 
scenario. On the other hand, the minimum divergence 
time in phylogenetic tree (ca. 0.7Ma, Fig. 2a) was long 
before the LGM, in another words, the private 
haplotypes shaped long before the 20Ka BP. 
Additionally, if postglacial recolonization had existed 
after the glacier, successive founder events during the 
recolonization would have led to a decline of 
intrapopulation diversity along the recolonization route 
(Comps et al. 2001, Hewitt 1996). And one high 
haplotypes diversity population would exist in supposed 
refugium, considering that they had at least an order of 
magnitude more time for haplotype accumulation. This 
phenomenon strongly rejected by the molecular results, 
and the population (7) and other Hengduan Mountains 
populations which having high diversity did not 
contribute to the current edge populations, a potential 
recolonization would have had to follow an east-west 
route (from the Hengduan Mountains to the Himalaya) 
(Cun and Wang 2010). Finally, the fossil evidence also 
confirmed with it, and strongly suggests that Quercus 
section Heterobalanus was distributed in approximately 
the same areas as today before the Pliocene (Zhou 
1992). In other words, the modern geographic 
distribution of Q. aquifolioides didn’t greatly change 
position as time passes. And the region was similar to 

potential major refugia in the HHMs region for plants. 
So it suggested that Q. aquifolioides didn’t take a 
demographic expansion at least from the Pliocene. 
These results, with significant interpopulation 
differentiation and phylogeographical structure, 
indicate the modern distribution of Q. aquifolioides was 
not strongle correlation with the Quaternary 
glaciations. 

Impacts of Mio-Pliocene growth of the QTP on 
phylogeography structure and differentiation of 

Q. aquifolioides 
The genetic data presented here together with fossil 

evidence also strongly suggest that the Q. aquifolioides 
forest were remnants of a former interstadial forest, that 
were fragmented before the most extensive the LGM 
according to the minimum divergence time in 
phylogenetic tree(ca. 0.7Ma, Fig. 2a). Namely, the 
spatial genetic pattern of the species can be attributed to 
the fragmentation of formerly more widespread 
haplotypes. The earliest fossil of Q. aquifolioides was 
from Wulong Fornations (ca. 15 Ma) (Spicer et al. 
2003). From that to the early Quaternary, conifer and 
broad-leaved frosts, containing Q. aquifolioides, were 
predominant in the southern QTP, almost the same 
region of present distribution (Tang and Shen 1996, 
Zhou 1992). The case may support that the private 
haplotypes of Q. aquifolioides originated from multiple 
differentiations during a long period. The estimated 
minimum divergence time (more than 0.7Ma, Fig. 2a) 
by phylogenetic tree would support the private 
haplotypes have a long history before the LGM. The 
case suggests that these haplotypes of Q. aquifolioides 
went through the LGM and possibly some other 
Quaternary glaciations in their respective locations. And 
multiple microrefugia existed throughout the present 
distribution long before the LGM, supporting by a lot 
of private haplotypes and high genetic diversity and 
differentiation among populations. So the present 
distributional patterns of Q. aquifolioides could well be 
explained by the late Cenozoic palaeogeographical 
evolution of the QTP.  

The uplift of the QTP has been a fascinating 
geographic event in the Cenozoic. In the last 20 years, a 
number of geodynamic reconstructions of the QTP 
have been advanced (An et al. 2001, Li et al. 1979, 
Molnar 2005, Molnar et al. 2010, Zhong and Ding 
1996). Although the detail process and date of uplift is 
very complex and the uplift history is hardly 
reconstruction at all, more and more data suggest that 
there are three main strong tectonic movements in the 
QTP during the Neogene (An et al. 2001, Wang et al. 
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2003). These three main tectonic uplift and exhumation 
stages were variance in different regions: ① 23-21, ca. 
8 and since 3.6Ma on the northeastern margin of the 
QTP; ② 25-17, 13-8 and since about 5Ma on the 
Eastern margin of the QTP (eastern Tibet-western 
Sichuan-western Yunnan); and ③ 25-20, 17-12 and 
since 3Ma on the southern margin of the QTP 
(Himalayan areas). For species with a long history, the 
process of uplift should affect their evolution and 
dispersal and make imprints in their phylogeographic 
structure, it implies that Q. aquifolioides would disperse 
and differentiate together with the Mio-Pliocene uplift 
of the QTP.  

The phylogenic tree shows that two main genetic 
bottlenecks had gone within the species. The first took 
place before 9.37±1.48Ma BP (Fig. 2a) and resulted in 
the extinction of all the relative lineages of the present 
populations. And all the haplotypes of Q. aquifolioides are 
split into three lineages in phylogeny at that time (Fig. 
2a). The second bottleneck occurred on 8.41±1.46Ma 
BP and eliminated the traces of dispersal and 
differentiation within GL3. These two main genetic 
bottlenecks at approximately 9.0Ma BP could be the 
result of the abrupt uplifting the Eastern margin of QTP 
beginning just before the bottleneck, together with a 
great climate change at 13-8Ma BP (An et al. 2001, 
Molnar et al. 2010). Quade et al. suggested a 
strengthening of the South Asian monsoon at ca. 10-
6Ma according to abrupt changes in δ13C and δ18O 
values in pedogenic carbonates from northern Pakistan 
(Quade et al. 1989). Much subsequent work, such as 
paleoceanographic data obtained from ocean (Li et al. 
2004, Wang et al. 2003), the Loess Plateau demonstrate 
(Ding et al. 1999, Qiang et al. 2001, Sun et al. 1998) and 
so on, suggested a great climatic change near 10-8Mya. 
And these have been attributed by some researchers to 
uplift of the QTP at about the same time (An et al. 2006, 
Kutzbach et al. 1989, Li 1991, Li et al. 2001, Molnar 
2005, Shi et al. 1999, Wang et al. 2002). And these 
climatic changes make the center and northern QTP 
more drought supported by a marked change in pollen 
near 9Ma (Ma et al. 1998) and eolian flux (Sun and An 
2002), with grass pollen becoming dominant at that 
time on the northeastern margin. It implicated that the 
climatic condition was not ideal to Q. aquifolioides, so the 
tree disappeared from these regions. Meanwhile, the 
paleoelevation were different in southern and eastern 
margin which the survival distribution of Q. aquifolioides 
at that time, such as ~5000m at southern margin (Tibet, 
Gyirong) (Rowley et al. 2001) and ~2000m at eastern 
margin (Yunnan, Yongping; J Frederic, unpublished 

data). In a reasonable conclusion, the topological and 
climatic changes in the late Miocene (13-8Ma) just 
make the three main genetic bottlenecks in Q. 
aquifolioides i.e. populations in the northwestern region, 
center region and Hengduan Mountains. The possible 
divergent process was as following: first, the center and 
northern QTP drought made the north and south 
populations divergent and resulted into two different 
lineages (NW group and other all). The different 
evaluation in south and east margin made the C group 
and HM group divergence. Another notably 
differentiations were within the GL2 and subclade 
GL3b at ca. 6.2Ma, it could confirm with mountain 
building at 6-5Ma in the W Sichuan Plateau (Kirby et 
al. 2002) and since 7Ma in the eastern Himalayan 
syntaxis (Zhang et al. 2004a) causing by the uplift. 

We also noticed another genetic differentiation in 
our phylogenetic tree might correlate with the uplift of 
the QTP and the surroundings in the Pliocene. The 
differentiation within subclade GL3a at ca. 3Ma could 
be explained by the abrupt uplifting of northeastern 
QTP at ca. 3.6Ma (Fang and Li 2003, Li et al. 1979) 
together with a sudden climate decline at approximately 
same time. Numerous studies have ascribed 
paleoclimatic changes in Asia near 3Ma to an alleged rise 
of Tibet at that time (Fang and Li 2003, Li et al. 2001, 
Molnar et al. 2010, Wang et al. 2011). And several 
genetic differentiations within subclade GL3b at about 
2Ma could also confirm with the uplift of the QTP 
since ca. 3.6Ma. It implicated that the asynchronous and 
heterogeneous uplifting of QTP in different regions can 
have erased the genetic effect of dispersal and evolution 
of Q. aquifolioides during 10-0.7 Ma (Fig. 2a) and thus 
explained the difference time of the bottleneck in the 
different regions.  

In conclusion, the Mio-Pliocene growth of the QTP 
and the accompanied climatic changes could account 
for the modern pattern of Q. aquifolioides phylogenetic 
structure in the HHMs region, and even in the QTP 
and its surrounding. These results clearly contradict the 
former perception of forest glacial history on the 
southern Tibetan Plateau (Qiu et al. 2011). And it also 
was significantly different from the Himalaya hemlock, 
Tsuga dumosa, although both of them were endemic 
species in the HHMs region with similar distribution 
(Cun and Wang 2010). Our findings stress the potential 
for Neogene tectonic events may leave their footprint 
on modern population genetic diversity/differentiation. 
Similar cases have recently been made for Quercus suber 
in the Mediterranean basin (Magni et al. 2005, Hampe 
and Petit 2007) where the pattern was correlated with 



 
 
Yang et al. 
 

 
910  Ekoloji 28(107): 899-914 (2019) 
 

the break up and separation of several microplates 
during the Miocene, suggesting that part of the modern 
geographical structure of the species may be traced back 
to the Tertiary history of taxon. Furthermore, our 
results also stress the hypothesis of Zhou et al. about 
Quercus section Heterobalanus having a former 
interstadial forest and the importance of small separate 
surviving populations for a species’ demographic and 
evolutionary history (Zhou et al. 2003). But the 
phylogeographical structure of the species was very 
complex because the conflict conclusion was resulted by 
the mismatch distributions analysis and neutrality tests. 

And this issue also raises the question whether other 
genetic markers, evolving at faster rates than cpDNA, 
would provide a different microevolutionary scenario 
and whether other the QTP endemic species has similar 
evolutionary histories. It is necessary for further studies 
on different taxa and molecular markers. 
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