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SUniversity of Chinese Academy of Sciences, Beijing, China

Both changing tectonics and climate may shape the phylogeographic patterns
of plant species. The dry-hot valleys in southwestern China harbor a high
number of endemic plants. In this study, we investigated the evolutionary
history and potential distribution of an endemic shrub Himalrandia
lichiangensis (Rubiaceae), to evaluate the effects of tectonic and climatic
processes on this thermophilic plant species from the dry-hot valleys. By
sequencing DNA from four plastid non-coding regions (psbM-trnD, trnD-
trnT, atpB-rbcl and accD-psal) and the CAMX1F-CAMX2R region and ITS for
423 individuals from 23 populations, we investigated the genetic diversity,
phylogeographical pattern and population dynamics of H. lichiangensis. We
found a high degree of differentiation in H. lichiangensis during the middle
Miocene (15-13 Myr), possibly triggered by the rapid tectonic uplift event in this
period area. accompanied by frequent orogeneses in this period. This
hypothesis is also supported by the association between genetic
differentiation and altitudinal gradients among populations. The middle reach
of the Jinsha River, which harbors the greatest genetic diversity, is most likely to
have been a refugia for H. lichiangensis during Quaternary. We also detected a
strong barrier effect between the Nanpan River and Jinsha River, suggesting the
river system may play a role in geographical isolation between clades on both
sides of the barrier. The Maximum Entropy Model (MaxEnt) results showed that
future climate warming will lead to the niche expansion in some areas for H.
lichiangensis but will also cause a scattered and fragmented distribution. Given
the high among-population differentiation and no recent expansion detected
in H. lichiangensis, its current phylogeographical pattern is possibly due to a
long-term geographical barrier caused by uplifting mountains since the
Miocene, as well as Quaternary climate refugia isolated also by high
mountains. This study illustrated tectonic and climatic processes may have a
continuous effect on plant phylogeography and offers insights into the origin of
biodiversity and endemism in the dry-hot valleys of southwestern China.
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Introduction

The uplift of the Tibetan Plateau is one of the most
significant geological events during the Cenozoic, altering both
the Asian topography and climate (Guo et al.,, 2002; Su et al,
2014; Yuan et al.,, 2022). Since the Miocene, the southeastern
Tibetan Plateau (STP) topography has been markedly changed
(Zhang et al,, 2016), forming many dry-hot river valleys that
have influenced the distribution pattern of species (Yin et al,
2020). Because of the preponderant roles of geological
and climatic events at different time scales, plenty of
phylogeographical and biogeographic studies have emphasized
these factors for understanding the biogeographic history,
diversification, and intraspecific genetic structure of plant taxa
(Hickerson et al., 2010). However, how these two processes act to
influence the phylogenetic structure of some plant species
remains to be studied (but see Kou et al., 2016).

The Hengduan Shan located in the STP, has long been
considered a refuge for plants in the northern temperate zone
during the Quaternary glacial periods, and it has become an
important source and radiation area for plants (Wang, 2000).
With the uplift of the STP, ridge-valley landform of this region
has been shaped by several large rivers, and then leading to a
unique vegetation adapted to this hot and dry climate (Harrison
and Noss, 2017). The main rivers in the Hengduan Shan are the
Salween (Nu River), Mekong (Lancang River), and Jinsha River
and its tributaries (including the Yalong River, Dadu River, and
Min River) in Yunnan and Sichuan Provinces (Sun et al., 2022).
Despite the harsh dry climate of the dry-hot valleys in
southwestern China, it harbors more than 1700 plant species,
belonging to 752 genera and 165 families, most of them
subtropical, with few tropical and warm-temperate species. In
particular, the high endemism (ca. 37%) of plant taxa in the dry-
hot valleys makes it a hypothetical refuge during the Quaternary
glacial periods (Ou and Jin, 1996).

Understanding the origin, evolution and historical dynamics
of endemic and endangered taxa from dry-hot valleys as well as
the underlying mechanisms can help us to better unravel their
evolutionary processes and manage their conservation. There are
some studies regarding the genetic structure and speciation of
xeric plants in the dry-hot valleys in southwestern China, such as
shrub Trailliaedoxa gracilis (Rubiaceae) (Jia et al., 2016), small
tree Leucomeris decora and Nouelia insignis (Asteraceae) (Zhao
and Gong, 2015), shrub and Hibiscus aridicola (Malvaceae)
(Zhang et al.,, 2019). However, these cases mainly focused on
restricted regions and could not reveal the regionallly
evolutionary relationship. One example is the modern disjunct
distribution of Terminalia franchetii (Combretaceae) from the
dry-hot valleys, which is associated with patterns of cpDNA
haplotype variation, resulting from vicariance caused by several
river separation and capture events (Zhang et al., 2011). Another
study on Sophora davidii (Fabaceae) exemplified the utility of
comparing chloroplast and nuclear DNA variability and
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suggested a major phylogeographical break in cpDNA
associated with the “Tanaka-Kaiyong Line” (TKL), and that
the complex geological and climatic changes in HDM area
played a decisive role in the west-east differentiation of S.
davidii (Fan et al,, 2013). These previous studies suggested that
geological events and biogeographical barriers had an indelible
effect on genetic divergence and vicariant isolation of
southwestern China, particularly in dry-hot valleys, while
comprehensive studies are still limited in illuminating how
both geological and climatic processes shaped the temporal
phylogeographical patterns and evolutionary processes of the
species assemblies of this region (Zhu et al., 2020).

Himalrandia lichiangensis (W. W. Sm.) Tirveng. is an
inermous perennial shrub (Figure 1) and is endemic to the
dry-hot valleys in southwestern China, especially in the drainage
area of the Jinsha River. Field survey indicated that its
distribution range includes the drainage areas of the Jinsha
River, Red River and Nanpan River, with an elevation range of
1200-2500 m. In this study, to investigate the phylogeography of
this species, we established three major predictions: first, there
should be significant genetic differentiation among the
populations of H. lichiangensis owing to its low seed dispersal
capability and the geographical isolation imposed by the
mountains and rivers; second, considering its variable
elevation and the preference for dry-hot valleys, we predicted
both tectonic and climatic events impacted the
phylogeographical pattern of H. lichiangensis in different
periods; third, due to its thermophile nature, we predict the
distribution of H. lichiangensis may been affected drastically in
the future because of global warming.

Materials and methods
Field sampling

We collected a total of 423 H. lichiangensis individuals from
23 sites covering almost the entire range of the species (Table
S1). We chose 20 individuals from each population for
genotyping, except for three populations, due to lack of
individuals could not be found. Young and green leaf
materials were stored with silica gel for DNA extraction.
We designated two Tarenna species (Tarenna attenuata and
Tarenna depauperata) from Rubiaceae as outgroup, which were
sampled from cultivated materials kindly provided by the
Xishuangbanna Tropical Botanical Garden, in Yunnan Province.

DNA extraction, PCR amplification, and
DNA sequencing

Genomic DNA was extracted from the silica-dried leaves
using the CTAB method (Doyle, 1991). Four chloroplast DNA
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FIGURE 1

Himalrandia lichiangensis (A) Plant and habitat, (B) Leaves, (C) Flower, and (D) Fruit.

regions were amplified and sequenced: trnD-psbM, trnD-trnT,
accD-psal, atpB-rbcL, using the primers described in a previous
study (Shaw et al., 2007). Additionally, the coding region
CAMX1F-CAMX2R (Strand et al, 1997) and the ITS4-ITS5
region (White et al., 1990) were amplified and sequenced for
all samples. PCR and sequencing protocols were followed as in
the studies in which those primers were described. A congruency
test for the four combined cpDNA regions used in this study
showed a significant rate of homogeneity (P > 0.5) by PAUP v
4.0b10 (Swofford, 2003), suggesting a high degree of
homogeneity of the cpDNA regions by PAUP v 4.0b10. All
cpDNA sequences were combined and regarded as a whole in
the following analyses. Sequences were aligned using CLUSTAL
X v.1.83 (Thompson et al., 1997) and double-checked manually.
Nuclear genes often had heterozygous sites in some individuals,
which were identified by overlapping peaks in chromatograms.
The algorithms of PHASE (Stephens et al., 2001) in the software
package DnaSP v.5.0 was used to resolve the nuclear sequences
(Rozas et al., 2003).

Genetic diversity, genetic differentiation
and haplotype network construction

We calculated average within-population haplotype

diversity (Hs), total diversity (Hy), the level of population
differentiation (Ggr and Ngr) as well as the genetic
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differentiation (Fsr) at the species level. The U test was used to
determine whether Ngr was significantly greater than Ggr (Pons
and Petit, 1996). If Ngr>> Ggr, it indicated that there was
significant phylogeographic structure among populations (Nei,
1973). All these parameters were calculated using the program
Permut v.1.0 (Pons and Petit, 1996). The software GenALEx
v.6.0 (Peakall and Smouse, 2006) was used to calculate the
geographical distance between each population pair, and a
Mantel test (Mantel, 1967) implemented in the GenALEx v.6.0
software was used to compare the correlation between
geographical distance and genetic distance. We used Arlequin
v.3.1 (Excoffier et al,, 2005) to conduct the analysis of molecular
variance (AMOVA) to estimate genetic variation within and
among populations. To test whether H. lichiangensis has
undergone recent demographic population expansion events,
we calculated Tajima’s D (Tajima, 1996) and Fu’s Fs (Yun, 1997)
of each population and all populations together using the
program DnaSP v.5.0 (Rozas et al., 2003). We also plotted the
mismatch distribution as the observed number of differences
between pairs of haplotypes using DnaSP v.5.0 (Rozas et al,
2003). These neutrality test statistics detect departures from
population size equilibrium caused by population expansions
or bottlenecks (Korneliussen et al., 2013).

Genealogical relationships among haplotypes were inferred
from an unrooted statistical parsimony haplotype network as
estimated by NETWORK v.4.2 (Bandelt et al., 1999), with 95%
most parsimonious connection. The geographical distribution of
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haplotypes and sampling localities were plotted in ArcGis v.10.5
(https://developers.arcgis.com). Phylogenetic reconstructions of
ITS ribotypes were implemented in IQTREE v.2.1.1 (Minh et al.,
2020) to infer the maximum-likelihood (ML) tree using the
ultrafast bootstrap approximation method (Hoang et al., 2018)
with the best fitting GTR + F + I model and 1000 bootstrap
replicates. The abundance of ITS ribotypes across the 23
populations was depicted using the online program iTOL
(https://itol.embl.de; Letunic and Bork, 2019). In addition, we
tested whether significant difference in altitude exists between
population groups revealed by ITS haplotypes. A simple t-test
was performed among groups by using R package ggsignif (Lan
et al., 2019).

Divergence time estimation and
BARRIER analysis

Before the haplotype divergence time inference, we first
investigated the systematic position of H. lichiangensis in
Rubiaceae by phylogenetic reconstruction using rbcL gene
(Bremer et al., 1995). rbcL gene data of 40 species from three
subfamilies of Rubiaceae were downloaded from NCBI, and a
Bayesian Inference (BI) was conducted with two species as
outgroup (Ligustrum vulgare and Kopsia fruticosa). BI analysis
was conducted in MrBayes 3.2 (Ronquist et al., 2012) by running
10° generations with every 100th generation sampled from the
chain. The first 20% of the trees were discarded as burn-in, and
the remaining were used to generate a majority-rule consensus
tree and estimate the posterior probability. The program
jModeltest v.2.1 (Darriba et al, 2012) was used to determine
the best-fitting model for the matrix of sequences. The Bayesian
tree of Rubiaceae using the rbcL gene showed a close relationship
of H. lichiangensis and T. drummondii (in the same genus as the
outgroup species T. depauperata and T. attenuate used in this
study, Figure S1). Age estimation was implemented in BEAST
v.1.8.4 (Drummond and Rambaut, 2007). We chose the
uncorrelated lognormal relaxed clock model as the clock
model because it was favored by the prior nested sampling
(NS) model selection test in BEAST. BEAST was run for a total
of one billion generations with a sampling frequency of 5,000
generations. Tracer v.1.6 was used to check the convergence of
chains to the stationary distribution (effective sample size > 200).
The first 2,500 trees were discarded as burn-in, the remaining
trees were summarized as a maximum clade credibility tree
using TreeAnnotator. Using relaxed molecular clock, we further
calibrated the common ancestors of H. lichiangensis and
Tarenna drummondii as diverging at about 27.3 Ma (95%
highest posterior density, HPD:21.3-33.3 Ma) according to a
previous molecular dating study (Bremer and Eriksson, 2009).
To test if physical barriers (river system) have impending
influence to gene flow, we used BARRIER v.2.2 (Manni et al,
2004) to detect whether significant geographic isolation barriers
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exist between different populations. We used Arlequin v.3.1
(Excoftier et al,, 2005) to calculate the matrix of Nei’s genetic
distance (Nei et al., 1983) between populations, and 1000
repetitions were run for the significance test of each
potential barrier.

Ecological niche modelling

To reconstruct past and future shifts in the distribution of H.
lichiangensis, we estimated its potential distribution range in
four periods (Last Inter Glacial, LIG; Last Glacial Maximum,
LGM; present; future, 2070s) using all available 23 presence
records by niche modeling based on 19 bioclimatic variables
(Zhang et al., 2020) (http://www.worldclim.org/) and altitude
data (http://www.geodata.cn). The maximum spatial resolution
of 19 bioclimatic and altitude data is 30"x30" (~ 1 km?), and the
LGM and future data are derived from MIROC climate model
(Watanabe et al, 2011), LIG data from Community Climate
System Model (CCSM). For climate data in the 2050-2070
period, we selected the carbon dioxide concentration pathway
RCP8.5 (Ford et al., 2012). The maximum entropy method
(MaxEnt; Elith et al., 2006) was used to build a niche model
for H. lichiangensis (Hernandez et al., 2006). Models were
estimated from the average of 10 replicates and model
performance was estimated using 25% of the points to test the
model; the remaining points were used for training. Model
performance was evaluated using the area under the curve
(AUC) of the receiver operating characteristics (ROC) curve
following Ortega-Huerta and Peterson (2008). To minimize
biased fitting of the niche models, pairwise correlations among
the 20 variables were calculated using the SPSS software (IBM,
Shanghai, China). Only variables with a correlation coefficient
r < 0.7 were selected. For variable pairs with r > 0.7, one of the
two variables was selected (Yang et al., 2022). Finally, seven
environmental variables (bio2, bio4, bio6, bio12, biol3, biol4
and altitude data) were selected to construct the models. ArcGIS
v.10. 5 software was used to visualize the Maxent model
operation result graph, and divide the suitability distribution
area. Suitability was divided into three grades by reclassify tools
in ArcGIS v.10. 5 (Yang et al., 2013): lowly suitable (0-0.4); sub-
suitable (0.4-0.6); highly suitable (0.6 ~ 1).

Results

Sequence characteristics, genetic
diversity and differentiation

For all individuals, the aligned sequences lengths of the
combined cpDNA, ITS and CAMX regions were 3448 bp,
643bp and 854bp, respectively, and 19 cpDNA, 21 ITS and 15
CAMX haplotypes were identified, respectively. Genetic diversity
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indices of total nucleotide (Pi) and haplotype diversity (Hd) for
all populations were summarized in Table S1. Total genetic
diversity (Ht = 0.952, 0.785, 0.812 from cpDNA, ITS and
CAMX, respectively) was higher than the average
intrapopulation diversity (Hs = 0.124, 0.197 and 0.053 from
cpDNA, ITS and CAMX, respectively), resulting in high levels of
genetic differentiation (Table 1). The U tests showed that Ngr
was significantly greater than Ggr (P = 0.006, 0.005, 0.044 for
cpDNA, ITS and CAMX, respectively), implying that there is
correspondence between haplotype lineages and geographic
distribution. The results of the Mantel test revealed the same
pattern, namely, there is a significant positive correlation
between genetic and geographical distance (cpDNA: r = 0.182,
P < 0.05; ITS: r = 0.354, P < 0.05; CAMX: r = 0.331, P < 0.05),
which indicated that the genetic pattern of this species was in
accord with the Isolation by Distance model (IBD; Figure S2A).

The AMOVA revealed that 89.80% of the genetic variation was
presented among populations and 10.20% was within populations
at the cpDNA level, consistent with the nDNA data, meaning that
genetic variation existed predominantly among populations
(Table 2). In addition, we detected high level of genetic
differentiation (Fsr = 0.898, 0.846, 0.957 from cpDNA, ITS and

10.3389/fpls.2022.1002519

CAMX, respectively). The results of the mismatch distribution
analysis displayed a multimodal distribution pattern (Figure S2B)
with non-significant positive values of SSD (Table 3), which
indicates that the species has not undergone a recent population
expansion. This conclusion is also supported by neutrality test,
which yielded positive values in most results (Table 3).

Haplotype distribution patterns
and phylogenies

For cpDNA (Figure 2A), H1 was the most frequent
haplotype, distributed among all populations and showing a
conspicuous disjunct distribution pattern between the Jinsha
River and southern Nanpan River systems. In contrast, H8 was
mainly found in Middle Jinsha River (NL, HP), Dadu River (LD)
and the Red River (HT). It is noteworthy that LD is the only
population found in the Dadu River basin, which is the tributary
of Lower Jinsha River. In addition, H13 is found only in the
Middle Jinsha River (YG, JP and XY), and so is H14. For the
nuclear region CAMX, 15 haplotypes were detected (Figure 2B).
C2 was the most dominant haplotype (Jinsha River: CH, DL, EY,

TABLE 1 Genetic diversity, differentiation indices for the combined cpDNA and nDNA in this study.

Markers Hg Hy

cpDNA 0.124 (0.0410)
ITS 0.197 (0.0592)
CAMX 0.053 (0.0337)

0.952 (0.0225)
0.785 (0.0493)
0.812 (0.0607)

GST N ST

0.925 (0.0317)
0.749 (0.0696)
0.934 (0.0398)

0.959 (0.0228)
0.842 (0.0562)
0.960 (0.0276)

Hy, total genetic diversity; Hs, average intra-population diversity; Ngy and Ggr, gene differentiation coefficient.

TABLE 2 Analysis of molecular variance (AMOVA) based on cpDNA and nDNA haplotype frequencies for populations.

Markers  Source of variation df Sum of squares  Variance components  Percentage of variation Fsr Nm

cpDNA Among populations 22 991.146 2.32600 Va 89.80% 0.898 0.029
Within populations 400 110.750 0.26432 Vb 10.20%

ITS Among populations 22 1353.471 1.66622 Va 84.55% 0.846 0.046
Within populations 823 326.900 0.39721 Vb 15.45%

CAMX Among populations 22 1035.059 1.22052 Va 95.68% 0.957 0.011
Within populations 823 47.550 0.05516 Vb 4.32%

Fsr, genetic differentiation; Nm, gene flow; df, degree of random.

TABLE 3 Parameters of neutrality tests and mismatch analysis (*P<0.05).

Markers Tajima’s D Fu’s Fs Raggedness SSD

cpDNA 2.00446 3.232 0.0177 0.04772

ITS 2.61304* -0.015 0.1357 0.01788

CAMX 0.82801 0.148 0.0391 0.00202

SSD, The variance of an observation of a point of difference with an expected value.
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FIGURE 2

Geographical distribution of haplotypes and BARRIER analysis of H. lichiangensis. (A—C) Haplotype distributions for 23 populations based on (A)
cpDNA, (B) CAMX, and (C) ITS data matrices. Frequencies of haplotypes in each population are indicated by the pie diagrams. The lower left
inset of each panel are results from haplotype network analyses. (D) BARRIER analysis based on combined nDNA data. The detected barriers are
indicated by heavy red lines. Numbers near the lines indicate bootstrap support.

HL, HP, JP and SY; Red River: LZ, XG). Of the 15 haplotypes, 10
were private haplotypes (C3, C4, C6-Cl11, C14 and C15), which
mainly occurred in the Middle Jinsha River (JP, MD, WM and
YG) and the Red River (HT). For the ITS, a total of 21
haplotypes were detected (Figure 2C). T1 is shared by three
basins, including the Red River (LZ, XG), Nanpan River (XS, AS
and HD) and the Middle Jinsha River (HP, MD, SY, WM,
XYand YG). Furthermore, a total of 11 private haplotypes (T4,
T7, T9-T12, T14, T17, T18, T20 and T21) were found, mainly
distributed in the Middle Jinsha River (DL, HP, JZ, SY and WM)
and the Red River (HT, LZ).

Two groups and one intermediate group were determined by
ITS haplotypes according to the distribution patterns (Group I:
AS, HD, HT, LZ, LD, NL, XS and XG; Group I1: CH, HL, DL,
KD, EY, JP, MJ and SG; intermediate: WM, MD, JZ, SY, HP, YG
and XY) (Figure 2C). Moreover, the result of haplotypes
abundance revealed that haplotype diversity was lower in both
Group I and I, while the haplotype diversity was higher in the
intermediate group (Figure 3B). It is not difficult to find that the
altitude differences among the three groups were significant
according to the t-test results (Figure 3C). The phylogeny
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produced from the analysis of 21 ITS haplotypes was well-
supported (Figure 3A). It was shown that T13, T9 and T1
were the earliest diverging haplotypes, and these haplotypes
were distributed at lower elevations.

Network analysis of the cpDNA haplotypes suggested H1 is
the haplotype with the most frequent occurrence and is located
at the center of the reticular network tree. Based on the network
analysis of the CAMX haplotypes (Figure 2B), the haplotype C2
that is located at the center appears to be the most frequent one.
The HT population from the Red River basin has a private
haplotype C3. The network analysis of ITS indicates T1 and T2
are the two most frequent haplotypes (Figure 2C).

BARRIER and divergence time estimation

The results of BARRIER analysis show that there are two
obvious isolation barriers with high bootstrap values
(Figure 2D): one is roughly located between Dongyi River
populations (MJ and EY) and Shuiluo River (NL), and the
other barrier separates the Nanpan River populations (AS, XS)
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at the right. (C) Boxplot of altitude for the three groups of H. lichiangensis. Boxplot of altitude for the three groups of H. lichiangensis. Box-and-
whisker plots indicate the median (horizontal line), 25th and 75th percentiles (bottom and top of the box), and limits of the 95% confidence
intervals (lower and upper whiskers). Dots beyond the 95% confidence intervals are outliers. *P < 0.05.

and Jinsha River populations (KD, CH). BEAST results based on
both cpDNA and nDNA datasets (Figure 4) all showed that the
first divergence of H. lichiangensis occurred during the middle
Miocene (15-13Myr). The divergence of most haplotypes were
recent with an estimate generally in the Pleistocene (around or
later than 2 Myr).

Ecological niche modelling

The accuracy of MaxEnt model was tested by receiver
operator characteristic (ROC), and the areas under receiver
operator characteristic curves (AUC) value was greater than
0.980 (Figure S3), indicating that the model had high stability
and accuracy under the condition of a sample size of 23. The
simulation results show that the current distribution area is well
captured by the niche model (Figure 5). Under the climatic
condition of the LIG, the optimal distribution area was greatly
reduced compared with the current distribution area (Table 4).
During the LGM, the suitable area expanded significantly
(Table 4), reaching the farthest north to Gansu (Figure 5B).
Surprisingly, under the future climatic conditions (in 2070s), the
suitable are lichiangensis may shrink, accompanying by a large
degree of habitat fragmentation (Figure 5D).
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Discussion

Low genetic diversity and high
differentiation by fragmentation
and isolation

The fragmentation of habitats leads to the separation of
ancestral populations, and the effect of genetic drift in a small
population is likely to be more significant (Tsaliki and
Diekmann, 2010). For H. lichiangensis that has a high
fragmented distribution range and small population sizes, our
results revealed that the genetic diversity within some
populations (such as AS, HD, XS from the Nanpan River
basin) is extremely low. The low genetic diversity of these
populations could be explained by genetic drift, in which few
haplotypes were fixed because of a bottleneck effect (Escudero
et al,, 2019). Generally, species in fragmented habitats tend to
have lower genetic diversity within populations and high genetic
differentiation among populations, which is in accordance with
our results. In addition, of the 23 populations studied, nine
contained only one haplotype (AS, HD, KD, LD, MJ, NL, SG,
XG, and XS) for both ¢cpDNA and nDNA, which further
explained the bottleneck effect or genetic drift caused by small
populations (Lefevre et al., 2004).
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Geographical isolation, mutation, turbulent environmental
factors and isolation of gene flow in plant populations can give
rise to differences in the genetic structure of populations, and
eventually lead to population differentiation (Jacquemyn et al.,
2010). In this study, we found very high genetic differentiation
among populations of H. lichiangensis with Fst value above 0.8, a
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degree that may give rise to speciation (Turner et al, 2005).
However, we failed to distinguish morphological differences in
H. lichiangensis specimens from highly diverged clades/
populations. Despite this, we cannot exclude the possibility
that divergence may have occurred in micromorphology or
unexamined traits traits, and a more detailed and carefully-
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Potential distribution of H. lichiangensis in different periods. The prediction was conducted using Ecological Niche Modelling in four periods: (A)
LIG: Last Inter Glacial, (B) LGM, Last Glacial Maximum, (C) present day, and (D) 2070s.

designed species delimitation study should be carried out in the
future given the high genetic divergence of populations
suggested by this work.

Early divergence associated with
geological events

The topography and climate changes have long been
considered as the most fundamental drivers of plant diversity
(Severin et al, 2015). Combining the haplotypes abundance
analysis and t-test results in this study (Figure 3), it is not
difficult to find that the genetic structure is to some extent
affected by altitudinal gradient, namely, the heterogeneous uplift
of HDM has driven differentiation of populations at contrasting

elevations. Further significant increases in altitude of the Tibetan
plateau are thought to have occurred about 10-8 Myr ago or
more recently (An et al., 2001).We speculated that H.
lichiangensis may have been distributed continuously and
widely in the STP until the beginning of the Miocene
(~23Myr). The rapid uplift of the STP since the middle
Miocene blocked the gene flow among populations, and
resulted in isolation, independent evolution and development
of lineages in fragmented distribution regions (Harrison and
Noss, 2017). Based on the results of BEAST, we estimated that
the time of lineage differentiation was about 15-13 Myr
(Figure 4), coinciding with the time of rapid uplift of QTP
(An et al, 2001; Wang et al., 2021). Similar patterns have been
found in other plant groups in the STP and adjacent region. For
instance, the barrier of high mountain valleys formed by the

TABLE 4 Prediction of potential suitable distribution areas of H. lichiangensis in four periods.

Period Prediction area (km?)

Lowly suitable area Sub-suitable area Highly suitable area Total suitable area
LIG 115189.49 96173.57 39071.18 250434.24
LGM 129848.64 116751.28 58764.01 305363.93
Present 9985130.44 200021.23 51352.71 10236504.38
2070s 97782.97 57273.82 4222353 197280.32

LIG, Last Inter Glacial; LGM, Last Glacial Maximum.
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uplift of QTP led to the differentiation of the two lineages in
Sinopodophyllum hexandrum (Li et al, 2011). Similarly, a
significant isolation-by-distance effect was detected across the
entire distribution of Prunus mira populations, but geographic
altitude might have more significant effects on genetic structure
than geographic distance in partial small-scale areas (Bao et al.,
2017). Besides, the genetic distribution pattern of Taxus
wallichiana suggested that the barrier of the Hengduan and
Dabashan mountains may have caused allopatric speciation
(Gao et al, 2007). Therefore, early genetic divergence of H.
lichiangensis was most likely attributed to the heterogeneous
uplift in the STP, and the subsequent microevolutionary
processes at the population level may be driven by effects of
heterogeneous habitats such as topography, altitude and
humidity (Alencar and Quental, 2021).

Glacial refuge prediction and
recent haplotype diversification
of H. lichiangensis

Regions with high genetic diversity may indicate long-term
survival of populations that have had a longer evolutionary
history than populations that expanded after the glaciations,
which is often thought of as a possible refuge for plants (Stephen
et al,, 2014). Previous studies have suggested that some species
with a refuge located on the eastern edge of the Tibetan Plateau
may have undergone expansion process after LGM (Last Glacial
Maximum). A typical example is Pedicularis longiflora, which
expanded its range from the eastern fringe (the refuge) to the
plateau, accompanied by a subsequent continuous founder effect
that significantly reduced the population diversity on the
plateau, especially in the west (Yang et al., 2008). Similarly, the
Qilian Mountain area was inferred as a potential glacial refuge,
and the southern Tibet valley was considered as a ‘microrefugia’
for Iris loczyi (Zhang et al, 2021). According to the
phylogeographical pattern of H. lichiangensis, we found both
nDNA and c¢pDNA had high genetic diversity and more
endemic haplotypes, however, in the middle reaches of Jinsha
River, making this area likely to be a glacial refuge. These
findings provided insights into the location of glacial refuges
for the species distributed in STP and supplemented more plant
species data for the response of species to the Quaternary climate
(Sakaguchi et al., 2021).

The divergence of different haplotypes of H. lichiangensis
mostly occurred during Quaternary (Figure 4), corresponding to
the glacial refuge period discussed above. Combined with the
strong barrier effect between the Nanpan River and Jinsha River
as detected by the BARRIER analysis (Figure 2D), we conclude
that the Quaternary climate change may have drastically
impacted the recent genetic divergence of H. lichiangensis,
suggesting the river system played an important role in
geographical isolation and persisting the clades (haplotypes of

Frontiers in Plant Science

10

10.3389/fpls.2022.1002519

populations) to both sides of the barrier during glaciation.
Besides, populations located in marginal distribution zones
(such as AS, HD, XS in the Nanpan River basin) have
significantly reduced genetic diversity, most likely as a result of
refuge population migration.

Ecological niche modelling

The predicted potential current distribution range of H.
lichiangensis is larger than the actual distribution. For instance,
the Yarlung Zangbo River and The Mekong River also show the
existence of suitable distribution area. This may suggest the
limited distribution of H. lichiangensis is not restricted by
present climate condition, but may be caused by habitat loss
according to our field survey. During the Quaternary glaciations,
high latitude species were affected by the spread of large ice
sheets, which fragmented the geographical distribution of many
species (Wang et al, 2013). While for some regions with
relatively low latitude in China, the complex terrain and
mountain barriers prevented the south from being covered by
large ice sheets, making it one of the most important refuges for
the southward retreat for many Tertiary relics (e.g., some
gymnosperms, Kusky et al, 2011) in East Asia during the
Quaternary glacial period. Based on the prediction of the
suitable distribution area for H. lichiangensis in each period,
LGM has the largest potential area (Figure 5 and Table 4). Hence
it seems low temperature in the glacial period does not cause the
contraction of distribution areas, but provides conditions for
expansion and possible migration for this thermophilic species.

Besides, the suitable distribution area shared by the species at
different periods tend to be refuge for the species (Tang et al.,
2018). Our Ecological Niche Modelling prediction demonstrates
that the major distribution area of H. lichiangensis is relatively
stable across all different periods, with a major potential
occurrence in the midstream of Jinsha River and the upper
reaches of the Red River (Figures 5A-D). However, contradicted
to our prediction, the potential distribution of H. lichiangensis
will become more scattered and fragmented than present in the
face of future global warming, despite few expansions were
detected (e.g., to Hainan Island, Figure 5). The contraction
pattern of H. lichiangensis is consistent with the modelling
result of another endangered species Pseudotaxus chienii from
the south and southwestern China (Zhang et al., 2020). These
results, taken together, imply that the endangered species with
limited distribution range and distinct niche preference will be
more sensitive to future climate change and prone to suffer more
severe fragmentation, even for the thermophilic species like H.
lichiangensis. Thus, immediate conservation biology studies on
pollination ecology and reproductive biology should be
undertaken, and practical conservation strategies are needed to
avoid the shrink or even extinction of H. lichiangensis in
the future.
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Conclusion

In this study, we found high genetic differentiation of H.
lichiangensis among populations, which is possibly caused by
long-term geographical isolation as no recent expansion was
detected. It is worth noting that the current population genetic
structure of H. lichiangensis is closely related to the elevation
gradient, reflecting the influence of orogeny of STP in Miocene
driven by complex tectonic movements. The Quaternary climate
change that isolated refuges, together with several river barriers
(such as Jinsha and Nanpan rivers), may have accelerated the
diversification of different haplotypes. The largest past distribution
of H. lichiangensis in LGM implied a trend of range expansion
during the ice age and contraction after the glacial epoch. Climate
warming in the coming 50 years will lead to a large decrease in the
area suitable for H. lichiangensis, which offers imperative thinking
for niche conservation and ecological restoration in dry-hot valley
areas of southwestern China. The influence of geological and
climatic events on the plant distribution in the dry-hot valley area
needs to be extended to more plant groups with long evolutionary
history in order to better understand how different factors may
interact to impact the evolutionary process.

Data availability statement

The original contributions presented in the study are
publicly available. This data can be found here: GenBank,
MW222416-MW222467, MW264453-MW264480.

Author contributions

XG and JL conceived the study. YQ, JL, and XG participated in
sampling. YQ performed the analyses and drafted the initial article,
which was then corrected and finalized by JL and XG. All authors
contributed to the article and approved the submitted version.

References

Alencar, L., and Quental, T. (2021). Linking population-level and
microevolutionary processes to understand speciation dynamics at the
macroevoluti onary scale. Ecol. Evol. 11, 5828-5843. doi: 10.1002/ece3.7511

An, Z. S., Kutzbach, J. E., Prell, W. L., and Porter, S. C. (2001). Evolution of asian
monsoons and phased uplift of the Himalayan Tibetan plateau since late Miocene
times. Nature 411, 62-66. doi: 10.1038/35075035

Bandelt, H. J., Forster, P., and Rohl, A. (1999). Median-joining networks for
inferring intraspecific phylogenies. Mol. Biol. Evol. 16, 37-48. doi: 10.1093/
oxfordjournals.molbev.a026036

Bao, W. Q,, Wuyun, T. N,, Li, T. Z,, Liu, H. M,, Jiang, Z. M., Zhu, X. C, et al.
(2017). Genetic diversity and population structure of Prunus mira (Koehne) from
the Tibet plateau in China and recommended conservation strategies. PloS One 12,
€0188685. doi: 10.1371/journal.pone.0188685

Bremer, B., and Eriksson, T. (2009). Time tree of rubiaceae: phylogeny and dating
the family, subfamily, and tribes. Int. J. Plant Sci. 170, 766-793. doi: 10.1086/599077

Frontiers in Plant Science

11

10.3389/fpls.2022.1002519

Funding

This work was funded by the National Key Research and
Development Programme of China (2017YF0505200), the
National Natural Science Foundation of China (31900184 and
31970230), and the Natural Science Foundation of Yunnan
Province (202001AT070072 & 2019FD057).

Acknowledgments

We thank Zichen Zhao and Jie Song for their
sampling assistance.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1002519/full#supplementary-material

Bremer, B., Olsson, D., and Katarina, A. (1995). Subfamilial and tribal
relationships in the rubiaceae based on rbcL sequence data. Ann. Mo. Bot. Gard.
82, 383-397. doi: 10.2307/2399889

Darriba, D., Taboada, G. L., Doallo, R, and Posada, D. (2012). jModelTest 2:
More models, new heuristics and parallel computing. Nat. Methods 9, 772. doi:
10.1038/nmeth.2109

Doyle, J. (1991). DNA Protocols for plants DNA protocols for plants-CTAB
total DNA isolation. Mol. Techniques Taxonomy 57, 283-293. doi: 10.1007/978-3-
642-83962-7_18

Drummond, A. J., and Rambaut, A. (2007). BEAST: bayesian evolutionary
analysis by sampling trees. BMC Evol. Biol. 7, 214. doi: 10.1186/1471-2148-7-214

Elith, J., Graham, C. H., Anderson, R. P., Dudik, M., Ferrier, S., Guisan, A.,
et al. (2006). Novel methods improve prediction of species’ distributions
from occurrence data. Ecography 29, 129-151. doi: 10.1111/j.2006.0906-
7590.04596.x

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1002519/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1002519/full#supplementary-material
https://doi.org/10.1002/ece3.7511
https://doi.org/10.1038/35075035
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1093/oxfordjournals.molbev.a026036
https://doi.org/10.1371/journal.pone.0188685
https://doi.org/10.1086/599077
https://doi.org/10.2307/2399889
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1007/978-3-642-83962-7_18
https://doi.org/10.1007/978-3-642-83962-7_18
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.3389/fpls.2022.1002519
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Qiao et al.

Escudero, M., Lovit, M., Brown, B. H., and Hipp, A. L. (2019). Rapid plant
speciation associated with the last glacial period: reproductive isolation and genetic
drift in sedges. Bot. J. Linn. Soc 190, 303-314. doi: 10.1093/botlinnean/boz016

Excoffier, L., Laval, G., and Schneider, S. (2005). Arlequin (version 3.0): An
integrated software package for population genetics data analysis. Evol. Bioinform.
Online 1, 47-50. doi: 10.1143/JJAP.34.1418

Fan, D. M., Yue, J. P,, Nie, Z. L., Li, Z. M., Comes, H. P., and Sun, H. (2013).
Phylogeography of sophora davidii (Leguminosae) across the ‘Tanaka-kaiyong
line’, an important phytogeographic boundary in southwest China. Mol. Ecol. 22,
4270-4288. doi: 10.1111/mec.12388

Ford, J. D., Vanderbilt, W., and Berrang-Ford, L. (2012). Authorship in IPCC
AR5 and its implications for content: Climate change and indigenous populations
in WGIL Clim. Change 113, 201-213. doi: 10.1007/s10584-011-0350-z

Gao, L. M., Moeller, M., Zhang, X. M., Hollingsworth, M. L,, Liu, J.,, Mill, R. R,,
et al. (2007). High variation and strong phylogeographic pattern among cpDNA
haplotypes in Taxus wallichiana (Taxaceae) in China and north Vietnam. Mol.
Ecol. 16, 4684-4698. doi: 10.1111/j.1365-294X.2007.03537.x

Guo, Z. T., Ruddiman, W. F., Hao, Q. Z., Wu, H. B,, Qiao, Y. S., Zhu, R. X, et al.
(2002). Onset of Asian desertification by 22 myr ago inferred from loess deposits in
China. Nature 416, 159-163. doi: 10.1038/416159a

Harrison, S., and Noss, R. (2017). Endemism hotspots are linked to stable
climatic refugia. Ann. Bot. 119, 1247-1247. doi: 10.1093/a0b/mcx008

Hernandez, P. A., Graham, C. H., Master, L. L., and Albert, D. L. (2006). The
effect of sample size and species characteristics on performance of different species
distribution modeling methods. Ecography 29, 773-785. doi: 10.1111/j.0906-
7590.2006.04700.x

Hickerson, M. J., Carstens, B. C., Cavender-Bares, J., Crandall, K. A., Graham, C.
H., Johnson, J. B, et al. (2010). Phylogeography’s past, present, and future: 10 years
after Avis. Mol. Phylogenet. Evol. 54, 291-301. doi: 10.1016/j.ympev.2009.09.016

Hoang, D. T., Chernomor, O., Von-Haeseler, A., Minh, B. Q,, and Vinh, L. S.
(2018). UFBoot2: improving the ultrafast bootstrap approximation. Mol. Biol. Evol.
35, 518-522. doi: 10.1101/153916

Jacquemyn, H., Honnay, O., Galbusera, P., and Roldan-Ruiz, 1. (2010). Genetic
structure of the forest herb primula elatior in a changing landscape. Mol. Ecol. 13,
211-219. doi: 10.1046/j.1365-294X.2003.02033.x

Jia, J., Zeng, L., and Gong, X. (2016). High genetic diversity and population
differentiation in the critically endangered plant species Trailliaedoxa gracilis
(Rubiaceae). Plant Mol. Biol. Rep. 34, 327-338. doi: 10.1007/s11105-015-0924-4

Korneliussen, T. S., Moltke, 1., Albrechtsen, A., and Nielsen, R. (2013).
Calculation of tajima’s d and other neutrality test statistics from low depth next-
generation sequencing data. BMC Bioinf. 14, 1-14. doi: 10.1186/1471-2105-14-289

Kou, Y. X,, Cheng, S. M., Tian, S., Li, B., Fan, D. M., Chen, Y., et al. (2016). The
antiquity of Cyclocarya paliurus (Juglandaceae) provides new insights into the
evolution of relict plants in subtropical China since the late early Miocene. J.
Biogeogr. 43, 351-360. doi: 10.1111/jbi.12635

Kusky, T., Liang, G., Xiang, S., Guo, X., and Xu, X. (2011). A critical examination
of evidence for a quaternary glaciation in mt. laoshan, Eastern China. J. Asian Earth
Sci. 40, 403-416. doi: 10.1016/j.jseaes.2010.06.001

Lan, Y., Xiu, H. E., Zhu, C. X,, and Zhang, Y. J. (2019). Application of r language
graphics in biological research. J. East China Normal University 1, 124-143.
doi: 10.3969/J.ISSN.1000-5641.2019.01.014

Lefevre, F., Fady, B., Fallour-Rubio, D., Ghosn, D., and Bariteau, M. (2004).
Impact of founder population, drift and selection on the genetic diversity of a
recently translocated tree population. Heredity 93, 542-550. doi: 10.1038/
5j.hdy.6800549

Letunic, I, and Bork, P. (2019). Interactive tree of life (iTOL) v4: recent updates
and new developments. Nucleic Acids Res. 47, W256-W259. doi: 10.1093/nar/
gkz239

Li, Y., Zhai, S. N, Qiu, Y. X,, Guo,Y. P., Ge,X. J., and Comes,H. P. (2011). Glacial
survival east and west of the 'Mekong-salween divide' in the himalaya-hengduan
mountains region as revealed by AFLPs and cpDNA sequence variation in
Sinopodophyllum hexandrum (Berberidaceae). Mol. Phylogenet Evol. 59, 424-412.
doi: 10.1016/j.ympev.2011.01.009

Manni, F., Guerard, E., and Heyer, E. (2004). Geographic patterns of (genetic,
morphologic, linguistic) variation: how barriers can be detected by using
monmonier’s algorithm. Hum. Biol. 76, 173-190. doi: 10.1353/hub.2004.0034

Mantel, N. (1967). The detection of disease clustering and a generalized
regression approach. Cancer Res. 27, 209-220. doi: 10.1007/s00253-002-1013-9

Minh, B. Q., Schmidt, H. A., Chernomor, O., Schrempf, D., Woodhams, M. D.,
Von-Haeseler, A., et al. (2020). IQ-TREE 2: new models and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37, 1530-1534.
doi: 10.1093/molbev/msaa015

Nei, M. (1973). Analysis of gene diversity in subdivided populations. Proc. Nat.
Acad. Sci. US.A. 70, 3321-3323. doi: 10.1073/pnas.70.12.3321

Frontiers in Plant Science

12

10.3389/fpls.2022.1002519

Nei, M., Tajima, F., and Tateno, Y. (1983). Accuracy of estimated phylogenetic
trees from molecular data. II. gene frequency data. J. Mol Evol. 19, 153-170.
doi: 10.1007/BF02300753

Ortega-Huerta, M. A., and Peterson, A. T. (2008). Modeling ecological niches
and predicting geographic distributions: a test of six presence-only methods. Rev.
Mex. Biodivers. 79, 205-216. doi: 10.22201/ib.20078706€.2008.001.522

Ou, X,, and Jin, Z. (1996). Preliminary study on floristic and ecological diversity
in dry-hot valley of jinsha river. . Wuhan Botanical Res. 04, 318-322. doi: 10.1007/
BF02951625

Peakall, R., and Smouse, P. E. (2006). GENALEX 6: genetic analysis in excel.
population genetic software for teaching and research. Mol. Ecol. Notes 6, 288-295.
doi: 10.1111/j.1471-8286.2005.01155.x

Pons, O. M. T., and Petit, R J. (1996). Measuring and testing genetic
differentiation with ordered versus unordered alleles. Genetics 144, 1237-1245.
doi: 10.1093/genetics/144.3.1237

Ronquist, F., Teslenko, M., van der Mark, P., Ayres, D. L., Darling, A., H6hna, S.,
et al. (2012). MrBayes 3.2: Efficient Bayesian phylogenetic inference and model
choice across a large model space. Syst. Biol. 61, 539-542. doi: 10.1093/sysbio/
sys029

Rozas, J., Rozas, R,, Sanchez-DelBarrio, J. C., and Messeguer, X. (2003). DnaSP,
DNA polymorphism analyses by the coalescent and other methods. Bioinformatics
19, 2496-2497. doi: 10.1093/bioinformatics/btg359

Sakaguchi, S., Asaoka, Y., Takahashi, D., Isagi, Y., and Setoguchi, H. (2021).
Inferring historical survivals of climate relicts: the effects of climate changes,
geography, and population-specific factors on herbaceous. hydrangeas. Heredity
6, 1-15. doi: 10.1038/s41437-020-00396-4

Severin, D. H. I, David, E. V. H., Manuel, J. S., David, P. G., and Carl, B. (2015).
Climate vs. topography-spatial patterns of plant species diversity and endemism on
a high-elevation island. J. Ecol. 103, 1621-1633. doi: 10.1111/1365-2745.12463

Shaw, J., Lickey, E. B., Schilling, E. E., and Small, R. L. (2007). Comparison of
whole chloroplast genome sequences to choose noncoding regions for phylogenetic
studies in angiosperms: the tortoise and the hare III. Am. J. Bot. 94, 275-288.
doi: 10.3732/ajb.94.3.275

Stephen, B. P., Barbara, B. B., and Lennard, N. G. (2014). Diverse cryptic refuges
for life during glaciation. PNAS 111, 5452-5453. doi: 10.1073/pnas.1403594111

Stephens, M., Smith, N. J., and Donnelly, P. (2001). A new statistical method for
haplotype reconstruction from population data. Am. J. Hum. Genet. 68, 978-989.
doi: 10.1086/319501

Strand, A. E., Mack, J. L., and Milligan, B. G. (1997). Nuclear DNA-based
markers for plant evolutionary biology. Mol. Ecol. 6, 113-118. doi: 10.1046/j.1365-
294X.1997.00153.x

Sun, H,, Li, Z,, Landis, J. B, Qian, L. S., Zhang, T. C., and Deng, T. (2022). Effects
of drainage reorganization on phytogeographic pattern in Sino-Himalaya. Alp. Bot.
132, 141-151. doi: 10.1007/s00035-021-00269-4

Su, T., Wilf, P,, Xu, H,, and Zhou, Z. K. (2014). Miocene Leaves of elaeaguns
(elacaganceae) from the ginghai-Tibet plateau, ITS modern center of diversity and
endemism. Am. J. Bot. 101, 1350-1361. doi: 10.3732/ajb.1400229

Swofford, D. L. (2003). PAUP*4.0: phylogenetic analysis using parsimony. (* and
other methods) (Sunderland: Sinauer Associates).

Tajima, F. (1996). The amount of DNA polymorphism maintained in a finite
population when the neutral mutation rate varies among sites. Genetics 143, 1457—
1465. doi: 10.1007/BF00120227

Tang, C. Q.,, Matsui, T., Ohashi, H., Dong, Y. F., Momohara, A., Herrando-
Moraira, S., et al. (2018). Identifying long-term stable refugia for relict plant species
in East Asia. Nat. Commun. 9, 4488. doi: 10.1038/s41467-018-06837-3

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., and Higgins, D. G.
(1997). The CLUSTAL_X windows interface: flexible strategies for multiple
sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25, 4876—
4882. doi: 10.1093/nar/25.24.4876

Tsaliki, M., and Diekmann, M. (2010). Effects of habitat fragmentation and soil
quality on reproduction in two heathland Genista species. Plant Biol. 12, 622-629.
doi: 10.1111/j.1438-8677.2009.00266.x

Turner, T. L., Hahn, M. W., and Nuzhdin, S. V. (2005). Genomic islands of
speciation in anopheles gambiae. PloS Biol. 3, €285. doi: 10.1371/journal.pbio.
0030285

Wang, H. S. (2000). The nature of china’s flora and the relationships between its
different element. Acta Botanica Yunnanica 22, 119-126.

Wang, Q., Abbott, R. J., Yu, Q. S, Lin, K,, and Liu, J. Q. (2013). Pleistocene
climate change and the origin of two desert plant species, Pugionium cornutum and
Pugionium dolabratum (Brassicaceae), in northwest China. New Phytol. 199, 277-
287. doi: 10.1111/nph.12241

Wang, Q., Li, Y., Ferguson, D. K., Mo, W. B,, and Yang, N. (2021). An equable
subtropical climate throughout China in the Miocene based on palaeofloral
evidence. Nucleic Acids Res. 218, 103649. doi: 10.1016/j.earscirev.2021.103649

frontiersin.org


https://doi.org/10.1093/botlinnean/boz016
https://doi.org/10.1143/JJAP.34.L418
https://doi.org/10.1111/mec.12388
https://doi.org/10.1007/s10584-011-0350-z
https://doi.org/10.1111/j.1365-294X.2007.03537.x
https://doi.org/10.1038/416159a
https://doi.org/10.1093/aob/mcx008
https://doi.org/10.1111/j.0906-7590.2006.04700.x
https://doi.org/10.1111/j.0906-7590.2006.04700.x
https://doi.org/10.1016/j.ympev.2009.09.016
https://doi.org/10.1101/153916
https://doi.org/10.1046/j.1365-294X.2003.02033.x
https://doi.org/10.1007/s11105-015-0924-4
https://doi.org/10.1186/1471-2105-14-289
https://doi.org/10.1111/jbi.12635
https://doi.org/10.1016/j.jseaes.2010.06.001
https://doi.org/10.3969/J.ISSN.1000-5641.2019.01.014
https://doi.org/10.1038/sj.hdy.6800549
https://doi.org/10.1038/sj.hdy.6800549
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1016/j.ympev.2011.01.009
https://doi.org/10.1353/hub.2004.0034
https://doi.org/10.1007/s00253-002-1013-9
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1073/pnas.70.12.3321
https://doi.org/10.1007/BF02300753
https://doi.org/10.22201/ib.20078706e.2008.001.522
https://doi.org/10.1007/BF02951625
https://doi.org/10.1007/BF02951625
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1093/genetics/144.3.1237
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/bioinformatics/btg359
https://doi.org/10.1038/s41437-020-00396-4
https://doi.org/10.1111/1365-2745.12463
https://doi.org/10.3732/ajb.94.3.275
https://doi.org/10.1073/pnas.1403594111
https://doi.org/10.1086/319501
https://doi.org/10.1046/j.1365-294X.1997.00153.x
https://doi.org/10.1046/j.1365-294X.1997.00153.x
https://doi.org/10.1007/s00035-021-00269-4
https://doi.org/10.3732/ajb.1400229
https://doi.org/10.1007/BF00120227
https://doi.org/10.1038/s41467-018-06837-3
https://doi.org/10.1093/nar/25.24.4876
https://doi.org/10.1111/j.1438-8677.2009.00266.x
https://doi.org/10.1371/journal.pbio.0030285
https://doi.org/10.1371/journal.pbio.0030285
https://doi.org/10.1111/nph.12241
https://doi.org/10.1016/j.earscirev.2021.103649
https://doi.org/10.3389/fpls.2022.1002519
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Qiao et al.

Watanabe, S., Hajima, T., Sudo, K., Nagashima, T., Takemura, T., Okajima, H.,
et al. (2011). MIROC-ESM: Model description and basic results of CMIP5-20c3m
experiments. Geosci. Model. Dev. 4, 845-872. doi: 10.5194/gmd-4-845-2011

White, T. J., Bruns, T., Lee, S., and Taylor, F. (1990). PCR protocols: a guide to
methods and applications (San Diego: Academic Press). doi: 10.1016/B978-0-12-
372180-8.50042-1

Yang, X. Q., Kushwaha, S. P. S, Saran, S, Xu, J,, and Roy, P. S. (2013). Maxent
modeling for predicting the potential distribution of medicinal plant, Justicia adhatoda 1.
@ in lesser Himalayan foothills. Ecol. Eng. 51, 83-87. doi: 10.1016/j.ecoleng.2012.12.004

Yang, F. S, Li, Y. F, Ding, X,, and Wang, X. Q. (2008). Extensive population
expansion of Pedicularis longiflora (Orobanchaceae) on the qinghai-Tibetan
plateau and its correlation with the quaternary climate change. Mol. Ecol. 17,
5135-5145. doi: 10.1111/j.1365-294X.2008.03976.x

Yang, Z., Ma, W. X,, He, X,, Zhao, T. T., Yang, X. H,, Wang, L. ], et al. (2022).
Species divergence and phylogeography of Corylus heterophylla fisch complex
(Betulaceae): Inferred from molecular, climatic and morphological data. Mol.
Phylogenet. Evol. 168, 107413. doi: 10.1016/j.ympev.2022.107413

Yin, L, Dai, E. F,, Zheng, D., Wang, Y. H,, Ma, L., and Tong, M. (2020). What drives
the vegetation dynamics in the hengduan mountain region, southwest China: climate
change or human activity? Ecol. Indic. 112, 106013. doi: 10.1016/j.ecolind.2019.106013

Yuan, J,, Deng, C. L., Yang, Z. Y., Krijgsman, W., Qin, H., Shen, Z. S,, et al.
(2022). Triple-stage India-Asia collision involving arc-continent collision and
subsequent two-stage continent-continent collision. Glob. Planet. Change 212,
103821. doi: 10.1016/j.gloplacha.2022.103821

Yun, X. (1997). Statistical tests of neutrality of mutations against population
growth, hitchhiking and background selection. Genetics 147, 915-925.
doi: 10.1093/genetics/147.2.915

Frontiers in Plant Science

13

10.3389/fpls.2022.1002519

Zhang, T. C., Comes, H. P., and Sun, H. (2011). Chloroplast phylogeography of
Terminalia franchetii (Combretaceae) from the eastern sino-Himalayan region and
its correlation with historical river capture events. Mol. Phylogenet. Evol. 60, 1-12.
doi: 10.1016/j.ympev.2011.04.009

Zhang, G. L., Han, Y., Wang, H., Wang, Z. Y., Xiao, H. X, and Sun, M. Z. (2021).
Phylogeography of Iris loczyi (Iridaceae) in qinghai-Tibet plateau revealed by
chloroplast DNA and microsatellite markers. Aob Plants 13, plab070. doi: 10.1093/
aobpla/plab070

Zhang, W. X, Kou, Y. H.,, Zhang, L., Zeng, W. D., and Zhang, Z. Y. (2020).
Suitable distribution of endangered species Pseudotaxus chienii (Cheng) Cheng
(Taxaceae) in five periods using niche modeling. Chin. J. Ecol. 39, 600-613.
doi: 10.13292/§.1000-4890.202002.028

Zhang, H. P,, Oskin, M. E., Liu-Zeng, J., Zhang, P. Z., Reiners, P. W., and
Xiao, P. (2016). Pulsed exhumation of interior eastern Tibet: Implications
for relief generation mechanisms and the origin of high-elevation
planation surfaces. Earth Planet. Sci. Lett. 449, 176-185. doi: 10.1016/j.epsl.2016.
05.048

Zhang, X., Zhang, L., Schinner], J., Sun, W. B., and Chen, G. (2019). Genetic
diversity and population structure of Hibiscus aridicola, an endangered ornamental
species in dry-hot valleys of jinsha river. Plant Diversity 41, 300-306. doi: 10.1016/
j.pld.2019.07.001

Zhao, Y. J., and Gong, X. (2015). Diversity and conservation of plant species in
dry valleys, southwest China. Biodivers. Conserv. 24, 2611-2623. doi: 10.1007/
510531-015-0952-2

Zhu, H., Tan, Y., Yan, L., and Liu, F. (2020). Flora of the savanna-like vegetation
in hot dry valleys, south western China with implications to their origin and
evolution. Bot. Rev. 86, 281-297. doi: 10.1007/s12229-020-09227-x

frontiersin.org


https://doi.org/10.5194/gmd-4-845-2011
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1016/j.ecoleng.2012.12.004
https://doi.org/10.1111/j.1365-294X.2008.03976.x
https://doi.org/10.1016/j.ympev.2022.107413
https://doi.org/10.1016/j.ecolind.2019.106013
https://doi.org/10.1016/j.gloplacha.2022.103821
https://doi.org/10.1093/genetics/147.2.915
https://doi.org/10.1016/j.ympev.2011.04.009
https://doi.org/10.1093/aobpla/plab070
https://doi.org/10.1093/aobpla/plab070
https://doi.org/10.13292/j.1000-4890.202002.028
https://doi.org/10.1016/j.epsl.2016.05.048
https://doi.org/10.1016/j.epsl.2016.05.048
https://doi.org/10.1016/j.pld.2019.07.001
https://doi.org/10.1016/j.pld.2019.07.001
https://doi.org/10.1007/s10531-015-0952-2
https://doi.org/10.1007/s10531-015-0952-2
https://doi.org/10.1007/s12229-020-09227-x
https://doi.org/10.3389/fpls.2022.1002519
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Phylogeography of Himalrandia lichiangensis from the dry-hot valleys in Southwest China
	Introduction
	Materials and methods
	Field sampling
	DNA extraction, PCR amplification, and DNA sequencing
	Genetic diversity, genetic differentiation and haplotype network construction
	Divergence time estimation and BARRIER analysis
	Ecological niche modelling

	Results
	Sequence characteristics, genetic diversity and differentiation
	Haplotype distribution patterns and phylogenies
	BARRIER and divergence time estimation
	Ecological niche modelling

	Discussion
	Low genetic diversity and high differentiation by fragmentation and isolation
	Early divergence associated with geological events
	Glacial refuge prediction and recent haplotype diversification of H. lichiangensis
	Ecological niche modelling

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


