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ABSTRACT

Understanding the evolutionary and ecological processes involved in population differentiation and
speciation provides critical insights into biodiversity formation. In this study, we employed 29,865 single
nucleotide polymorphisms (SNPs) and complete plastomes to examine genomic divergence and hy-
bridization in Gentiana aristata, which is endemic to the Qinghai-Tibet Plateau (QTP) region. Genetic
clustering revealed that G. aristata is characterized by geographic genetic structures with five clusters
(West, East, Central, South and North). The West cluster has a specific morphological character (i.e., blue
corolla) and higher values of Fsy compared to the remaining clusters, likely the result of the geological
barrier formed by the Yangtze River. The West cluster diverged from the other clusters in the Early
Pliocene; these remaining clusters diverged from one another in the Early Quaternary. Phylogenetic
reconstructions based on SNPs and plastid data revealed substantial cyto-nuclear conflicts. Genetic
clustering and D-statistics demonstrated rampant hybridization between the Central and North clusters,
along the Bayankala Mountains, which form the geological barrier between the Central and North
clusters. Species distribution modeling demonstrated the range of G. aristata expanded since the Last
Interglacial period. Our findings provide genetic and morphological evidence of cryptic diversity in
G. aristata, and identified rampant hybridization between genetic clusters along a geological barrier.
These findings suggest that geological barriers and climatic fluctuations have an important role in
triggering diversification as well as hybridization, indicating that cryptic diversity and hybridization are

essential factors in biodiversity formation within the QTP region.
Copyright © 2023 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

hybridization accelerating speciation events (Muellner-Riehl et al.,
2019; Kirschner et al., 2020). Frequent geographical isolation and

The major mountain systems of the world are remarkably rich in
species diversity (Antonelli et al., 2018), with alpine species being
especially noteworthy. Alpine floras have been profoundly
impacted by recurrent cycles of historical climatic change (Ding
et al., 2020) and continue to be affected by current climate warm-
ing trends (Elsen and Tingley, 2015; Liang et al.,, 2018). These cli-
matic oscillations have potentially caused isolation and
reconnection between adjacent populations, with the resultant
range fragmentation, range shifts, secondary contacts, and
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increased levels of environmental heterogeneity may accelerate the
diversity of cryptic species, which might either be a consequence of
in situ speciation or colonization by lowland taxa followed by
allopatric divergence (Struck et al., 2018). Although relevant to all
mountain systems of the world, research has been principally
focused on a few mountainous model regions, such as the Qinghai-
Tibet Plateau (QTP) region.

The QTP region, including the Tibetan Plateau, Hengduan
Mountains (HM), and the Himalayas (according to the geological
definition by Liu et al. (2022)), comprises two global hotspots of
biodiversity (Myers et al., 2000; Marchese, 2015). It is an ideal area
for evaluating the spatial-temporal evolution of alpine commu-
nities as well as the factors that contribute to diversification and
speciation. This region harbors a rich flora with a high proportion of
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endemic species and is characterized by a high rate of in situ
speciation (Xing and Ree, 2017; Ding et al., 2020). For instance, the
HM hosts particularly rich alpine flora comprising a diverse mosaic
of floristic elements (Li et al., 2021). The QTP region, particularly the
HM, is characterized by distinct geographic barriers and frequent
climatic fluctuations (Favre et al., 2015; Sun et al., 2017), which
subdivides distribution ranges and generates fine-scale environ-
mental heterogeneity, therefore, stimulating divergence and
speciation (Sun et al.,, 2017; Muellner-Riehl, 2019).

Besides geological barriers and climatic changes, biological
processes, such as hybridization, have been essential in driving
species formation and biodiversity assembly (Abbott et al., 2013;
van Wyk et al.,, 2017). Hybrid speciation has been detected in
substantial plant lineages around the world (Mallet, 2007;
Rieseberg and Willis, 2007; Schumer et al., 2014), and dynamic
hybrid zones are frequently observed in various lineages world-
wide (Abbott et al,, 2017). The major impact of global climate
change on the dynamics and distribution of biodiversity presents
an unprecedented opportunity to study hybridization, enabling us
to peer into the birth and death of evolutionary lineages (Vallejo-
Marin and Hiscock, 2016). In the QTP region, natural hybrids have
been documented in almost all species-rich plant genera, and gene
flow has been widely detected during the speciation processes of all
taxonomic groups examined (Wu et al., 2022). This region has been
suggested to be a site of dynamic flora as numerous species are
presently becoming reproductively isolated (Wu et al., 2022). For
example, hybridization and young speciation are frequently
observed among not only speciose alpine herbs or shrubs, including
Gentiana (Fu et al., 2020, 2022a), Saxifraga (Ebersbach et al., 2020)
and Rhododendron (Zheng et al., 2021; Ma et al., 2022), but also
woody species such as Pterocarya (Wang et al., 2023), Populus (Li
et al., 2023) and Betula (Nocchi et al., 2023).

Gentiana (Gentianaceae) is an alpine genus with a global range.
The QTP region serves as both the center of biodiversity for
approximately 360 Gentiana species (Ho and Liu, 2001) and the
primary source for colonization of other regions (Favre et al., 2016).
As observed in the majority of plant lineages, abiotic factors,
including geological processes, geographical isolation, and climatic
changes, are correlated with diversification and speciation in
several lineages of Gentiana (Zhang et al., 2009; Favre et al., 2016;
Fuetal,, 2018, 2020, 2022b; Sun et al., 2022). In addition, according
to growing evidence from phylogenetic and population genetic
studies, hybridization is frequently observed in Gentiana, both in
the QTP region (Chen et al.,, 2021; Fu et al., 2021a, 2022a) and
Europe (Favre et al., 2021). In Gentiana, section Chondrophyllae
Bunge sensu lato (s.L.) is the only section that is globally distributed,
which has 182 species and accounts for 51.7% of all Gentiana species
(Ho and Liu, 2001; Favre et al., 2020). This section has experienced
rapid evolution (Yuan and Kiipfer, 1997) and presented extremely
long branches in the phylogenetic trees (Favre et al., 2020; Chen
et al,, 2021; Fu et al., 2021b, 2022c). However, the reasons under-
lying the rich diversity in this section are yet unclear. Additionally,
section Chondrophyllae s.1. is a well-supported monophyletic group,
but the intra-sectional relationship is ambiguous as a result of rich
cyto-nuclear conflicts (Chen et al., 2021; Fu et al., 2022c). Therefore,
hybridization is assumed to be rampant in this section and has been
essential in the assembly of biodiversity, although there is little
direct evidence.

In this study, we focused on an annual gentian species Gentiana
aristata Maxim. in G. section Chondrophylla s.1. G. aristata is endemic
to the eastern QTP and occurs over a large range from the Qilian
Mountains to the Hengduan Mountains (Ho and Pringle, 1995). It
varies in morphological characteristics, for example, having pur-
plish red or blue in the corolla (Ho and Liu, 2001). It possesses
12—15 mm corolla, with pollinators including bumblebees, flies and
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ants (personal observation). We used genomic data to examine the
fine-scale phylogeographic structures and evolutionary history of
the species. Specifically, we asked (i) whether geographical features
in the QTP region have acted as barriers to gene flow, leading to
discrete genetic structures and the potential presence of cryptic
lineages; and (ii) whether modifications of distribution ranges
during climate oscillations have resulted in hybridization and
possible hybrid zone.

2. Materials and methods
2.1. Sampling, library construction, and sequencing

A total of 133 individuals of Gentiana aristata from 23 different
locations across its range were sampled (Table 1 and Fig. 1). Because
the plant is tiny, the entire plant of each individual was collected
and dried in silica gel. Our field work determined that the corolla of
G. aristata is blue (Type B) in two locations (YS and LWQ) and
purplish (Type A) in all others (Fig. 1). Voucher specimens were
deposited in the herbarium of Luoyang Normal University.

Total genomic DNA was extracted from dried leaves with a Dzup
plant genomic DNA extraction kit (Sangon, Shanghai, China). DNA
concentrations were quantified using Qubit 2.0 fluorometer (Life
Technologies). For Genotyping-By-Sequencing (GBS) library con-
struction, a GBS pre-design experiment was performed to elevate
the enzymes and sizes of restriction fragments. We imposed three
criteria: (i) the number of tags must be larger than 0.3 million; (ii)
the enzymatic tags must be evenly distributed across the sequences
to be examined; and (iii) repeated tags must be avoided. To
maintain the homogeneity of sequence depth across different
fragments, a small length range was selected (about 50 bp). Each
sample was digested with restriction enzyme Msel (New England
Biolabs, NEB), and thereafter with Nlalll (NEB) and EcoRI (NEB). The
ligation products were subsequently purified and amplified with
PCR. Fragments between 350 and 400 bp were isolated using a Gel
Extraction Kit (Qiagen) and purified using Agencourt AMPure XP
(Beckman). Libraries were multiplexed and sequenced using a
2 x 150 bp run on two lanes of Illumina NovaSeq 6000 (Tianjin,
China).

To obtain plastome sequences, 23 samples representing all lo-
cations were selected to perform genome-skimming sequencing.
For each sample, a 500-bp DNA Illumina NovaSeq sequencing li-
brary was constructed using approximately 4.0 ng of sonicated DNA
as input. The libraries were multiplexed and sequenced using a
2 x 150 bp run on one lane of Illumina NovaSeq 6000 (Tianjin,
China).

2.2. Processing of illumina data

Raw reads were filtered and trimmed using Trimmomatic 0.32
(Bolger et al., 2014) with default parameters to eliminate adaptor
sequences and low-quality reads and sites. For GBS sequencing, the
clean reads against the chromosome-level genome of Gentiana
dahurica were mapped (PRJNA799480; Li et al., 2022); the closest
available genome was mapped with bwa-mem v.2.2.1 (Li and
Durbin, 2009), and the sequence alignment/map format files
were produced employing SAMtools v.1.9 (Li et al., 2009). PCR du-
plications were identified using sambamba v.0.8.1 (Tarasov et al,,
2015), and variations were assessed with freebayes v.0.9.21
(Garrison and Marth, 2012). Only SNPs were maintained in vcftools
v.0.1.13 (Danecek et al., 2011) for downstream analysis. SNPs having
a minor allele frequency (MAF) of less than 5% and missing fre-
quency of more than 0.8 among individuals were filtered using
vcftools v.0.1.13 (Danecek et al., 2011). Linkage-disequilibrium (LD)
SNP pruning was performed in vcftools to eliminate variants from
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Table 1
Genetic statistics for Gentiana aristata. No., sample size; Ar, allelic richness; Hs, mean observed gene diversities within population; Ho, mean observed heterozygosities within
population; Fis, mean inbreeding coefficient. Abbreviation after localities indicates provinces as follows: QH, Qinghai; GS, Gansu; SC, Sichuan; XZ, Xizang.

Group ID No. Voucher Ref. Location Latitude (N) Longitude (E) Elevation (m/a.s.l) Ar Ho Hs Fs
North XH 6 Fu2016001 Xunhua, QH 35°35' 102°42' 3094 1.2192 0.1437 0.2315 0.3793
LQ1 4 Fu2016016 Lvqu, GS 34042 102°29' 3281 1.2162 0.1522 0.2326 0.3453
GD 6 Fu2017352 Guide, QH 36°19 101°29 3600 1.2064 0.1294 0.2190 0.4090
LQ2 6 Fu2018016 Lvqu, GS 34°27' 102°18' 3603 1.2226 0.1373 0.2349 0.4156
MY1 6 Gao2019139 Mengyuan, QH 37°07 102°27' 2978 1.2024 0.1272 0.2151 0.4086
MY2 6 Gao2019557 Mengyuan, QH 37°47 101°19 3640 1.2042 0.1359 0.2151 0.3683
QL1 6 Gao2019677 Qilian, QH 38°00' 100°21/ 3209 1.1995 0.1257 0.2122 0.4075
QL2 6 Gao2019688 Qilian, QH 37°35 100°45' 3439 1.2062 0.1284 0.2187 0.4129
Hybrids GH 6 Fu2017008 Gonghe, QH 35°52 99°58' 3360 1.2244 0.1518 0.2346 0.3528
J21 6 Fu2017206 Jiuzhi, QH 33°12 101°28' 3717 1.2197 0.1331 0.2325 0.4275
122 6 Fu2017240 Jiuzhi, QH 33°27 100°59' 3926 1.2353 0.1467 0.2478 0.4079
MQ 6 Fu2017276 Magin, QH 34°18’ 100°16' 3985 1.2290 0.1455 0.2410 0.3962
DR 6 Fu2017250 Dari, QH 33°39 99°46' 4152 1.2223 0.1360 0.2353 0.4219
Central cD 6 Fu2017031 Chenduo, QH 33°07 97°27' 4119 1.2229 0.1578 0.2330 0.3227
ZD 6 Fu2023049 Zaduo, QH 32°55 95°38' 4559 1.1827 0.1040 0.2037 0.4895
QML 6 Fu2023059 Qumalai, QH 33°58’ 96°35' 4594 1.1901 0.1042 0.2118 0.5080
BM 6 Fu2023073 Banma, QH 32042 100°40' 4420 1.1989 0.1046 0.2217 0.5283
East MEK 6 Fu2017182 Maerkang, SC 31°53 102°39’ 3343 1.1768 0.1006 0.1969 0.4892
HY 5 Fu2017195 Hongyuan, SC 32°09 102°30' 3516 1.2084 0.1385 0.2235 0.3802
South LH 6 Fu2017162 Luhuo, SC 31°44' 100°43' 4022 1.1972 0.1180 0.2132 0.4465
KD 4 Fu2023011 Kangding, SC 30°04 101°25' 3523 1.1054 0.0662 0.1342 0.5067
West YS 6 Fu2017055 Yushu, QH 32°46 97°12' 4013 1.1394 0.0974 0.1548 0.3708
LwQ 6 Fu2017112 Leiwugqi, XZ 31°04 96°56' 4626 1.1473 0.0997 0.1637 0.3908

95°E 100°E 105°E
Fig. 1. Genetic structure of Gentiana aristata in the Qinghai-Tibet Plateau region. Pie charts illustrate the frequency of color-coded groups based on 29,865 SNPs in FastStructure. The

five colors represent the five genetic clusters in Fig. 2. The photos reveal the color variation in the corolla. Type A has a purplish corolla and occurs in all G. aristata populations
except YS and LWQ. Type B has a blue corolla and occurs in populations YS and LWQ. Photographs: Peng-Cheng Fu.
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each pair that were closer than 100 bp. The final VCF file was
converted into different formats using PGDSpider v.2.1.1.5 (Lischer
and Excoffier, 2012) to perform further analyses.

Clean reads were assembled for genome-skimming sequencing
using the GetOrganelle pipeline (Jin et al., 2020) with default pa-
rameters. The published plastome of Gentiana aristata (MN234139,
Fu et al., 2021b) was used as the reference. Each plastid genome
was annotated with Plastid Genome Annotator (PGA) (Qu et al.,
2019) using the default parameters.

2.3. Genetic differentiation and population genetic structure

Allelic richness (Ar) was computed, and heterozygosity (Hop),
gene diversity (Hs), and Wright’s inbreeding coefficient (Fis) were
measured using the R package HierFstat (Goudet, 2005). To
examine the degree of genetic differentiation between populations,
pairwise Fst was estimated by the Weir and Cockerham method
(Weir and Cockerham, 1984) using the HierFstat package (Goudet,
2005). Range-wide isolation by distance (IBD) (Wright, 1943) was
determined with a Mantel test using the geographic distance and
pairwise genetic distance. Fst/(1-Fst) against pairwise geographic
distances was plotted employing R v.4.0.1 (R Core Team, 2020).

To identify genetic clusters of Gentiana aristata, a Bayesian
clustering method implemented in FastSTRUCTURE (Raj et al.,
2014) was employed based on nuclear SNPs, with assumed clus-
ters (K) from 1 to 18. The chooseK.py script was used to assess the
model complexity for the data. Graphical representation of indi-
vidual cluster assignments was performed using DISTRUCT v.1.1
(Rosenberg, 2004). Based on the same data set, a principal
component analysis (PCA) was performed with ten principal
components (PCs) extracted in PLINK v.1.90 (Purcell et al., 2007),
and visualized using R.

2.4. Phylogenetic inference and divergence time estimation

First, a nuclear phylogenetic tree based on SNPs was generated
using maximum likelihood (ML) in IQ-TREE v.1.6.8 (Nguyen et al.,
2015) with 1000 ultrafast bootstraps (Hoang et al., 2018). The Py-
thon script ‘vcf2phylip’ (https://github.com/edgardomortiz/
vcf2phylip) was used to transfer the SNP data for tree construc-
tion. Gentiana crassuloides (specimen no. Fu2019013) was used as
an outgroup.

Subsequently, the assembled plastome sequences were used to
construct an ML tree. Following the exclusion of one inverted
repeat (IR) region, the plastome sequences were aligned using
MAFFT (Katoh et al., 2002). The most rapidly evolving sites were
eliminated using Gblocks (Talavera and Castresana, 2007) with
default settings. The substitution model was selected using Mod-
elFinder (Kalyaanamoorthy et al., 2017). Phylogenetic analyses
were performed using IQ-TREE (Nguyen et al., 2015) based on the
ML and with 5000 ultrafast bootstrap replicates (Hoang et al.,
2018).

The divergence times of the main lineages of Gentiana aristata
were estimated based on the plastome (removed one IR) matrix
using the Bayesian method implemented in BEAST 2.4 (Drummond
et al.,, 2012; Bouckaert et al., 2014). The analyses were performed
using the HKY substitution, the Yule, and the strict clock model.
Because no G. aristata fossils have been discovered, the dating was
calibrated in two ways to increase its accuracy. First, the stem node
of G. section Cruciata was constrained with a section of a Cruciata
fossil from the early Miocene (Mai, 2000). Lognormal priors with an
offset at 16.0 million years ago (Ma), a mean of 1, and a standard
deviation of 1.0 were used. As a result of very limited fossil evidence
for gentians, the crown age of Gentiana was also constrained after
including primary lineages of this genus. Uniform priors (Schenk
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and Axel, 2016) with a lower age of 21 Ma and an upper age of
38 Ma were used to integrate the entire 95% Highest Posterior
Density (HPD) from Janssens et al. (2020). An analysis of priors
solely (without sequence data) was performed to determine if there
was prior interaction (Warnock et al., 2015). Three independent
Monte Carlo Markov chains (MCMC) with 10 million generations,
sampling every 1000th generation, were run with the initial 20%
discarded as burn-in. Effective Sample Size (ESS) values (> 200)
were utilized to determine whether the convergence was appro-
priate, and TreeAnnotator 1.7.5 was used to summarize the tree
(Drummond et al., 2012). Information on outgroup sequences is
presented in Table S1.

2.5. Hybridization analysis

Patterson’s D-statistics (Durand et al., 2011) were employed to
assess introgression within Gentiana aristata. The D-statistics use
asymmetry in gene tree topologies to quantify introgression be-
tween either of two lineages that share a common ancestor (P1 and
P2) and one additional lineage (P3) that diverged from the common
ancestor of P1 and P2 earlier. Patterson’s D-statistics and f4-ratio for
all possible population trios were determined using the Dtrios
function of Dsuite v.0.5.r44 (Malinsky et al., 2021) with default
parameters. G. crassuloides was fixed as the outgroup. The signifi-
cance of each test was evaluated using 100 jackknife resampling
runs. Results from Dtrios were further processed using the f~-branch
program (Malinsky et al., 2021) and its associated plotting utilities
for the f-branch statistics (Malinsky et al., 2018).

2.6. Species distribution modeling

Current distribution data for Gentiana aristata were obtained
through our fieldwork records and the Global Biodiversity Infor-
mation Facility (GBIF.org (03 March 2023) GBIF Occurrence
Download https://doi.org/10.15468/dL.x39qqgb). Records occurring
less than 10 km from each other were eliminated in ArcGIS 10.2 to
prevent multicollinearity. The 19 bioclimatic variables utilized at
present, Last Glacial Maximum (LGM, ~22 kya), and Last Interglacial
(LIG, ~120—140 kya) were obtained from the WorldClim2 data set
(Fick and Hijmans, 2017) with a spatial resolution of 2.5 arc-min (30
arc-sec for LIG). Highly correlated variables were eliminated ac-
cording to Pearson’s correlation coefficient, which was significantly
higher than 0.9 (p-value < 0.05). Using MaxEnt 3.4.1 (Phillips et al.,
2017), the potential distribution area was predicted. Approximately
75% of the location data was used for training, while the remaining
25% was used to test the predictive ability of the model. The
effectiveness of the model was assessed using the receiver oper-
ating characteristic (ROC) and the area under the ROC curve
(AUC) > 0.9.

3. Results
3.1. Genetic diversity and divergence

[llumina sequencing of GBS libraries generated an average of
3,324,959 clean reads and 355,828 tags per sample. A total of
1,218,202 SNPs were identified from all samples against the
genome, and 29,865 unlinked SNPs were left for downstream
analysis following filtering for MAF, LD, and missing data. In Gen-
tiana aristata, the mean Ar, Ho, and Fs were 1.199, 0.125, and 0.417,
respectively. Genomic SNPs revealed that two western populations
(YS and LWQ) had a slightly lower genetic diversity (e.g., Ar, Ho) in
comparison to the remaining populations (Table 1). The pop-
ulations YS and LWQ also had higher values of pairwise Fst
(0.436—-0.529) in comparison to the remaining populations
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each sample at K = 5 and 3 in FastStructure.

(0.040—0.429) (Fig. 2B and Table S2). The plot of Fst/(1-Fst) versus
geographic distances among populations revealed a significant
positive correlation (° = 0.312, p < 2.2e~'9), indicating strong
signals of IBD (Fig. 2C).

3.2. Population genetic structure and hybridization

The marginal likelihood scores from FastSTRUCTURE analyses
peaked at K = 5 (Fig. S1), indicating the populations can be divided
into five genetic groups (the West, East, Central, South and North).
In general, the inferred genetic groups corresponded with known
geographic barriers present between populations. The North clus-
ter (comprising populations QL1, QL2, MY1, MY2, GD, XH, LQ1, and
LQ2) stretches from the Qilian Mountains to Min Mountains (Figs. 1
and 2D). The Central cluster (ZD, QML, CD, and BM) is mainly sit-
uated between the Bayankala Mountains and the Yangtze River,
while the West cluster is located to the west of the Yangtze River.
The exception is the population ZD, which was grouped into the
Central cluster but is located to the west of the Yangtze River (Figs. 1
and 2D). The East and South clusters are both located in the
Hengduan Mountains. Five populations (GH, MQ, JZ2, JZ1, and DR)
situated along the Bayankala Mountains were named Hybrids as a
result of their combination of North and Central clusters. The pro-
portion of the North cluster in populations GH, JZ1, MQ, JZ2 and DR,
was 0.85, 0.79, 0.49, 0.48, and 0.08, respectively. The marginal
likelihood scores from FastSTRUCTURE did not sharply increase
since K = 3 (Fig. S1). Genetic grouping at K = 3 showed that the East
and South were mixed by a North, Central or West cluster (Fig. 2D).

198

The PCA plot identified six clusters, corresponding to the North,
Central, West, East, South and Hybrids (Fig. 2A). The first two
principal components, PC1 and PC2, explained 34.68% and 12.36%
of the total variation, respectively. PC3 explained 8.05% of total
variation and differentiated the East and Hybrid clusters (Fig. S2).

The f-branch statistics revealed considerable gene flow from the
Central cluster to Hybrids and the Hybrids to the North, as well as
the West cluster to the base of the other four clusters. At the
population level, strong gene flow was detected from CD, BM and
DR to MQ and JZ2, and evident gene flow from JZ2 to JZ1 (Fig. 3).
Evident gene flow was observed between almost all clusters except
West and South to DR, which was located in the center of the range

(Fig. 3).
3.3. Phylogenetic inference and estimation of divergence time

The genomic SNPs generated a well-supported ML tree in which
all nodes were fully supported (100%) except for three nodes with
support values ranging from 89% to 99% (Fig. 4). Individuals from
the same population were clustered into one subclade, except for
those of HY and MEK, which were mixed in one subclade. Pop-
ulations from the West (YS and LWQ) were located at the base of
the tree, and were sister groups with the remaining populations.
Populations from the Hybrids group were located between the
Central and the North, the latter of which were assigned to a clade
at the tip of the tree (Fig. 4).

Using the genome-skimming data, 23 plastomes were assem-
bled with lengths ranging between 127,562 bp and 128,190 bp.
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After one IR was eliminated, the plastome matrix with sequence
lengths from 105,342 bp to 105,853 bp was used for downstream
analysis. The plastome matrix generated a robust backbone in the
ML tree (Fig. 4). The West as well as populations CD and ZD from
the Central cluster were located at the base of the tree. The trees
based on SNP and plastome data revealed differences in the
placement of most populations, indicating substantial cyto-nuclear
conflicts. For example, population LH from the South clustered
together with populations BM and QML from the Central in the
plastome tree. Populations belonging to Hybrids were assigned to
distinct clades in the plastome tree (Fig. 4).

Our divergence time analyses based on the plastome matrix
indicated that the population YS and the remaining populations
diverged in the Early Pliocene, approximately 4.24 Ma (95% HPD:
3.95—4.52 Ma). The remaining three clades diverged during the
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Early Quaternary, approximately between 1.10 and 1.46 Ma (Fig. 5).
The detailed results, including for the outgroup, are illustrated in
Fig. S3.

3.4. Palaeo-distributional reconstruction

A total of 61 filtered occurrences were used for species distri-
bution modeling analysis. Following Pearson’s correlation analysis,
ten bioclimatic variables (bio2—bio5, bio7, bio9, bio13—bio15, and
bio18) were used for distributional reconstruction. The palaeo-
distributional reconstruction showed that two small disjunctive
areas in the Hengduan Mountains served as the potential habitat of
Gentiana aristata during the LIG (Fig. 6). The potential habitat of
G. aristata increased northward in its eastern range during the LGM,
and then further expanded northward until present (Fig. 6).
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4. Discussion

As a region with dynamic diversification, secondary contact and
speciation, the QTP region offers an excellent opportunity to
analyze the evolutionary history of diversification and how it has
been influenced by geological or climatic modifications. Focusing
on an annual species in the most speciose lineage of Gentiana, we
observed deep genetic divergence corresponding to geological
barriers in the QTP region and recovered cryptic diversity based on
genetic and morphological evidence. In populations along the
Bayankala Mountains, hybridization was rampant. Here, we discuss
our results in relation to the biogeographic history of this signifi-
cant hotspot and contemplate the implications for future studies.

4.1. Strong genetic differentiation and cryptic diversity in Gentiana
aristata

The QTP region is renowned for its extraordinary diversity and
high rate of in situ alpine speciation (Sun et al., 2017; Xing and Ree,
2017; Ding et al., 2020). However, the way that genetic subdivision
of populations and biodiversity assemble in speciose lineages
within this region has yet to be characterized with precision. Our
study addresses this issue by using genomic data and fine-scale
population to reveal deep genetic differentiation in Gentiana aris-
tata. Our genetic clustering disentangled five distinct clusters in
G. aristata, and observed great genetic differentiation between the
West and the remaining clusters (average Fst = 0.491). Indeed,

differentiations within species having wide HM ranges are
commonly significant, eg., Paraquilegia microphylla
(Fst 0.919-0.926; Luo et al, 2016), Meconopsis integrifolia
(Fst = 0.726—0.905, Yang et al, 2012), Circaeaster agrestis
(Fst = 0.128—0.891; Zhang et al., 2020), and Gentiana szechenyii
(Fst = 0.762—0.763; Sun et al., 2022). The extreme ruggedness and
geographical barriers in the QTP region, in particular in the HM, are
significant factors for the considerable differentiation in diverse
species in this area. We also observed a high level of average
inbreeding coefficient in G. aristata (Fis = 0.417), which could limit
gene flow and increase differentiation among populations. The
character of herkogamy in G. aristata indicates that selfing in this
species shall be rare, but tiny pollinators such as ants could indeed
cause selfing, as for example in G. lawrencei (Hou et al., 2009).
Geographical features, such as mountains and rivers, could act
as barriers to gene flow, leading to genetic differentiation and even
speciation (Seregin et al., 2015; Pertierra et al., 2020; White et al.,
2020). The five distinct clusters occur in five areas (Fig. 1) that are
geographically separated by physical barriers, such as Bayankala
Mountains and the Yangtze River. The Bayankala Mountains, often
referred to as Bayan Har Mountains, are a spur of the Kunlun
Mountains in China and serve as the watershed for the headwaters
of the Yellow River and Yangtze River. Although the Bayankala
Mountains are not characterized by high ruggedness as the HM,
their average elevation of approximately 5000 m makes them
sufficient to serve as barriers throughout glacial cycles for species
like Gentiana aristata with short-distance dispersal pollinators.
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Recently, a set of studies on plants from the QTP region, including
Pinus armandii (Liu et al., 2019), Rheum palmatum (Feng et al.,
2020), and Gentiana hexaphylla (Fu et al, 2022b), identified a
distinct genetic pattern in this topographically complicated envi-
ronment. These geographical characteristics also had an important
impact on species assembly across the HM and the greater QTP
region (Li et al., 2021).

Climate changes associated with glacial cycles may also signif-
icantly alter the distribution of species. Specifically, climate changes
may fragment or shift the ranges of species, accelerating diversifi-
cation or secondary contact within montane species (Muellner-
Riehl, 2019), including Gentiana (Fu et al., 2022a). The divergence
time within G. aristata primarily occurred in the Early Quaternary
when the QTP region underwent cycles of glaciations and plant
species experienced recurrent range changes to track favorable
habitats (Hewitt, 2000; Zheng et al., 2002). Studies of Anisodus
tanguticus (Wan et al., 2016), Medicago (Guo et al., 2023), and
Ostryopsis intermedia (Liu et al., 2014), as well as those on birds (Lei
et al.,, 2014), also suggest lineage diversification during the Early
Quaternary in this region. Therefore, the existing genetic pattern in
G. aristata may have been fostered by both geographical features
and climate oscillations.

In areas comprising rich and dynamic flora like the QTP region,
morphological variation is frequently observed within species of
diverse lineages, including Gentiana (Ho and Pringle, 1995; Ho and
Liu, 2001). The flora described G. aristata as having blue to pale
purple corollas (Ho and Pringle, 1995), which is consistent with
our observations that the corollas are blue in populations YS and
LWQ or pale purple in the remaining populations (Fig. 1).
Although corolla color has revealed phenotypic plasticity in a
number of species (Clegg and Durbin, 2000; Muchhala et al., 2014;
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Liang et al., 2023), populations with blue corollas in this study
exhibited deep genetic differentiation from those with pale purple
corollas, as indicated by the high Fst values (0.436—0.529), distinct
genetic clustering (Fig. 2A and D), and sister placement in the
phylogenetic trees (Fig. 4). Additionally, populations in the West
cluster (YS and LWQ) are geologically separated from the
remaining clusters by the Tongtian River, which is the upper
reaches of the Yangtze River. The divergence period between
population YS and the remaining populations occurred in the
Early Pliocene, when the Tongtian River already existed (Chen
et al,, 2020; Zhang et al., 2021). Meanwhile, the divergence time
between population YS and the remaining populations occurred
as early as approximately 4.15 Ma, a time range ensuring diver-
gence occurred between morphologically distinct species in
gentian (Fig. S3; Favre et al., 2016). Interestingly, populations in
the West cluster revealed slightly lower genetic diversity in
comparison to the remaining populations, considering high Fis
values in G. aristata, together exhibiting poor gene flow between
the West and the remaining populations, which was supported by
D-statistics (Fig. 3). Taken together, these findings suggest that the
cryptic diversity in populations YS and LWQ were caused by
geological isolation. Population ZD, located west of the Yangtze
River, was grouped into the Central cluster rather than the West.
This clustering might be explained by weak geological isolation
near the origin of the Yangtze River. Genetic data, especially
genomic data, have provided growing evidence of cryptic species
in both animals and plants (Struck et al., 2018), for example, in
butterflies (Hebert et al., 2004), bumblebees (Christmas et al.,
2021), yew (Liu et al., 2013), and Sarracenia (Carstens and Satler,
2013). Thus, we propose that the cryptic diversity in dynamic
flora likely in the QTP region might be vastly underestimated, and
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genomic data should be widely employed to evaluate the biodi-
versity of the region.

4.2. Rampant hybridization along Bayankala Mountains

The QTP region offers an excellent opportunity to gather evi-
dence on the role of hybridization and introgression for adaptation
and diversification because of the remarkable number of radiations
in the QTP region, of which many closely related species are sym-
patric. Our genomic SNPs not only disentangled distinct clusters in
allopatry in Gentiana aristata but also identified a very clear intra-
species hybrid region around the Bayankala Mountains (Fig. 1).
Regarding the structure of the hybrid region, the proportion of the
North cluster, for example, in the five sampled populations ranged
from 0.08 to 0.85, indicating that it consisted of offspring of recent
hybrids or backcrosses. Interestingly, phylogenetic analyses based
on plastid data demonstrated that the five populations are clus-
tered into various lineages (Fig. 4), indicating the different maternal
origins of the hybrids and bi-directional gene flow in this hybrid
region. Moreover, genetic grouping at K = 3 and PCA plots both
indicated that the East and South clusters are mixed with the North,
Central or West clusters (Fig. 2A and D), indicating they are likely
introgressed rather than divergent lineages, as for example in white
birch (Nocchi et al., 2023), although more evidence is needed. In the
East and South clusters located in the HM, which is characterized by
deeply dissected landscapes and has created complex genetic
structure, geological isolation and hybridization are likely the main
factors that have shaped genetic differentiation. In fact, hybridiza-
tion has been widely observed to drive species formation and
biodiversity assembly in the QTP region (Wu et al., 2022), from
herbs (e.g., Saxifraga, Ebersbach et al, 2020) and shrubs (e.g.,
Rhododendron, Ma et al., 2022) to woody species (e.g., Pterocarya,
Wang et al., 2023; Populus, Li et al., 2023).

Because the Bayankala Mountains separate populations into two
genetic clusters, any observed hybridization here would likely be
caused by secondary contact following range changes induced by
climate oscillations. Climate oscillations cause variable connectivity
across sky-islands in mountain systems as demonstrated, for
example, in the HM (Deng et al., 2020) and Flickering Connectivity
System (Andes; Flantua et al., 2019; Dantas-Queiroz et al., 2023). In
a number of cases, connectivity in the QTP region has been shown
to facilitate hybridization across different genetic groups at intra-
and inter-species levels (Liu et al., 2014; Wu et al., 2022). Although
the Bayankala Mountains served as one of the major geological
barriers to populations of Gentiana aristata, vertical displacement
as a result of temperature changes have offered chances for clusters
on opposite sides of the mountain to come into contact in some
areas. Our species distribution modeling revealed range expansion
since LIG in G. aristata (Fig. 6), as expected. In particular, the po-
tential range size of most alpine plants expanded, rather than
contracted, during the warming in the QTP region (Liang et al.,
2018), providing additional opportunities for contact in this re-
gion in the context of climate warming.

Natural hybrids can be identified in almost all species-rich
genera in the QTP region (Yang et al, 2019; Wu et al., 2022).
Growing evidence from both population genetics and phyloge-
netics suggests that hybridization might be more pervasive than
previously believed in this species-rich genus Gentiana, which has
received increased attention. Hybridization was observed in nearly
every taxon examined, for example, ancient hybridization in the
sections Ciminalis (Christe et al., 2014), Cruciata (Fu et al., 2021a),
and Chondrophyllae (Chen et al.,, 2021; Fu et al., 2022c), and recent
hybridization in the sections Cruciata (Hu et al., 2016), Kudoa (Fu
et al., 2020, 2022a), and Isomeria (Sun et al., 2022). Compared
with rapidly growing cases of hybridization within the genus,
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reports of ancient hybridization among genera or lineages are
scarce. Recent studies of phylotranscriptomics in the subtribe
Swertiinae (Gentianaceae) demonstrate that a large clade
comprising 10 genera has an ancient hybrid origin (Chen et al,,
2023), suggesting hybridization might be more frequent than pre-
viously assumed and could be technically identified in the genomic
era. The role of hybridization in rapid diversification events and
biodiversity assembly in dynamic flora, such as in the QTP region
and Andean paramos, are still relatively understudied despite
growing evidence (Schley et al., 2022) and increasing genomic re-
sources that could help shed light on the evolutionary effects of
hybridization.

5. Conclusions

In this study, we used genomic data to reveal deep differentia-
tion of Gentiana aristata in the QTP region, and rampant hybridi-
zation resulting in post-F1 hybrids along a geographical feature. We
identified cryptic diversity in G. aristata with evidence obtained
from both genetic and morphological characteristics. The differ-
entiation and cryptic diversity were promoted by climatic fluctua-
tions and geological barriers. These findings suggest that cryptic
diversity and hybridization are crucial for biodiversity assembly in
the QTP region.
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