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a b s t r a c t

Compared with traditional genetic markers, genomic approaches have proved valuable to the conser-
vation of endangered species. Paeonia ludlowii having rarely and pure yellow flowers, is one of the
world's most famous tree peonies. However, only several wild populations remain in the Yarlung Zangbo
Valley (Nyingchi and Shannan regions, Xizang) in China due to increasing anthropogenic impact on the
natural habitats. We used genome-wide single nucleotide polymorphisms to elucidate the spatial pattern
of genetic variation, population structure and demographic history of P. ludlowii from the fragmented
region comprising the entire range of this species, aiming to provide a basis for conserving the genetic
resources of this species. Unlike genetic uniformity among populations revealed in previous studies, we
found low but varied levels of intra-population genetic diversity, in which lower genetic diversity was
detected in the population in Shannan region compared to those in Nyingzhi region. These spatial
patterns may be likely associated with different population sizes caused by micro-environment differ-
ences in these two regions. Additionally, low genetic differentiation among populations (Fst ¼ 0.0037)
were detected at the species level. This line of evidence, combined with the result of significant genetic
differentiation between the two closest populations and lack of isolation by distance, suggested that
shared ancestry among now remnant populations rather than contemporary genetic connectivity
resulted in subtle population structure. Demographic inference suggested that P. ludlowii probably
experienced a temporal history of sharp population decline during the period of Last Glacial Maximum,
and a subsequent bottleneck event resulting from prehistoric human activities on the Qinghai-Tibet
Plateau. All these events, together with current habitat fragment and excavation might contribute to
the endangered status of P. ludlowii. Our study improved the genetic characterization of the endangered
tree peony (P. ludlowii) in China, and these genetic inferences should be considered when making
different in situ and ex situ conservation actions for P. ludlowii in this evolutionary hotspot region.
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1. Introduction

Biodiversity is declining at an unprecedented rate and plant
diversity is increasingly threatened by fragmentation of once-
continuous habitats and populations (Pimm et al., 2014; Ceballos
et al., 2015). As an essential part of biodiversity, genetic diversity
confers population-level resilience to ecological perturbation and
critical for adaptation to the future climatic environmental change.
Thus, it is prudent to quantify the architecture of genetic variation
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
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over populations of a threatened species and prevent as much
within-species diversity loss as possible. The inferences obtained
from population genetics analyses could ultimately help in guiding
effectively genetic rescue, which is now becoming widely accepted
as a biodiversity conservation approach to conserve small and
declining populations (Whiteley et al., 2015; Bell et al., 2019).
However, it may be challenging to delineate conservation and
management units, and further impede genetic rescue, especially
when population differentiation is subtle in species with an
extremely small number of populations (Fraser and Bernatchez,
2001; Frankham, 2010).

Generally, there are several reasons concerning with subtle
population structure revealed, among which sampling strategy and
the chosen genetic markers may be the two most probable impacts
on inferring intraspecific genetic differentiation (Younger et al.,
2017). From a conservation perspective, sampling an appreciable
number of individuals from each location in the species' range is
important, because sampling strategy could affect a comprehensive
understanding of its genetic status and correctly assessing evolu-
tionary potential. For instances, natural populations in the center
may represent genetic admixture (hybrid population), and a source
of novel diversity contributed to species' adaptation to ongoing
climate change (e.g., Thompson et al., 2010; Xu et al., 2017; Li et al.,
2020). Overlooking such populations would inevitably limit the
ability to detect the population structure in the distribution range
(Papuga et al., 2018). Moreover, populations close to geographic
range limits, may contain low levels of genetic variation but display
micro-ecological niche differences from those in central pop-
ulations (Eckert et al., 2008; Papuga et al., 2018). These populations
are important for species' survival and long-term evolution, and
thus should not be omitted but deserve conservation priority when
implementing conservation requirements (Hampe and Petit, 2005).

If the reason of the limited ability to detect population structure
based on the sampling strategies could be excluded, the subtle
population structure may be attributed to the features of near-
neutral markers employed. Currently, single- and multi-locus mo-
lecular markers providemost of the genetic data available to inform
conservation decisions (see Nielsen et al., 2020). Yet, the constraints
of limited numbers of markers and/or low mutation rate markers
have been increasingly observed, which perhaps hinder evaluating
weak genetic differentiation among populations and consequently
confound conservation efforts (Ouborg et al., 2010). Under such
circumstances, population genomic data with greater resolution
are required to evaluate the impact of genetic processes and
anthropogenic factors on the genetic variation pattern, and to
delineate conservation units especially for rare and endangered
species with limited distribution ranges (Ouborg et al., 2010; Funk
et al., 2012; Yang et al., 2018; Iannucci et al., 2021).

In the last decade, developments in next generation sequencing
technologies and advances in bioinformatics tools, have made it
possible to step up from single- andmulti-locusmolecular assays to
genome-wide estimates of genetic variation and address previously
intractable questions in conservation genetics (Ouborg et al., 2010;
Andrews et al., 2016; Cilingir et al., 2017). Among a variety of mo-
lecular techniques available for population genomic studies, re-
striction site-associated DNA sequencing (RAD-seq), is a flexible
and low-cost approach, which allows a comprehensive description
of the patterns of genetic variation among individuals, and inves-
tigation of population structure estimated for multiple poly-
morphisms filtered from genomes (Puritz et al., 2012; Andrews et
al., 2016; Nielsen et al., 2020). RAD-seq better detects low levels
of genetic structure than traditional genetic markers do, such as for
dispersive marine fish (D’Aloia et al., 2020) or rare plant species
with small population sizes (e.g., Lee et al., 2020; Liu et al., 2020;
Chen et al., 2021).
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Paeonia L. (Paeoniaceae), contains globally renowned orna-
mentals and traditional medicinal plants, but wild species of tree
peonies in China are now threatened to some extent (Hong et al.,
2017; Zhang et al., 2019; Yang et al., 2020b). Despite growing ef-
forts in Paeonia conservation, the available genomic resources
within Paeonia are scarce, probably due to the large genome size,
high-complexity and heterozygosity (Lv et al., 2020). These char-
acteristics of genome has hitherto restricted population genetic
analyses of Paeonia species to chloroplast DNA, microsatellite
markers (see Fan et al., 2020) and the nuclear gene (Zhao et al.,
2021). RAD-seq has only been recently applied in construction of
a high-density genetic map for Paeonia suffruticosa (Li et al., 2019).

Paeonia ludlowii, is a threatened species, distributed in the Yar-
lung Zangbo Valley, which is an important evolutionary hotspot
belonging to the Qinghai-Tibet Plateau (QTP) (Yu et al., 2019a). This
species is an essential peony genetic resource because of its tall
stature and pure yellow flowers within Paeonia (Hong, 1997; Yang
et al., 2020b) (Fig. 1), and also of medicinal values for the unique
chemical components such as paeonolum in roots (Zhang et al.,
2019). Additionally, recent research has found P. ludlowii is an
important source of oil with beneficial properties for human health,
and flowers and seed oils of P. ludlowii could be potential food re-
sources in human diets (Li and Wang, 2019). In contrast to the long
evolutionary history of Paeoniaceae (Wikstrom et al., 2001), it has
been proposed that some extant tree peony species, such as P. qiui, P.
jishanensis, P. rockii and P. ludlowii, distributed in China probably
originated during the late Pleistocene, indicating diversification
processes within these species in a very short time frame (Zhang et
al., 2018; Xu et al., 2019; Zhao et al., 2021). Now P. ludlowii is
restricted to Nyingchi and Shannan regions, and extant populations
occupy larger sized habitat in Nyingchi than that of the Shannan
region, but where the populations have both become fragmented by
local urbanization and farming (Hong et al., 2017). P. ludlowii has
been included in List of National Key Protected Wild Plants in China
(http://www.forestry.gov.cn/, 2021) and categorized as Plant Species
with Extremely Small Populations (PSESP) (Yang et al., 2020a).
Hence, providing a framework for managing genetic resources of
P. ludlowii in conservation programs has become urgent.

Previous studies of variation in Paeonia ludlowii using unipa-
rentally inherited chloroplast DNA and parentally nuclear genetic
data (microsatellite markers and the nuclear gene) found genetic
similarity within populations and no statistically genetic differen-
tiation across the Nyingchi region (Zhang et al., 2018; Zhao et al.,
2021). Unfortunately, the sampling without populations in the
Shannan region could not adequately explore the differentiation,
because Shannan region contains the peripheral population, which
may represent a source of novel diversity having adaptive potential
for future climate changes (Hampe and Petit, 2005; Thompson
et al., 2010). One more recently empirical work employing micro-
satellite markers, in a thorough sampling of the population of
P. ludlowii, showed relatively lower levels of within-population
genetic diversity in Shannan region, and also exceptionally low
differentiation among populations (Xue et al., 2021). However, the
underlying causes of shaping the observed genetic patterns remain
still unclear. In this work, 40 samples were collected from the
remaining wild populations of P. ludlowii, across its distribution
range. We employed genome-wide single nucleotide poly-
morphisms (SNPs) derived from RAD-seq, to further investigate the
magnitude and spatial distribution of the genetic diversity in
fragmented populations, to assess the possible occurrence of ge-
netic differentiation patterns previously undetected, and to
reconstruct the demographic history in order to get a more com-
plete picture of how evolutionary processes shaping genetic vari-
ation in P. ludlowii. All these results would ultimately help to inform
genetic management of the remnant populations.

http://www.forestry.gov.cn/


Fig. 1. The habitat and morphogical characteristics of Paeonia ludlowii: (a) habitat; (b) flower and pollinated insect; (c) fruit; (d) seeds (Photographs were taken by Jian Liu, Zi Wang
and Huihui Xi).
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2. Materials and methods

2.1. Sample collection and sequencing

Leaf tissue was collected from Paeonia ludlowii during summers
of 2018e2020. All samples were dried on silica gel immediately and
then stored at �20 �C. According to the recent field survey, the
number of remaining populations is small. And previous analyses
based on cpDNA, SSR markers and the nuclear gene all showed no
genetic variation within all sampled populations distributed in
Nyingchi region (Zhang et al., 2018; Zhao et al., 2021). As a result,
sites with more than about 25 km apart were chosen to maximize
representation across all known locations but cover its distribution
range. Four populations distributed across the two sides of Yarlung
Zangbo River were sampled, three (JRK, BJ and NY) of which were
located along the midstream of in Nyingchi region and one (ZB) in
Shannan region (Fig. 2a). Fruits containing seeds of P. ludlowiiwere
also collected and stored in flowerpot filled with fine sand, and
then the status of rooting were observed per month. After rooting,
the plantlets were transferred to a plastic pot filled with soil and
humus in a greenhouse. The average temperature and the relative
air humidity of the greenhouse were controlled at 20 �C and 70%,
respectively.

To obtain estimates of genome-wide patterns of genetic dif-
ferentiation, we used Illumina sequencing of restriction-site
associated DNA tags (RAD-seq). Genomic DNA was extracted
from 200 mg of silica-dried leaves using the modified CTAB pro-
tocol (Doyle, 1991). DNA purity, concentration, and integrity were
assessed using a Nanodrop spectrophotometer, Qubit and agarose
gel electrophoresis. For each individual, 1 mg of genomic DNA was
used for DNA digestion with EcoRI enzyme and RAD library con-
struction following Baird et al. (2008), including P1 adapter liga-
tion, fragments selection, purification, P2 adapter ligation and
RAD-tag amplification. The qualified libraries were sequenced by
Illumina Hiseq 2500 platform and 150 bp pair-end reads were
generated. Libraries were pooled to a target of 4 Gb raw data per
individual.
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2.2. Quality filtering and SNP calling

A de novo pipeline in STACKS v.2.48 (Rochette et al., 2019) was
performed to call SNPs. Raw reads were initially checked by FastQC
v.0.11.9 (Andrews, 2019), demultiplexed and filtered using process
radtags module. Perl wrapped denovo.map.pl was used for
executing the modules in stacks. Following to the suggested pro-
tocol, a range of parameter values with m, M and n values ranging
from 2 to 4 were investigated. In order to increase coverage depth
and maximize loci, three parameters most influence the number
and error rate of SNPs were set as m ¼ 4, M ¼ 2 and n ¼ 2. Spe-
cifically, RAD loci within individuals were identified using ustacks
with aminimum depth of 4 reads to form a stack and themaximum
nucleotide mismatch allowed between 2 stacks. Using cstacks and
sstacks, RAD loci from individuals were then combined into a
catalogue, allowing for a maximum of 2 nucleotide mismatches
between stacks. In the populations module, SNPs with minor allele
frequency lower than 0.01 and loci with an observed heterozy-
gosity with 0.5 were removed; the first SNP per RAD-tag was
chosen; a locus must have been present in all populations to be
included in the final data set (-p 4); and a locus must have been
genotyped in at least 80% of individuals per population to be
included. PDGSpider v.2.1.1.5 was used to transform files into
different format files required by downstream analyses (Lischer
and Excoffier, 2012).

2.3. Population genomics analyses

We tested for signatures of selection using the FST-outlier
method implemented in Bayescan v.2.01 using the default settings
(Foll and Gaggiotti, 2008). This approach uses differences in allele
frequency to identify candidate loci under selection by decom-
posing FST coefficients into population and loci components. And
models with and without selections were evaluated by a reversible
jump MCMC and posterior probabilities of the parameters under
different models are calculated. A threshold value to detect selec-
tion was set using a conservative maximum false discovery rate



Fig. 2. (a) Geographic distribution of sampled Paeonia ludlowii populations. (b) Principal component analyses (PCA) assessing all individuals of Paeonia ludlowii. (c) Correlation of
pairwise geographic distance vs. pairwise genetic distance Fst of Paeonia ludlowii populations calculated in Arlequin. (d) STRUCTURE analysis containing all Paeonia ludlowii in-
dividuals, showing ancestry coefficients for K ¼ 2.
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(the expected proportion of false positives) of 0.05. It has been
demonstrated that the Bayescan is one of the most commonly used
and powerful approaches in detecting selection signatures (Ahrens
et al., 2018). To assess the genetic diversity of P. ludlowii, observed
heterozygosity (Ho), expected heterozygosity (He), nucleotide di-
versity (p) and the inbreeding coefficient (FIS) were calculated with
populations module in STACKS v.2.48 (Rochette et al., 2019).

Using the program Arlequin v.3.5 (Excoffier et al., 2005), AMOVA
(analysis of molecular variance) quantified the proportion of vari-
ation at the species level based on SNPs data with 10,000 permu-
tations and allowed 0.05 missing level per site. We also calculated
pairwise genetic differentiation FST among the studied populations,
and assessed the significance of differentiation while accounting
for pairwise comparisons (p < 0.05). The relationship between
genetic and geographic distance (isolation by distance, IBD) was
tested by population pairs. Geographic distances were calculated
with the program GenAlex v.6.1 (Peakall and Smouse, 2006) based
on the coordinate information. We used FST calculated above as
genetic distance and performed Mantel test on distance matrices
with 10,000 permutations within the mantal.randtest function in
package ade4 executed with R v.4.0.1 (Dray et al., 2007).

STRUCTURE v.2.3.4 (Pritchard et al., 2000) was used to infer
population structure and identify possible genetic mixture among
the populations of Paeonia ludlowii. The admixture ancestry
model was implemented, exploring values of K ¼ 1e6 with 10
interactions per K value. Each run was composed 200,000 gen-
erations following a burn-in of 100,000 generations. In order to
explore the existing population structure as far as possible, we did
this both with and without sampling locations (Nyingchi and
Shannan regions) supplied as prior information. Adding sampling
locations may be useful for detecting structure when it is subtle.
The optimal K value was determined using the methods of Evanno
in Structure Harvester (Evanno et al., 2005). Interactions of the
optimal K value were combined and averaged by CLUMPP
(Jakobsson and Rosenberg, 2007). Structure results were visual-
ized using DISTRUCT (Rosenberg, 2004). Complementary to the
Bayesian clustering, we also performed principal component
analysis (PCA) as implemented in PLINK v.1.9 (Chang et al., 2015)
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and R v.4.0.1, to visualize genetic structure along the first two
principle components.

2.4. Demographic history inferences

The stairway plot method (Liu and Fu, 2015), was used to
reconstruct continuous changes in population effective size over
time based on the site frequency spectrum (SFS). Since the pop-
ulations were not very distinctly structured, according to the
above-mentioned genetic analyses (see results), we joint all P.
ludlowii population together as awhole, and SNPs recorded at a rate
of more than 25% among all samples were extracted, and the
minimum allele frequency was set to 0.01. To reduce the biased
estimates of SFS due to themissing data, we chose to project the full
data set down to a smaller number of samples thereby maximizing
the number of segregating sites in the SFS (Gutenkunst et al., 2009;
Terhorst and Song et al., 2015). The folded SFS was computed from
the downsampled diploid samples for P. ludlowii using the python
script easySFS (https://github.com/isaacovercast/easySFS). Because
there are no reliable fossil information for P. ludlowii and the ac-
curate evolutionary rates for RAD loci is unknown. The mutation
rate was estimated from the observed sequence divergence (d) of
ATP gene utilized in our previous study between P. ludlowii and P.
delavayi, whose splitting (T) has occurred between 5 and 6 million
years ago, based on recent calibrations analyses of fossils related
with Paeoniaceae (Zhou et al., 2021). We employed Tamura and
Nei's distance (Tamura and Nei, 1993) as a measure of sequence
divergence. The d-value between the two species was calculated as
0.023 in MEGA 7.0.18 (Kumar et al., 2016). Then we applied the
formula m ¼ d/2T (Nei and Kumar, 2000), m was then approximated
between 1.92e2.30� 10�9, and used to represent themutation rate
of RAD loci. According to the long-term observation of Ni andWang
(2009), it often takes 7e12 years for P. ludlowii to firstly flowers in
the wild due to its seed dormancy and vegetative reproduction by
rhizomes (Hao et al., 2014), and the average generation timewas set
to ten years, which was generally assumed for other Paeonia species
(Xu et al., 2019). A two-epoch model was built, the suggested pa-
rameters according to the manual was set, and 67% of segregating

https://github.com/isaacovercast/easySFS


Table 2
Genetic distance between all pairs of populations. Fst values are shown below the
diagonal, with associated p-values above the diagonal. Significant p-values are
shown in bold.

Population JRK BJ NY ZB

JRK 0 0.0156 0.3682 0.1426
BJ 0.0087 0 0.4502 0.1895
NY 0.0004 0.0006 0 0.3945
ZB 0.0057 0.0029 0.0020 0
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sites used for training and 200 bootstraps. We also used NeEsti-
mator v.2.1 to estimate contemporary effective population sizes for
each population and P. ludlowii under the linkage disequilibrium
method with the random mating model and the minimum allele
frequency cutoff of 1/(2n) (n ¼ sample size) (Do et al., 2014).

3. Results

3.1. Identification of SNPs

We obtained 164.3 Gb data containing 547,647,817 raw reads for
40 individuals of Paeonia ludlowii. After quality filtering, the aver-
aged 12.8million reads per sample (range 10.32e15.8million) were
processed for all individuals. According to the pre-tests, the mini-
mum number of identical, raw reads required to create a stack (m
ranging from 2 to 4), was set to 4. The depths of coverage for pro-
cessed samples ranged from 11.33x (JRK01) ~22.98x (ZB02), with a
mean of 17.41x. When m was set to 4, results from de novo as-
semblies showed no significant differences in the number of loci
and SNPs depending on the set of parameters used. The mismatch
within individuals (M) and the mismatch between individuals (n)
were both set to be 2. After our restrictive filtering (p ¼ 4, r ¼ 0.8),
we obtained 5908 RAD loci containing 560 variant sites. The mean
proportion of per individual missing data was less than 5% and the
missing data per SNP was less than 20%. From these, we did not
detect candidate outliers with Bayescan, and therefore all variant
sites were putatively neutral and used for the population genomics
analyses.

3.2. Genetic diversity

At the species level, the genetic diversity statistics of Ho, He, and
pwere all small (Ho: 0.0320, He: 0.0315 and p: 0.0319) (Table 1). At
the population level, the range of Ho, He and p was small (Ho:
0.0196e0.0415; He: 0.0177e0.0386; p: 0.0187e0.0408), and the
overall genetic diversity of the three statistics showed the same
trend and was ranked as follows: JRK > BJ > NY > ZB (Table 1). The
inbreeding coefficient at the species level (FIS ¼ 0.0026) was close
to zero, and all populations also displayed no evidence of
inbreeding (Table 1). Private alleles were not uniformly distributed
across populations, spanning a wide range (75e183). JRK and BJ
showed the highest fraction of private polymorphisms (33.04% and
32.32% of the total SNP variation, respectively). Proportions of
private SNPswere lower in NYpopulation (16.79%) and lowest in ZB
population (13.39%) (Table 1).

3.3. Population structure

We found extremely low levels of pairwise population differ-
entiation for Paeonia ludlowii, and values ranged from 0.0004 to
0.0087 (Table 2), with only estimates of pairwise population dif-
ferentiation between JRK and BJ showing significant difference
Table 1
List of sampling information, genetic diversity indices, and contemporary effective popu
individuals of Paeonia ludlowii based on the data set of variant sites.

code location n latitude (N�) longitude (E�) He

JRK Jiarika, Nyingchi 10 29.67 94.36 0.0386
BJ Bujiu, Nyingchi 10 29.47 94.37 0.0353
NY Nanyi, Nyingchi 10 29.16 94.21 0.0208
ZB Zhunba, Shannan 10 28.32 92.92 0.0177
total 40 0.0315

n, number of individuals sequenced; He, expected heterozygosity; Ho, observed heterozy
effective population size estimates with 95% confidence intervals. Inf estimates refer to
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(p < 0.05). Similarly, the hierarchical AMOVA revealed considerably
more genetic variation within populations (99.63%) than among
populations (0.37%) (p > 0.05) (Table 3). When considering
Nyingchi and Shannan two regions, the divergence were even
lower among groups, with higher divergences also restricted to the
comparisons within populations (data not shown). The result of
PCA analysis using all individuals showed no clear separation of
individuals from the sampling regions (Fig. 2b). There was no very
strong correlation between pairwise geographical and genetic
distances detected overall in the study area (Mantel r ¼ 0.0024,
p ¼ 0.6537) (Fig. 2c). The STRUCTURE analysis showed that a model
of two clusters (K ¼ 2) was most likely structure for the data set
(Fig. S1), and nomatter whether the sampling locationswere added
or not. In the second-best model of K ¼ 3 (data not shown), the
genetic compositions of three clusters were all similar, which cor-
responded to the results of K ¼ 2 and also indicated little genetic
differentiation among the geographic regions (Fig. 2d).

3.4. Demographic history of Paeonia ludlowii

We estimated past effective population size (Ne) for the entire
Paeonia ludlowii population in our study using stairway plot. Based
on the two different mutation rates, we obtained similar change
trends of effective population sizes from about 35,000 years ago to
present, thus one of the results was shown (Fig. 3). Between 15,000
and 5000 years before the present, the decrease in Ne appeared
progressive, starting at least 12,000 years ago, following with a
briefly constant period, and then an acceleration of the decline
visible between 6000 and 5000 years ago. During this recent period,
Ne suffered a sharp reduction from about 1000 to 100 individuals.
Following the recent bottleneck, we observed that between 4500
and 3500 years before the present, the effective population size
exhibited a trend of recovery. Additionally, we estimated contem-
porary effective population size of 48.8 (95% CI: 45.8e52.2) for the
full P. ludlowii individuals, and only observed Ne in two populations
(JRK and NY) in Nyingchi region. The estimated Ne of JRK was 45.6
(95% CI: 29.8e90.3), larger than that of NY (16.6, 95% CI: 11.5e26.7)
(Table 1).

4. Discussion

In this study, our work provided the first estimation of the
population genomic status of the threatened tree peony (Paeonia
lation size estimates (Ne with 95% confidence intervals) for each population and all

Ho p private allele FIS Ne (95% CI)

0.0415 0.0408 181 �0.0027 45.6 (29.8e90.3)
0.0374 0.0373 183 �0.0002 Inf (InfeInf)
0.0226 0.0220 94 �0.0018 16.6 (11.5e26.7)
0.0196 0.0187 75 �0.0023 229.2 (37.2-Inf)
0.0320 0.0319 0.0026 48.8 (45.8e52.2)

gosity; p, nucleotide diversity; FIS, inbreeding coefficient; Ne (95% CI), contemporary
Ne ‘infinite’.



Table 3
Analysis of molecular variance (AMOVA) analysis of genetic variation within and
among populations in Paeonia ludlowii.

Source of variation d.f. Percentage of variation Fixation indices

Among populations 3 0.37 0.0037
Within populations 76 99.63 0.9963
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ludlowii) restrictedly distributed in the evolutionary hotspot region
within QTP. By employing RAD-sequencing and thorough sampling,
we were able to detect the subtle genetic structure within P.
ludlowii. Different from previously reported, our results indicated
low but varied levels of genetic diversity within populations.
Moreover, subtle population subdivisions were revealed, likely
reflecting the effects of ancestral polymorphisms rather than
currently genetic connectivity. Demographic inference indicated
that P. ludlowii probably experienced a temporal history of sharp
population decline during the period of Last Glacial Maximum, and
a subsequent bottleneck event resulting from prehistoric human
activities on the Qinghai-Tibet Plateau. All these events, together
with current habitat fragment and excavation might contribute to
the endangered status of P. ludlowii. The genetic data here reported
could also provide essential source of information for conserving
this locally threatened species.
4.1. Low but varied levels of intra-population genetic diversity

Estimates of genetic diversity (He, Ho and p) showed that the
genetic diversity of Paeonia ludlowii was low for all populations
(Table 1). For examples, genetic diversity values (p) were lower
than estimates reported for endangered species with limited dis-
tribution ranges, such as perennial herb (Viola uliginosa: 0.044) (Lee
et al., 2020), shrub (Rhododendron cyanocarpum: 0.0702) (Liu et al.,
2020) or trees (Horsfieldia tetratepala: 0.096 and Phoebe zhennan:
0.158) (Xiao et al., 2020; Cai et al., 2021), inwhich RAD-seq was also
used for population genomics analyses. Low genomic diversity has
commonly been the product of a combination of historical events,
recent bottlenecks and gene flow. Species with short evolutionary
time is inclined to accumulate limited genetic variation (Marques
et al., 2019). This may also be the case for P. ludlowii, which origi-
nated recently due to the effect of Quaternary climatic changes and
not already contained high genetic diversity (Zhang et al., 2018;
Zhao et al., 2021). Additionally, local urbanization-related distur-
bance such as road construction, selective farming and excavation
for medicinal usage has-modified locally ecological and genetic
processes, perhaps resulting in population declines, further aggra-
vating the loss of genetic diversity and impeding effective gene flow
via seeds and pollen (Young et al., 1996; Aguilar et al., 2008; Banks
et al., 2013). However, this postulation should been taken with
caution, as the genetic consequences of habitat fragmentation on
species are complicated, especially for species with differences in
time since fragmentation, rarity status and life-history character-
istics (Aguilar et al., 2008; Vranckx et al., 2012). Actually, for a
specific species, it is not easy to distinguish pre-existing genetic
diversity from those resulting from recent fragmentation, until the
accurate estimates of genetic variation in natural pre-fragmented
populations can be made (e.g., Jensen et al., 2018; Llorens et al.,
2018). For P. ludlowii, the characteristics of sexual propagation
and the near zero estimates of inbreeding coefficient, seemed un-
favorable for it to counteract to the effects of fragmentation.
Conversely, a lifespan of greater than 10 years in the field may help
to cope with the immediate effects on genetic variation (Ni and
Wang, 2009), if fragmentation is a relatively event (Yao et al.,
2007). It is reasonable to believe that, regardless of whether P.
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ludlowii could be resilient to fragmentation (see discussion below),
P. ludlowii maintains a relatively low genetic diversity. This pattern
is consistent with the expectation for species that are rare,
geographically restricted and has limited seed dispersal (Hamrick
and Godt, 1996).

However, unlike the patterns of genetic variation showing
highly genetic uniformity within populations based on cpDNA, SSR
markers and the nuclear gene (Zhang et al., 2018; Zhao et al., 2021),
we found that each population possessed an own genotype profile
and different levels of genetic diversity. In particular, the popula-
tion JRK on the edge of the distribution of Paeonia ludlowii in
Nyingchi region, showed higher genetic diversity values (He:
0.0386; Ho: 0.0415; p: 0.0408) than the population ZB located in
Shannan region (He: 0.0177; Ho: 0.0196; p: 0.0187) and adjacent
populations distributed in the same region (Table 1). Meanwhile, in
addition to the higher genetic diversity in population JRK, the
number of private alleles endemic to JRK also showed the highest
proportion. That is, genetic diversity decreased towards the limit of
the distribution of P. ludlowii (Fig. 2a). A possible explanation for
this pattern may be the differences in population sizes among the
populations. According to the field survey, population ZB exhibited
scarcity of small individuals in Shannan region, suggesting weaker
capacities of seedling establishment in comparison with those in
Nyingchi region. And this finding further indicated that the con-
ditions here were not very suitable for population inhabiting of P.
ludlowii,where micro-environment differed from those in Nyingchi
region. Comparatively, the larger atmosphere humid, medium light
intensity and good soil water holding capacity in Nyingchi region
may be more favorable for seed germination and seedling regen-
eration for P. ludlowii, and consequently P. ludlowiiwas restrictively
distributed in Shannan region and could not expand south (Ni and
Wang, 2009; Hong et al., 2017). Moreover, when considering the
parapatric distribution of its ancestor-like species P. delavayi, the
possibility of gene flow between P. ludlowii and P. delavayi
increasing genetic diversity may not be completely excluded. Ac-
cording to our recent survey on the geographic boundary between
the two species, there are only about 11 km of isolation barriers,
thus this distance may not enough to impede completely inter-
specific gene exchange via generalist insect-pollination such as
bees and flies (Tang et al., 2021). Although gene flow between this
progenitorederivative pair were not detected in previous studies,
perhaps due to the resolution ability based on the limited number
of molecular markers, no convincing evidence is available about the
extent of reproductive isolation between them either (Shuai and
Zang, 2016; Yang et al., 2020b). Therefore, this theme needed
further investigation using more genome-wide variation involved
in reproductive isolation to help understanding how variation
evolve over the course of speciation process (Stankowski and
Ravinet, 2021).

4.2. Subtle genetic structure

Although habitat fragmentation is commonly expected to in-
crease inter-population genetic divergence of plant populations,
some empirical studies have demonstrated that anthropogenic
fragmentationmay not alter pre-existing patterns of differentiation
(e.g., Changiostyrax dolichocarpa, Yao et al., 2007; Prunus africana,
Farwig et al., 2008; Grevillea caleyi, Llorens et al., 2018). In accor-
dance with previous results, Paeonia ludlowii exhibited weak ge-
netic structure at the species level (Fst ¼ 0.0037) (Table 3), as
shown in multiple genetic clustering analyses (Fig. 2b and d). There
were two possible alternative scenarios to interpret the observed
genetic differentiation. First, the lack of genetic differentiation be-
tween populations could be the results of contemporary gene flow
via long distance dispersal among populations. Second, rather than



Fig. 3. Inference of demographic history of the entire Paeonia ludlowii population
using Stairway plot. The red line represents the median effective population size (Ne)
and the grey dash lines represent the 2.5 and 97.5 percentiles of Ne, respectively.
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contemporary genetic connectivity, the observed genetic similar-
ities could also be attributed to the result of shared ancestry among
now isolated populations, which have not been isolated for an
enough time to diverge genetically. When the fruit of P. ludlowii
become ripe, big seeds usually drop down. The occurrence proba-
bilities of effective dispersal by animals, wind and water are low,
and fruit ingestion by animals or transport by mice have been
seldom reported; as a result, seedlings are usually distributed
around thematernal plant and the distribution pattern of P. ludlowii
population is collective (Zhang, 2008) (Fig. 1). In addition, the main
pollination insects for P. ludlowiiwere Apidae and Syrphidae (Shuai
and Zang, 2016), which are not expected to travel long-distance
pollen dispersal but rather forge primarily within patches in com-
parison with butterflies and large moths (see ref. there in
Barthelmess et al., 2006). Given the poor dispersal ability of P.
ludlowii via insect-pollination and/or gravity-dispersed seeds be-
tween small populations with more than averaged 110 km dis-
tances, we consider the second scenario, that the current separated
populations of P. ludlowiiwere connected by historical gene flow, to
be the most likely explanation for the genetic similarity found here.
No significant correlation between geographic distance and genetic
distance (Fig. 2c), also suggested unequilibrium population struc-
ture, and indicated that divergence was largely driven by effects of
genetic drift over time, instead of currently gene flow (Hutchison
and Templeton, 1999). Accordingly, we could assume that the
establishment of P. ludlowii took place when the habitat was still
contiguous, and extensive exchange could take place, but the
directly disturbance effects on genetic differentiation among pop-
ulations through its influence on genetic drift and migration has
not been so impressive during a short time scale (Banks et al., 2013).
This explanation may be particularly likely for long lifespans
(15e20 years) species such as P. ludlowii (Zhang et al., 2018).
Moreover, our finding of low, yet statistically significant genetic
differentiation between the two closest populations (JRK and BJ)
(Table 2), did not reflect genetic connections related with
geographic proximity, but indicated currently considerable re-
striction of gene flow. These results may provide further support for
the persistence of shared ancestry rather than gene flow.

4.3. Demographic history

Paeonia ludlowii is a relatively young species by ecological
specialization and has a restricted distribution range in Yarlung
Zangbo valley on the QTP (Zhang et al., 2018; Zhao et al., 2021). In
addition to the short evolutionary time, historical demographic
processes such as population expansion or bottlenecks and decline
are also known to exert a fundamental influence on the particular
genetic diversity (Hewitt, 2000). The first predominant decline
event, occurring about 12,000 years ago, was observed in
P. ludlowii. The timing of this decline was coincided with the Baiyu
(the last) Glaciation during 10,000e70,000 years ago on the QTP
(Zheng et al., 2002). During the last glaciation period, the temper-
ature and rainfall fluctuations have influenced the vegetation dis-
tribution range on the QTP, and led to the observed decrease of
genetic diversity. Our result suggested this occurrence of popula-
tion decline of P. ludlowii, was also consistent with previous
ecological modeling results, indicating a few suitable habitats on
the QTP at the LGM compared to the present (Zhang et al., 2018).
Additionally, we also found the evidence of a more recent bottle-
neck in Ne from 1000 to 100 occurring approximately 5000 years
ago (Fig. 3), which might relate to the greater anthropogenic ac-
tivities beginning for this region. The fossil evidence showed that
modern human occupied the interior region of the QTP about 40
thousand years ago and even in amuch earlier time frame (Zhang et
al., 2020). Similarly, pollen records of human activities in the
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Southeast region on the QTP has uncovered evidence that the ef-
fects of environmental disturbances emerged due to the enlarged
range of human activities since Late Holocene, resulting in the loss
of forest and habitat fragment (Chen et al., 2020). All these events
probably contributed to the history of long-term decline in Ne in
P. ludlowii. Although P. ludlowii had shown some recovery in the
subsequent time, it seemed tough for such a species with long-time
lifespan to accumulatemoremutations to increase genetic diversity
over the short hundreds of years. We also acknowledge that the
exact timing and magnitude of changes in Ne of P. ludlowii should
be interpreted with some cautions. One the one hand, SFS-based
approaches typically require very large numbers of segregating
sites for accurate inference (Barley et al., 2022), although we
applied a less stringent filter approach, the number of SNP markers
employed in our studymay still be inadequate for the huge genome
size of P. ludlowii. Applying a limited amount of segregating sites
may probably underestimate the time points. An additional
concern with the demographic inference approach we used is that
it depends on the mutation rate and generation time to convert the
scaled parameter estimates to absolute units of Ne and years. The
mutation rate and generation times are seldom known with pre-
cision, and especially it is not possible to accurately estimate the
evolutionary rates for RAD loci. As a result, for example, if a higher
mutation rate was assumed, the value of Ne would be decreased
and move the timing of events forward; likewise, a longer gener-
ation time would push back the timing of demographic events.
However, irrespective of the precise mutation rate and generation
time assumed, when we used another dataset with a much strin-
gent filter in which just the SNPs recorded at a rate of more than
50% among all samples were kept, no apparent discrepancy but a
similar trend of Ne was obtained (data not shown). Ultimately,
therefore, we believe the demographic trends appear robust, and
could provide some power for demographic inferences.
4.4. Conservation implications

This study improves the genetic characterization of the endan-
gered tree peony (Paeonia ludlowii) covering its natural distribution
in Tibet as a basis to assist conservation and management. Ac-
cording to the previous and our field survey in the last years, the
number of adult plants within populations could seldom exceed
500; the natural recruitment of population is poor and the popu-
lation size is declining due to low seed setting percentage, high
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mortality of young seedling as well as disturbances of human ac-
tivities (Yang et al., 2007). Further, together with the small number
of remaining populations, the relatively low diversity found in all P.
ludlowii populations revealed by our different molecular markers
suggest that this attribute may have negligible effects on long-term
population viability. Meanwhile, our genetically based estimate of
small contemporary Ne contrasts with the roughly estimated
population size of mature individuals for P. ludlowii (Table 1). This
could indicate that, on the one hand, population sample might not
capture the full spectrum of genetic diversity within P. ludlowii.
Such disparities is not unexpected to be found and genetically
based Ne estimates are often substantially smaller than population
census size estimates due to sampling, changes to population sizes
and impact of inbreeding (Frankham, 1995). On the other hand, the
low ratio between the two estimates offers additional support for
strong declines of P. ludlowii, making them further potentially
vulnerable to deleterious effects of genetic drift due to habitat
fragment and excavation in the long term. Therefore, taking all the
characteristics into consideration, P. ludlowii should still be cate-
gorized as a PSESP taxon that is in urgent need of rescue (Ma et al.,
2013; Yang et al., 2020a). Such a small number of isolated pop-
ulations should deserve both ex-situ and in-situ protection (Crane,
2020). According to the results of our experiment, P. ludlowii has
a high seed germination rate, and the transplanted plant could
bloom in botanical garden. The representativeness of the genetic
diversity captured in the wild for population reinforcement and ex
situ conservation in germplasms (seeds) should be considered for
all population, considering their existed private alleles. Conserving
these germplasms in botanical garden could facilitate scientific
research, public outreach and education programs, especially for
the need of developing economic and medicinal values for genetic
breeding for scarce cultivars with yellow flowers, analyses of seed
oil composition and chemical components extraction from P.
ludlowii, and ultimately reduce the need of wild resources of P.
ludlowii. Meanwhile, given the poor capacity of natural recruitment
of P. ludlowii, re-introduction and restoration programs are also
necessary for increasing population sizes in the wild.

Except for ex-situ conservation programs, it is essential to pro-
tect Paeonia ludlowii in their native habitats, where they could
continue to provide diverse ecosystem services. Despite the plant
uniqueness and diversity in Yarlung Zangbo Valley, its current na-
ture reserve of diversity remains incomplete (Liu et al., 2003; Yu
et al., 2019b). Massive recent anthropogenic habitat loss and frag-
mentation may lead to further decrease of the natural distribution
of P. ludlowii. Currently, only population NY was relatively well
protected in Scenic Area, and all the rest were not located in the
range of natural reserves. Therefore, more in-situ conservation sites
should be established and new law and policies should also be
formulated to avoid illegal excavation.

Furthermore, genetic rescue could be attempted as a biodiver-
sity conservation approach, in which restoring gene flow into these
small, isolated population can alleviate genetic load and increase
persistence probability (Whiteley et al., 2015). For populations
within Nyingchi region, restoring gene flow among these pop-
ulations distributed in similar environmental conditions may aid
increases in population growth rate. We recommend that land-
scape management aimed at maintaining connectivity in the nat-
ural habitat would be useful for protecting populations with
relatively large population sizes (e.g, JRK, BD and NY in Nyingchi
region). Additionally, large populations with diverse genetic
composition could likely be the sources for genetic rescue of
smaller and less genetically diverse population (Bell et al., 2019).
The isolated population ZB in Shannan region, is vulnerable to
extinction through increasing farming and would need some
reinforcement actions with individuals from the same or nearby
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populations. On the other hand, obviously the population ZB in
Shannan region had the lowest nucleotide diversity. Introducing
seedlings germinated from seeds produced in population NY, which
was least genetically different from ZB, may help to increase the
genetic diversity and decrease the probability of population
extinction. But such decisions should be made with caution,
because the two regions hold differences in several environmental
factors such as atmosphere humid, light intensity and soil water
holding capacity (Ni and Wang, 2009), and admixtures of pop-
ulations with regional adaptation may bring the risk of outbreeding
depression (Frankham et al., 2011), although this does not appear to
be a common contribution to extinction (Bell et al., 2019). Future
research using more powerful genomic methods searching for
adaptive variation and selective breeding should be encouraged
towards a sustainable conservation of this plant genetic resources
(Fraser and Bernatchez, 2001; Frankham, 2010).
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