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Abstract

Background: Climate heterogeneity not only indirectly shapes the genetic structures of plant populations,
but also drives adaptive divergence by impacting demographic dynamics. The variable localized climate
and topographic complexity of the Taihang Mountains make them a major natural boundary in Northern
China that influences the divergence of organisms distributed in this region. Opisthopappusis an
endemic genus of the Taihang Mountains that includes only two spatially partitioned species
Opisthopappus longilobus and Opisthopappus taihangensis. For this study, potential major indicators
were investigated to explore those associated with the genetic variations in Opisthopappus populations.

Results: The findings revealed that a significant genetic differentiation existed between 0. longilobus and
O. taihangensis populations. All identified haplotypes/studied populations were divided into two distinct
groups. The considerable variability was due not only to geographic factors, but also environmental
variables. At approximately 13.2 Ma of the Middle Miocene, O. taihangensis differentiated from O.
longilobus under a strengthening East Asian monsoon and global cooling. Subsequently, with the uplift
of the Taihang Mountains, the complex topography further promoted the variation between the two
species and populations. Among environmental factors, five climatic variables, isothermality (bio3), min
temperature of coldest month (bio6), mean temperature of wettest quarter (bio8), precipitation of driest
month (bio14) and precipitation of wettest quarter (bio16) were demonstrated to be critical toward
shaping the genetic components and genetic differentiation of the Opisthopappus species. Moreover,
bio6 and bio14 had more driving force than others.

Conclusions: The temperature and precipitation of the Taihang Mountains during winter are the key
environmental indicators responsible for the current genetic distribution. Our study revealed the
importance of localized climatic events by taking the small-scale spatial effects of climate heterogeneity
and its impacts on genetic variation into account.

Background

Understanding the processes that drive differentiation among populations and elucidating the
mechanisms that underlie the origin and maintenance of genetic variation are major aims and
fundamental tasks in evolutionary biology [1-5], and they are also core issues in conservation biology [6,
7]. Myriad factors can impact the evolution and genetic differentiation of plant populations, of which
geological events and climate oscillations are suggested as critical drivers [8-10]. In terms of geological
events, mountain uplift leads to complex topographies that can segregate large plant populations into
multiple smaller sub-populations and enhance differentiation between species or populations through
geographical isolation. Further, climatic oscillations can shift in the ranges of species, and result in novel
environments with increased variability [11, 12]. To adapt to different environments, organisms will evolve
corresponding phenotypic variations and genetic differentiation [13, 14].
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During this process, intensifying climate change had left an indelible imprint on the composition and
divergence of populations or species [15, 16], which further greatly influenced the distribution patterns
and shaped the genetic structures of populations [5, 17]. In general, the geographical processes of
mountainous regions may influence the genetic makeup of plant populations over large spatial scales,
whereas ecological processes from climate change may influence the genetic structures of plant
populations at small spatial scales [5, 18-20].

The Taihang Mountains, with a north-south orientation (36—40°N, 112-115°E), are a prominent natural
boundary in Northern China [21, 22], which have a geological developmental history of more than 2.5
billion years with a typical platform type crustal structure spanning Mesoproterozoic to Paleozoic Eras.
Their distinct geotectonic positioning has produced a unique geological and geomorphic landscape. The
Southern Taihang Mountains have existed as a major boundary of neotectonic deformation, represented
by the Yuntai landform [21-23]. The Northern Taihang Mountains, represented by Zhangshiyan, Cnagyan,
and Linlv landforms, are higher than their southern counterparts with an average elevation of 1500 m [21,
24, 25].

Climatically, the southern region is home to a warm temperate semi-humid climate with a mean annual
temperature of 12.7°C and mean annual precipitation of 606.4 mm, while the northern region has a
temperate continental monsoon climate with a mean annual temperature of ~10°C and mean annual
precipitation of 700 mm [21, 24]. The topographic complexity of the Taihang Mountains coupled with
increasing climate variability have impacted many organisms. Thus, this region may be regarded as a
distribution and diversity center for numerous genera [21, 24].

As an important perennial herb germplasm resource of Asteraceae, Opisthopappus (which has been listed
as a 2"9 class protected plant in China [26]) grows only on the steep slopes and cliffs of the Taihang
Mountains that span Shanxi, Hebei, and Henan Provinces [26-28]. Being a diploid species (2n = 18) [29],
comprised of Opisthopappus taihangensis and Opisthopappus longilobus [25, 29, 30], this genus is
endemic in China and has significant ornamental and medicinal value [25, 30-33].

Between O. taihangensis and O. longilobus, several morphologica [30, 34, 35] and genetic variations [36-
40] have been observed. Nevertheless, the interspecific hybridization of these two species have never
been reported.

In previous research, we presented certain correlations between the genetic differentiation and
geographical distance of O. taihangensis and O. longilobus [37, 38]. However, precisely how the climatic
heterogeneity of the Taihang Mountains influences the genetic differentiation of Opisthopappus
populations has not been addressed as yet. Consequently, we hypothesized that the differentiation
between these two species would be a hierarchically comprehensive process that might be initially
impacted by climate oscillations, subsequently by geographical topography, and finally by the climatic
heterogeneity of the Taihang Mountains.
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For the present study (according to the hypothesis above), the roles and influences of environmental
variables on species and population differentiation were investigated via the combination of geographic
and climatic data, using single nucleotide polymorphism (SNP) and insertion-deletion (InDel). The aims
of this study were to: (i) analyze the genetic variations between species and among all studied
populations; (ii) investigate the evolutionary processes and histories of O. taihangensis and O. longilobus
species; (iii) estimate the effect of geographical and climatic variables; (iv) confirm the key environmental
indicators that drive this differentiation. These results would establish a theoretical foundation for the
governance, protection, and utilization of Opisthopappus, while providing relevant and useful data for the
study of additional plant species in the Taihang Mountains.

Results

Genetic variation of Opisthopappus populations

Among the designed SNP primers, eight pairs of primers produced repeatable, clear, and stable bands.
The total length of eight SNP combination segments was 1921 bp, which contained 1870 conservative
sites and 51 polymorphic sites.

Based on these sequences, seventy-five haplotypes were identified (Table 1). Therein, 47 haplotypes (H1-
H47) were detected in O. longilobus and 28 haplotypes (H48-H75) in O. taihangensis. No shared
haplotypes were detected between O. longilobus and O. taihangensis. For O. longilobus, the H5 haplotype
was the most widely distributed (shared by three populations), whereas the other 41 haplotypes were
distributed only in a single population (Table 1, Fig. 1). For O. taihangensis, the H50 and H52 haplotypes
were the most widely distributed (both shared by six populations), the remaining 15 haplotypes were
detected only in a single population. The value of the genetic differentiation coefficient Ngt was 0.743,
which was significantly larger than the value of Gst= 0.105, indicated that there were significant
phylogeographic structures in the Opisthopappus genus.

Both the SNP sequences and InDel data revealed a high genetic diversity in Opisthopappus. According to
the SNP data, the haplotype diversity (Hd) was 0.98571 and the total nucleotide polymorphism (77) was
0.00730. As relates to the InDel data, the Nei's gene diversity index (H), polymorphic loci ratio (PPL), and
Shannon’s polymorphism information index (/) were 0.2460, 93.85%, and 0.3887, respectively (Table 1). A
relatively high level of genetic diversity was found in both O. longilobus and O. taihangensis (Table 1).
Moreover, the genetic parameters of O. longilobus were higher than that of O. taihangensis.

Significant genetic variations occurred between Opisthopappus populations (Fst gnp =0.743, Gst nDel
=0.6973), which was consistent with the AMOVA results. Based on the SNP sequences, 80% of the
mutations occurred between O. longilobus and O. taihangensis (Fo1 = 0.8003, P < 0.01), 15% of the

molecular variations within the populations (Fg = 0.8460, P < 0.01), and only 5% of the molecular
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variations between populations within the groups (Fgc = 0.2287, P < 0.01). For the InDel data, the genetic

variation distribution trend was similar to the SNP sequences. The results verified that molecular
variations existed primarily between these two Opisthopappus species (Table 2).

A phylogenetic tree, which was constructed based on eight SNP combination fragments (Additional file 1:
Figure S1A), revealed that all individuals were clearly divided into two groups. Group | contained all O.
longilobus individuals, while group Il contained all O. taihangensis individuals. UPGMA cluster analysis
(Additional file 1: Figure S1B) performed based on Nei's genetic distance revealed that twenty-four
populations were separated into two (O. longilobus and O. taihangensis) clusters.

When AK (mean (|L"(K)|/sd(L(K))) attained a maximum value, K=2 was taken on both SNP and InDel
data. The most significant possibilities were gathered into two groups (Fig. 2). For the DAPC analysis, the
first ten principal components (PCs) represented a 91.1% variation of genetic components. O. longilobus
populations were clustered into a single group, and O. taihangensis populations were clustered into
another group (Fig. 3A). At the population level, obvious genetic structures were observed between
different species, whereas the populations within species were not clearly distinguished (Fig. 3B). The
results were confirmed by the K-W test (Additional file 2: Figure S2).

Historical dynamics of Opisthopappus populations

A Bayesian Inference tree was developed for seventy-five haplotypes (Fig. 4), which were segregated into
two distinct branches. One branch contained the H1-H47 haplotypes from O. longilobus, whereas the
other contained the H48-H75 haplotypes from O. taihangensis. Among the 28 haplotypes in O.
taihangensis, the H71 haplotype from the GS population formed a separate sub-branch, which was
consistent with the individual ML tree (Additional file 1: Figure S1A). Further, the haplotype network
(Additional file 3: Figure S3) presented a similar haplotype distribution pattern with the haplotype
phylogenetic tree.

At approximately 13.2 Ma in the Middle Miocene, Opisthopappus began to differentiate into two major
lineages: O. longilobus and O. taihangensis. Within O. taihangensis, the differentiation time was at 8.4 Ma
between haplotypes, while the haplotypes of O. longilobus were differentiated at ~9.4 Ma (Fig. 4). The
recent differentiation time of intraspecific haplotypes for both two species were (e.g. H61 and H58 of O.
taihangensis and H28 and H41 of O. longilobus) approximately in the Quaternary Era.

The neutral test and mismatch distribution analysis (MDA) (Additional file 4: Table S1) revealed that both
Opisthopappus species and the genus had experienced a recent expansion based on significantly
negative Fu's Fs(-25.2963,-18.5566, and -24.1000 for O. longilobus, O. taihangensis, and Opisthopappus,
respectively, P < 0.05) values and non-significant SSD and Rag values (P > 0.05).
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According to ABC analysis, scenario 3 was considered to be the most strongly supported evolutionary
event within the three scenarios (Additional file 5: Table S2, Additional file 6: Figure S4), namely, O.
taihangensis was a descendant of O. longilobus. The estimated effective population size of O. longilobus
(5.63E+04, 95% Cls: 1.51E+04~2.10E+05) was smaller than that of O. taihangensis (2.13E+05, 95% Cls:
6.06E+04~5.31E+05).

The historical gene flow generated using MIGRATE were low between the two species, Nm ¢, jongitobus — 0
taihangensis = 0-3813 (95% Cls: 0-1.8790) and MM , 1ihangensis — 0 longilobus = 0-7860 (95% Cls: 0~3.1748).
The mean contemporary gene flow (m) between the two species was also low. The migration occurred
from O. longilobusto O. taihangensis, and the reverse was 0.0059 (95% Cls: 0~0.0173) and 0.0052 (95%
Cls: 0~0.0156), respectively. However, the migration rates within each species were relatively high (O.
longilobus: 0.9941 (95% Cls:0.9827~1.0055), O. taihangensis. 0.9948 (95% Cls: 0.9844~1.0052)) as
estimated by BAYESASS.

Environmental heterogenicity driven on O. longilobus and O. taihangensis

Between the nineteen extracted bioclimatic variables (Bioclim), following the removal of 14 bioclimatic
variables of collinearity, the remaining five bioclimatic variables were: bio3, bio6, bio8, bio14, and bio16
(Additional file 7: Table S3, Additional file 8: Figure S5). One-way ANOVA revealed that all the remaining
variables distributed along the two species were significantly different, except for bio8 (P = 0.8232,
Additional file 7: Table S3).

The partial correlation of bioclimatic variables via PCA revealed that the explanatory direction was
different for these variables (Fig. 5). The PCA plot drawn on the first two axes explained 48.39% and
33.79% of the variation in the climate variables, respectively. Although climate distribution conditions are
similar in some populations, they do not overlap completely.

To assess whether geographic or environmental differences might drive genetic divergence, both Mantel
and partial Mantel tests were conducted. They revealed that there were non-significant associations
between geographical and environmental distances (r = 0.0161, P = 0.421). Nevertheless, significant
correlations were discovered in both the genetic and geographic distances (r = 0.5039, P = 0.001), and
genetic and environmental distances (r = 0.1512, P = 0.024) (Table 3). The partial Mantel tests also
detected significant correlations between genetic and environmental distances conditioned on the
geographic effect (r = 0.1656, P = 0.011)

Similar results, which revealed that geographic and environmental distances affected genetic distances,
were obtained by MMRR analyses (Table 4). The effects were that both the geographic (coefficient =
0.0029, r? = 0.2539, P = 0.001) and environmental (coefficient = 0.0038, r? = 0.0228, P = 0.016) distances
were significantly related to the genetic distance. The joint effects of both the geographical and
environmental distances also impacted the genetic distance significantly (r> = 0.0404, coefficient geo =
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0.0029, P = 0.001, coefficient o, = 0.0036, P = 0.019). The above results indicated that the genetic

differentiation of populations was significantly and linearly correlated with geographic and/or climatic
differentiation.

The full RDA model, including geographic distribution and climatic factors could explain 72.75%
(conditioned: 11.11%, constrained: 61.64%, Table 4) of the variation of the genetic components. The
partial RDA, while conditioned on the geographic distribution (coordinates) of sites, found a significant
effect of climate variables following the removal of the effects of isolation by distance (Proportion =
61.64%, adj R? = 0.5099, P = 0.01). The ANOVA further indicated that bio6 and bio14 significantly
explained the genetic components (P < 0.05) of the population, with high explanatory proportions
(25.03% and 11.92%, respectively, Table 4).

The distribution of climatic variables along the ordination axis was further examined by GLM (Table 4).
Three bioclimatic variables, bio6 (adj R 2=0.4768,F =21.96, P < 0.05), bio14 (adj R2=0.2047,F=6.92,P
< 0.05), and bio16 (adj R2 = 0.1535, F = 5.17, P < 0.05), had significant F statistics. Four variables (except
bio8) correlated significantly with the ordination axis1 of dbRDA, while only bio14 significantly correlated
with axis2.

The high adjusted R? indicated that these were sufficiently explained by the two dbRDA axes. Consistent
estimates of influence were obtained even when the order of predictors was altered, thus, these variables
were highly relevant for explaining the genetic structure of the population. However, the adjusted R? of
bio8 might be too small to be meaningful in either dbRDA or GLM.

Finally, the importance of climatic factors in the RDA model was accessed by the R package ‘vegan’ and
‘packfor’, respectively (Table 5). For the former, bio6 was selected out in step one according to the P and
AIC values. Subsequently, bio14 was selected out in step two, and there was no significant climate factor
for further steps. For the latter, the adj R? was relatively high for reserved explanatory variables (0.4304
and 0.1052 for bio6 and bio14, respectively). Both methods considered that bio6 and bio14 could be the
most important climate variables that contributed to the genetic differentiation with strong explanatory
capabilities.

The scatter and ordisurf plots (Fig. 6) for the most important variables (bio6 and bio14) congruently
showed broader ranges of environmental contours in O. taihangensis populations compared with O.
longilobus populations. The populations of the two species exhibited a significantly different distribution
of the dbRDA space along axis 1, but not axis 2, which were similar to the DAPC clustering patterns. The
distribution of populations within species were too close to be distinguished. Ordisurf plots clearly
illustrated the climatic differentiation between O. longilobus and O. taihangensis.

Discussion

Genetic differentiation results from geographic topology and climate heterogeneity
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High genetic diversity in populations of organisms is a successful strategy that facilitates their adapting
to various habitats and environmental conditions [41, 42] toward increasing their effective colonization in
new habitats [42-44]. In this study, high genetic diversity was observed in O. longilobus or O. taihangensis
(Table 1), which was consistent with previous research by ISSR [36] and SRAP [38] markers. This was
similar to other endemic and endangered species, such as Helianthemum songaricum [45], Sinowilsonia
henryi[46], and Taihangia rupestris [47]. Meanwhile, O. longilobus, as an ancestor of O. taihangensis,
might have a relatively higher genetic diversity than O. taihangensis (Table 2, Additional file 5: Table S2,
Additional file 6: Figure S4) [48].

The overall genetic variation existed primarily between populations of different species, which was
revealed by AMOVA (Table 2) and the K-W test (Additional file 2: Figure S2). In phylogenetic analysis, the
populations formed two separated clusters (Additional file 1: Figure S1), and the identified haplotypes
were divided into two groups (Additional file 3: Figure S3), which was confirmed by STUCTURE (Fig. 2)
and DAPC (Fig. 3) analyses. The two detached clusters or groups were identified as O. longilobus and O.
taihangensis species. These analyses proposed that the speciation of O. longilobus and O. taihangensis
was complete, or at least that species divergence was significantly reflected in the overall genetic
differentiation.

The genetic differentiation of Opisthopappus was a shared outcome contributed by both geography and
environment. Genetic variation proportioning between populations reflected the consequences of the
interactions of multiple factors, while population divergence was driven via isolation by distance (IBD)
and/or isolation by environment (IBE) [49-51]. Of the 26 studies related to plants summarized by Sexton
et al. (2014) [52], 38.5% found both IBD and IBE patterns, and 30.8 and 11.5% found IBD and IBE,
respectively. The IBD and IBE patterns in this study were also concurrently confirmed by Mantel tests and
MMRR analysis (Table 3). The gene flow between populations could follow both the IBD and IBE patterns,
which corresponded to geographic distance and environmental context [52]. The contemporary gene flow
between two species estimated by BAYESASS was fairly low, and the migration mainly occurred within
the species.

With the rapid uplift of the Taihang Mountains, its complex topographies began to serve as a significant
geographical barrier in Northern China [22], which could segment O. taihangensis and O. longilobus into
spatially isolated subpopulations following primary differentiation. The many gullies and gorges of the
Taihang Mountains likely prevented pollen exchange between populations (being a wind-pollinator
species). With the decline in genetic exchange, population divergence would increase [52, 53]. Moreover,
the environments (including temperature and precipitation) for each population was diversified due to the
variable localized climates of the Taihang Mountains. This situation enabled these isolated
subpopulations to eventually evolve into genetically distinct lineages via the accumulation of genetic
differences and adaptations to local environments [16, 17, 54]. The adaptive divergence between
populations was typically initiated by single or simple environmental differences, followed by the
expansion of accumulating genetic divergence [5, 55-57]. The ANOVA (Additional file 7: Table S3) and
PCA (Fig. 5) results revealed that reversed climate factors initiated a significantly different distribution
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between the two species. Environmental heterogeneity caused significant genetic divergence (Fig. 3,
Additional file 2: Figure S2) and contributed to a high proportion of genetic variation in the populations
(Table 2) [58, 59]. The partial dbRDA also indicated that ~60% of the variation between populations could
be explained by climatic heterogeneity (Table 4).

Evolutionary dynamics associated with geological history and climate oscillations

In the Middle Miocene (about 13.2 Ma), the Opisthopappus haplotype began to diverge between O.
longilobus and O. taihangensis. During the Miocene period, the Taihang Mountains were still not formed
[21, 25]. About 8-15 million years ago, the rapid uplift of the Qinghai-Tibet Plateau occurred, which lead to
the monsoon climate in East Asia [60, 61]. Meanwhile, the global climate began to cool during/following
the Tertiary Period [20, 62], and the East Asian monsoon climate increased dramatically. The
strengthening of the East Asian monsoon climate and global cooling might have driven the initial
differentiation between O. longilobus and O. taihangensis. Subsequently, with changing monsoon
patterns in East Asia during the Late Miocene, intraspecies differentiation ensued, with the O.
taihangensis haplotype differentiating at ~8.4 Ma, and that of O. longilobus at ~9.4 Ma (Fig. 4). Climate
fluctuations would further promote differentiation between haplotypes or species.Additionally, the most
recent diversification of haplotypes within species occurred primarily during the Quaternary glacial period
(Fig. 4), which had a considerable impact on the distribution of modern animals and plants [16, 63-65].
Glacial and interglacial cycles played significant roles in the formation and differentiation of species.
Many plants transitioned to refuges during glacial periods, while undergoing migration, repeated
contraction, and expansion during the interglacial periods [17, 20, 66, 67].

Based on the results of mismatch distribution analysis and neutrality tests, both O. taihangensis and O.
longilobus showed signs of expansion (Additional file 4: Table S1). This was also confirmed by the
Opisthopappus haplotype distribution and network (Fig. 1, Additional file 3: Figure S3). During the
Quaternary, the paleovegetation of the Taihang Mountains repeatedly appeared as replacement species
during grassland and forest cycles [68]. Emerging grasslands might have served as a transitional corridor
that provided opportunities for populations to expand and colonize.

Temperature and precipitation during winter are key environmental factors responsible for the current
genetic distribution

Temperature and precipitation were commonly found to play prominent roles as selective drivers for
variations in various plant species [17, 57, 65, 69]. Significant temperature fluctuations might contribute
to the physiological states, metabolic levels, and genetic alterations of plants, to further drive the genetic
makeup of the population. Precipitation during seed germination and growth could affect the
demographic size as well as influencing successful seed colonization. The distribution areas of
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Opisthopappus belong to warm temperate continental monsoon and temperate continental semi-humid
monsoon climates [21, 25]. Various sample sites had different climate conditions. For example, Jiaozuo
and Xinxiang City are located in a warm temperate continental monsoon climate zone, with an average
annual temperature of 14°C. The hottest temperatures occur during July with an average of 27°C, the
coldest in January with a mean of 0.1°C, with an annual average precipitation of 650 mm. In contrast,
Lingchuan City in Shanxi Province belongs to a temperate continental semi-humid monsoon climate. The
average annual temperature is ~7.9°C, with the most extreme minimum temperature on record being
-26.2°C, and an annual average precipitation of from 600 mm to 700 mm [24]. These localized climate
differentiations may cause divergent adaptability of Opisthopappus populations.

In this study, bio6 and bio14 (Table 4) were considered to be the most powerful factors through the
forward selection of dbRDA (Table 5). For bio6, the minimum temperature of the coldest month belongs
to the temperature dimension, while for bio14, the precipitation of the driest month belongs to the
precipitation dimension. According to the WorldClim database, January was both the coldest and the
driest month (average temperature -2.7°C, average precipitation 4.375mm) (Additional file 9: Figure S6).
In our field investigation, the populations of Opisthopappus were sensitive to the climate conditions in
January. During this month, Opisthopappus individuals required a certain temperature and precipitation
to meet the demands of their growth, which indicated that O. taihangensis and O. longilobus could grow
under mild winter conditions. Therefore, bio6 and bio14 were considered to be the key climate factors for
governing both the genetic distribution and genetic structure of Opisthopappus.

Conclusions

Spatial environmental heterogeneity is typically suggested as a critical driver that leads to population
differentiation, and even the acceleration of speciation. Here, we provided comprehensive evidence,
including genetics, geographical conditions, climate variables, and evolutionary processes to validate the
differentiation of two Opisthopappus species. When all of these aspects were considered, O. taihangensis
and O. longilobus were clearly distinct. At ~13.2 Ma in the Miocene, O. taihangensis was derived from O.
longilobus, which was the result of an East Asian monsoon and a globally cooling climate. With the uplift
of the Taihang Mountains and the glacial-interglacial cycles during Quaternary period, Opisthopappus
was isolated into multi-segregated populations. Subsequently, the complex topography, local climate, and
environment of the Taihang Mountains began to affect the genetic structures and distribution patterns of
the two species. Among five reserved environmental variables, bio6 (Min Temperature of Coldest Month)
and bio14 (Precipitation of Driest Month) were considered to be two most important variables. The
temperature and precipitation of the Taihang Mountains during winter are the key environmental
indicators responsible for the current genetic distribution. Our study revealed the importance of localized
climatic events by taking the small-scale spatial effects of climate heterogeneity and its impacts on
genetic variation into account.
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Methods

Sample collection

Our study was conducted in accordance with the laws of the People's Republic of China, and field
collection was approved by Chinese Government. All researchers received permission letters from the
College of Life Science, Shanxi Normal University, to collect the samples. The samples were
taxonomically identified based on their phenotype by Junxia Su (Associate Professor of systematic
botany) at the Shanxi Normal University. The voucher specimens were deposited in the herbarium of
College of Life Science, Shanxi Normal University (No:20170105030-20170105050).

Eleven populations of O. longilobus and thirteen populations of O. taihangensis were sampled, which
covered the distribution ranges of Opisthopappus (Additional file 10: Table S4, Fig.1). Individuals growing
at a common site were regarded as a single "population”. Fresh young leave devoid of disease or insect
pests were selected for each of the sample sites, where 10-15 individuals from each population were
collected. The collected samples were placed into sealed bags filled with silica gel, dehydrated/quickly
dried, and stored at 20°C for later use. A global positioning system (GPS) was employed to demarcate
each sample site and record the longitude, latitude, and altitude of each population.

PCR amplification, sequencing and genotyping

The total genomic DNA was extracted using the modified 2 x CTAB method [70]. The quality of DNA was
measured using an ultraviolet spectrophotometer and 0.8 % agarose gel electrophoresis and stored at
-20°C for further use. The SNP and InDel primers were designed according to the predicted locus from the
transcriptome sequences of Opisthopappus (Additional file 11: Table S5).

For the SNP primers, the 20 pL PCR reaction contained 10 pL 2 x MasterMix, 2 pL template DNA (30 ng/
pL), 1 pL primer S (10 pM), 1 pL primer A (10 pM), and 6 pL ddH,0. The PCR procedure proceeded as
follows: pre-denaturation at 94°C for 5 min., denaturation at 94°C for 1 min, annealing temperature based
on each primer (Table 2) setting for 1 min, elongation at 72°C for 1.5 min., repeated for 35 cycles, last
elongation at 72°C for 10 min, and preservation at 4°C. The PCR products detected using 2% agarose gel
electrophoresis were confirmed via an automatic analysis electrophoresis gel imaging system, then sent
to Sangon Biotech (Shanghai) for sequencing.

For the InDel primers, the PCR reaction was 20 pL, which contained 10 pyL 2 x MasterMix, 3 pL template
DNA (30 ng/pL), T yL primer S (10 uM), 1 pL primer A (10 uM), and 5 pL ddH,0. The PCR procedure was
as follows: pre-denaturation at 94°C for 1 min, denaturation at 94°C for 1 min, annealing temperature
based on each primer (Additional file 11: Table S5) setting for 1 min, elongation at 72°C for 1 min,
repeated for 35 cycles, last elongation at 72°C for 10 min, preservation at 4°C. The PCR products were
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detected using 8% polyacrylamide gel electrophoresis. The presence or absence of each InDel fragment
were coded as “1'and ‘0’ respectively.

Population genetic differentiation analyses

For the SNP sequences, haplotypes, haplotype frequencies, haplotype diversity (Hd), and nucleotide
diversity (1) were calculated using DNASP 5.10 [71]. The genetic differentiation parameters Gstand Ngt
were examined by PERMUT 2.0 [72] based on the haplotype frequency. For the InDel data, the genetic
characteristics, Nei's gene diversity index (H), Shannon’s information index (/), and the percentage of
polymorphic loci (PPL), were calculated by POPGENE 1.31 [73].

An analysis of molecular variance (AMOVA) was implemented by ARLEQUIN 3.5 [74] and GENALEX 6.5
[75] to detect the distribution of genetic variations within and between populations or species.
Subsequently, the values of Fgr, For and Fgc [76] were calculated based on hierarchical AMOVA, and the

permutation test was set to 1000.

Cluster analysis based on the maximum likelihood (ML) method and Nei's genetic distance, respectively,
was performed using MEGA 7.0 [77]. Bayesian clustering analysis (BCA) was employed to examine the
similarity and divergence of genetic components between populations, and performed using STRUCTURE
2.2 [78] for both SNP sequencing and InDel data. The posterior probability of grouping number (K =2-24)
was estimated through 10 independent runs using 500,000 step Markov chain Monte Carlo (MCMC)
replicates, following a 1,000,000-step burn-in for each run to evaluate consistency.

The best grouping number was evaluated by AK[79] in STRUCTURE HARVESTER 0.6.94 [80]. These 10
runs were aligned and summarized using CLUMPP 1.1.2 [81] and the visualization of the results was
plotted using DISTRUCT 1.1 [82].

To test the genetic divergence between populations or species, a discriminant analysis of principal
components (DAPC) was implemented by the function dapc in the R package ‘adegenet’ [83], which
initially transformed the genetic data using principal components analysis (PCA) results, and
subsequently performed a discriminant analysis on the retained principal components.

The properties of the “without a priorf’, using partial synthetic variables to minimize variations within
groups [84], might assist with objectively evaluating the artificial classification of O. taihangensis and O.
longilobus. Kruskal-Wallis tests for the first two principal components (PCs), and the first two linear
discriminants (LDs) of DAPC, were conducted to examine the genetic divergence between populations
and species.

Population demographic history inferring
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A network relationship was generated through the median-joining method in Network 5.0 [85], to
investigate the evolutionary relationships between the Opisthopappus haplotypes. BEAST 1.84 [86] was
employed to estimate the differentiation and diversification time between haplotypes, and
Chrysanthemum indicum was selected as an outgroup. JMODELTEST 1.0 [87] was utilized to calculate
the best nucleotide substitution model, and GTR was finally confirmed as the optimal model. An
uncorrelated lognormal relaxed molecular clock model was adopted. Markov chain Monte Carlo (MCMC)
was repeated 8x10’ times by sampling every 80,000 generations. Since the rate of base substitution in
Opisthopappus has not been calculated as yet, we estimated the differentiation time by using the
reported average value 2x107° of the angiosperm genome. TRACER 1.5 [86] was used to check the
convergence of the framework, which ensured that every tested parameter was greater than 200.

To assess whether the species had experienced significant expansion, we used ARLEQUIN 3.5 [74] to
calculate the Tajima's D[88] and Fu’s Fg [89] values. Moreover, the sum of square deviation (SSD) and
raggedness index (Rag) in the mismatch distribution analysis (MDA) was also performed in ARLEQUIN
3.5 [74]. The process employed a 1000 step permutation test.

Approximate Bayesian computation (ABC) analysis, provided by DIY-ABC 2.1.0 [90], enabled the
estimation of complex evolutionary population histories. Based on the estimated genetic variations,
genetic structures, and current geographic distributions, three evolutionary scenarios were proposed.
Scenario 1: O. longilobus and O. taihangensis were differentiated from a common ancestral population
during the same period. Scenario 2: O. taihangensis was an ancestral population, and the O.
longilobuswas differentiated from O. taihangensis. Scenario 3: O. longilobus was the ancestral
population, and O. taihangensis was differentiated from O. longilobus. Each scenario was performed with
1,000,000 simulations. There was up to 95% confidence intervals through logistic regression, and the
posterior probability of each evolutionary event was estimated using the observation data closest to 1%
of the simulated data. An optimal evolutionary scenario was selected according to the maximum
posterior probability value, and the parameters including effective population size and divergence
generation was estimated under the optimal scenario.

In addition, the historical and contemporary gene flows were estimated within the two Opisthopappus
species by MIGRATE-N 3.6 [91] and BAYESASS 3.0 [92]. In MIGRATE-N 3.6, maximum-likelihood analyses
were performed using 10 short chains (10* trees) and three long chains (10° trees) with 104 trees
discarded as an initial burn-in’ and astatic heating scheme at four temperatures (1, 1.5, 3, and 1000,000).
To ensure the consistency of estimates, we repeated this procedure five times and reported average
maximum-likelihood estimates with 95% confidence intervals. The parameters 8 and M were estimated
using a Bayesian method, which could be employed to estimate the number of migrants per generation
(Nm) into each population using the equation 4Mm = 8*M. When estimating the contemporary gene flow
using BAYESASS 3.0, the parameters were examined including migration rates (m), allele frequencies (a)
and inbreeding coefficients (f) to ensure that the optimal acceptance rates of the three parameters fell
within the range of 20-60%. Ten independent runs were executed to minimize the convergence problem.
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The result with the lowest deviance was adopted according to the method of Meirmans [93], where the
95% credible interval was estimated as m + 1.96 x standard deviation (SD).

Environmental variables influence analyses

Nineteen bioclimatic variables (Bioclim) representing Grinnellian niches [94], which are defined as the
scenopoetic environmental variables of a species required to survive, were downloaded from the
WorldClim database (http://www.worldclim.org/) with a resolution of 30 arc-sec (~1x1 km) and extracted
using the R package ‘raster’. Subsequently, a correlation analysis of the bioclimatic variables was
performed prior to further analysis to reduce multicollinearity. The variance inflation factor (VIF) was
computed for climate variables using the “vif” function in the R package ‘usdm’ [95]. Climate variables
with VIF > 20 [96], and those highly correlated with other variables (|r| > 0.8) were removed. Finally, five
climate variables were retained, namely bio3 (Isothermality), bio6 (Min Temperature of Coldest Month),
bio8 (Mean Temperature of Wettest Quarter), bio14 (Precipitation of Driest Month), and bio16
(Precipitation of Wettest Quarter) (Additional file 7: Table S3, Additional file 8: Figure S5).

The statistics and distribution of reserved climate variables were displayed using box-plots grouped by
the two species (Additional file 8: Figure S5) and the significance was tested by one-way ANOVA
(Additional file 7: Table S3). The principal component analysis (PCA) of independent climatic variables to
reduce the dimensionality that defined the niche space allowed for the comparison of the integrity of
climate variables between 0. longilobus and O. taihangensis.

To test how the geographical distance and environmental differences impacted genetic differentiation,
the Mantel test of Pearson correlation was performed between genetic, geographic, and environmental
(climatic) distances. Pairwise Fgy distance calculated in ARLEQUIN 3.5 [74] was used as genetic distance.
The geographic distance was estimated using the GENALEX 6.5 [75] according to three-dimensional
factors (latitude, longitude, and altitude). The environmental distance was calculated using the Euclidean
distance with PASSAGE 2.0 [97].

A partial Mantel test between genetic, environmental, and geographic distances was conducted under the
condition of the geographic or environmental effect, respectively. Further, a multiple matrix regression
with randomization (MMRR) was performed to test whether the genetic distance responded to variations
in the geographic and/or environmental distances. The Mantel test was performed in the R package
‘vegan’ [98], and MMRR analysis was performed using the R package ‘PopGenReport’ [99]. Regression
coefficients of the Mantel test (1) and MMRR (r?) and their significance were determined based on 9,999
random permutations.

Distance based redundancy analyses (dbRDA) were performed to elucidate whether the climatic variables
conditioned on the geographic distribution explained the genetic differentiation of the populations using
the R package ‘vegan’ [98]. Firstly, a distance-based principal coordinate analysis (PCoA) of the genetic
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data at the species level was performed to generate several principal coordinates (PCs) using the R
package ‘ape [100]. Next, five retained climatic variables were employed as explanatory variables
conditioned on geographic factors, and permutation tests for each climatic variable were performed
using the “anova. cca” [101] function in the R package ‘vegan'.

The distribution of climate variables along the ordination axes was further analyzed using a generalized
linear model (GLM). Finally, two different methods were employed to select the key factors which might
be essential for driving the variation of Opisthopappus populations: (i) by the Akaike Information Criterion
(AIC) value and the significance level P value of F-statistic [102] using the “ordistep” function of R
package ‘vegan'’. During each selecting step, only one factor was retained with the most significant P
value. If the P value of the two variables was equal, the variable with the smaller AIC value was selected.
(ii) by the double stopping criterion [103] using the “forward.sel” function of R package ‘packfor’ [104].
Significance was determined using 999 permutations in the RDA analysis. The first two RDA axes and the
selected key factors were employed to construct the ordination and ordisurf plots of the dbRDA.
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Tables

Table 1 The estimated diversity indexes of Opisthopappus

Number hapelotypes Haplotype Nucleotide N, N, H I PPL
diversity (Hd) diversity (m)

H1(1)H2(2)H3(1)H4(1) 0.9 0.00083 1.2000 1.1031 0.0631 0.0971 20.00%
H5(1)H6(1)H7(1)H8(1)HI9(1) 1 0.00198 1.2923 1.145 0.0912 0.1413 29.23%
H10(1)H11(1)H12(1)H13(1)H14(1) 1 0.00208 1.2000 1.146 0.0803 0.1167 20.00%
H8(1)H15(1)H16(1)H17(1)H18(1) 1 0.00135 1.2308 1.1051 0.0671 0.1056 23.08%
H19(1)H20(1)H21(1)H22(1)H23(1) 1 0.00271 1.1538 1.052 0.0362 0.0603 15.38%
H24(1)H25(1)H26(1)H27(1)H28(1) 1 0.00344 1.3231 1.1861 0.1118 0.169 32.31%
H29(1)H30(1)H31(1)H32(1)H33(1) 1 0.00229 1.2308 1.1345 0.0798 0.1204 23.08%
H5(1)H34(1)H35(1)H36(1)H37(1) 1 0.00271 1.2923 1.156 0.0962 0.1473 29.23%
H22(1)H38(1)H39(1)H40(1)H41(1) 1 0.00146 1.2769 1.1354 0.0843 0.131 27.69%
H2(1)H3(1)H42(1)H43(1)H44(1) 1 0.00292 1.3385 1.1701 0.1063 0.1643 33.85%
H5(1)H30(1)H45(1)H46(1)H47(1) 1 0.00328 1.2615 1.1663 0.0959 0.1425 26.15%
47 0.99327 0.00308 1.7692 1.2532 0.1695 0.2777 76.92%

H48(2) 0 0 1 1 0 0 0.00%
H49(1)H50(2)H51(1)H52(1) 0.9 0.00167 1.2308 1.1234 0.074 0.1134 23.08%
H52(1)H53(3)H54(1) 0.7 0.00115 1.2154 1.116 0.0709 0.1084 21.54%
H50(1)H52(1)H54(1)H55(1)H56(1) 1 0.00094 1.1692 1.1172 0.0662 0.0971 16.92%
H56(1)H57(2)H58(1)H59(1) 0.9 0.00172 1.2462 1.1249 0.0776 0.1197 24.62%
H53(1)H56(1)H60(1)H61(1)H62(1) 1 0.00146 1.2000 1.1277 0.0729 0.1084 20.00%
H56(1)H63(2)H64(1)H65(1) 0.9 0.00115 1.3231 1.1926 0.1116 0.1676 32.31%
H60(3)H66(1)H67(1) 0.7 0.00083 1.2154 1.1292 0.0765 0.1148 21.54%
H50(1)H68(1)H69(2)H70(1) 0.9 0.00094 1.2769 1.1457 0.0879 0.1348 27.69%
H50(1)H52(1)H55(3) 0.7 0.00042 1.3385 1.1617 0.0999 0.1561 33.85%
H50(2)H52(1)H53(1)H71(1) 0.9 0.00479 1.2000 1.0967 0.0601 0.0937 20.00%
H50(1)H52(1)H56(1)H72(2) 0.9 0.00146 1.1692 1.0946 0.0557 0.0847 16.92%
H51(1)H53(1)H73(1)H74(1)H75(1) 1 0.00198 1.1077 1.0395 0.0271 0.0443 10.77%
28 0.95399 0.00178 1.7385 1.246 0.1592 0.2585 73.85%
ih 75 0.98571 0.0073 1.9385 1.3985 0.2460 0.3887 93.85%

Na = Observed number of alleles, Ne = Effective number of alleles, H = Nei’s gene diversity,

I'= Shannon's Information index, PPL = The percentage of polymorphic sites.
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Table 2 Analysis of molecular variance (AMOVA) based on pairwise differences for Opisthopappus Fer, genetic differentiation among groups

SNP Source df SS MS Est. Var. % Fixation Indices  F'sc, genetic differentiation among
populations within groups
Among species 1 548.9707 548.9707 9.3417 80% Fr=0.8003
Fgc=0.2287 . tie differentiati ati
Among populations within species 22 96.6499 43932 05331 5% o _gsco s1- genetic dillerentiation among popuiations
sT=Y-
Within populations 93 167.2000 1.7978 1.7978 15% <0001
Total 116 812.8205 11.6727 100%
InDel Source df SS MS Est. Var. % Fixation Indices
Among species 1 321.7912 321.79125.2026 44% F;1=0.4364
Fgc=0.4444
Among populations within species 22 402.0003 18.2727 2.9867 25% F..—0.6869
sT=Y.
Within populations 93 347.2000 3.7333 3.7333 31% (<0001
Total 1161070.9915 11.9226 100%

Table 3 Summary of the Mantel test and multiple matrix regression with randomization (MMRR) between the genetic (gen), geographic (geo),
and environmental (env) distances

Mantel test MMRR

r P coefficient r? P
geo Vs env 0.0161 0.421 0.0702 0.0003 0.882
genvs geo 0.5039 0.001 0.0029 0.2539 0.001
genvs env 0.1512 0.024 0.0038 0.0228 0.016

gen vs env (conditioned on geo)? 0.1656 0.011 - - -
gen vs (geo*env)? - - geo0:0.0029 0.2744 0.001
env:0.0036 0.019

a: The partial Mantel test.

b: The joint effect of both environmental and geographic distances in MMRR.
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Table 4 Summary of partial dbRDA, showing the significance of
climatic variables (constrained factors) for explaining the variation in the genetic components

GLM for the distr. of climatic variables along ordination axes

t (axis Pr t (axis Pr AdjR® F P
Inertia (Var)? Proportion adj R? P 1) >1th 2) (>1th

ttioned

tude +

tude) 0.3179 11.11% 0.0985 0.04

rained 1.7635 61.64% 0.5099 0.01
0.2238 7.82% 0.0503 0.08 2.1220 0.0454 -0.6110 0.5480 0.1178  4.0700 0.0560
0.7162 25.03% 0.2374 0.02 -4.8750 0.0001 0.1420 0.8880 0.4768 21.9600 0.0001
0.1473 5.15% 0.0335 0.08 0.2100 0.8360 1.4050 0.1740 -0.0407 0.1002 0.7546
0.3411 11.92% 0.0958 0.02 -2.4420 0.0231 -2.2140 0.0375 0.2047  6.9200 0.0153
0.3355 11.72% 0.0930 0.06 2.3250 0.0297 -0.0510 0.9600 0.1535 5.1700 0.0331

nstrained 0.7794 27.24%

2.8607 100%

: Inertia is the mean squared Euclidean distance
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Table 5 Importance of environmental variables explaining genetic variation

‘ordistep' function in R package 'vegan'

Df AIC F P
step 1 bio6 1 13.628 18.3818 0.005
bio3 1 24.14 4.0602 0.035
bio16 1 23.609 4.6432 0.045
bio14 1 23.393 4.8833 0.050
bio8 1 28.088 0.1071 0.885
Df AIC F P
step2  biol4d 1 9.6132 5.9817 0.020
bio8 1 10.712 4.7742 0.020
bio16 1 14.6765 0.8497 0.380
bio3 1 14.7414 0.7906 0.450
Df AIC F P
step3  bio8 1 10.866 0.6324 0.445
bio16 1 11.031 0.4909 0.520
bio3 1 11.29 0.2711 0.795

‘forward.sel' function in R package 'packfor'?

R? R2 Cum Adj R? Cum F P
bio6 0.4552 0.4552 0.4304 18.3818 0.001
bio14 0.1208 0.5760 0.5356 5.9817 0.014

a: Procedure stopped (adjR? thresh criteria) adjR?cum = 0.535595 with 2 variables (superior to 0.509899)

Figures
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Figure 1

The sampling site of Opisthopappus populations and distribution of haplotypes. Red circles mean O.
taihangensis populations and blue circles mean O. longilobus populations. For population abbreviations,
see additional file 10 for details.
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Figure 2

Results of the Bayesian clustering analysis conducted using STRUCTURE. The AK plot conducted by
Structure Harvester showed that K = 2 got the highest AK value. (A): AK plot of SNP. (B): Estimated
genetic structure for K = 2 based on SNP. (C): AK plot of InDel. (D): Estimated genetic structure for K = 2
based on InDel.
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Figure 3

Population structure revealed by the discriminant analysis of principal components (DAPC). (A): The
DAPC for separating the species O. longilobus (blue) and 0. taihangensis (red). (B): The DAPC for
separating populations of O. longilobus and O. taihangensis. The blue series belongs to O. longilobus and
the red-color series are O. taihangensis.
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Figure 4

BEAST-derived chronogram of Opisthopappus based on haplotypes. The red branches represent
haplotypes of O. taihangensis and the blue branches represent haplotypes of O. longilobus. The
divergence time between the Opisthopappus and the outgroup (Chrysanthemum indicum) was estimated
to 17.1 Ma, in early Miocene. The divergence time between 0. taihangensis and O. longilobus was
estimated to 13.2 Ma, in middle Miocene. The initial haplotype divergences time of O. longilobus and O.
taihangensis were estimated to 8.4 Ma and 9.4 Ma, respectively. The diversification time of specific
haplotypes within species was mainly in Quaternary.
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Principal component analysis of the climate factors of O. longilobus and O. taihangensis.
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Scatter and ordisurf plots of the dbRDA for the two important explanatory climate variables (bio6 and
bio14).
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