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Ecological factors have received increasing attention as drivers of speciation but also in the maintenance of postspeciation divergence. However, the relative significance of the responses of species to climate oscillations for driving niche divergence or conservatism in the evolution of many species that pass through diverse environments and limited geographical boundaries remains poorly understood. Paeonia rockii (one of the ancient species of Paeonia) comprising two subspecies called Paeonia rockii subsp. rockii and Paeonia rockii subsp. taibaishanica is an endemic, rare, and endangered medicinal plant in China. In this study, we integrated whole chloroplast genomes, and ecological factors to obtain insights into ecological speciation and species divergence in this endemic rare peony. RAxML analysis indicated that the topological trees recovered from three different data sets were identical, where P. rockii subsp. rockii and P. rockii subsp. taibaishanica clustered together, and molecular dating analyses suggested that the two subspecies diverged 0.83 million years ago. In addition, ecological niche modeling showed that the predicted suitable distribution areas for P. rockii subsp. rockii and P. rockii subsp. taibaishanica differed considerably, although the predicted core distribution areas were similar, where the population contracted in the last interglacial and expanded in the last glacial maximum. Under the emissions scenarios for the 2050s and 2070s, the suitable distribution areas were predicted to contract significantly, where the migration routes of the two subspecies tended to migrate toward high latitudes and elevations, thereby suggesting strong responses of the distributions of the two subspecies to climate change. These findings combined with the phylogeographic relationships provide comprehensive insights into niche variation and differentiation in this endemic rare peony, and they highlight the importance of geological and climatic changes for species divergence and changes in the population geographic patterns of rare and endangered medicinal plants in East Asia.
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Introduction

Global change, particularly global climate change, is among the most severe challenges facing humanity at present (Li, 1996). Since the industrial revolution, the concentration of greenhouse gases in the atmosphere has increased dramatically (Solomon et al., 2007) and caused global climate change to increase at an extremely rapid pace (Li and Chen, 2014). Global climate change is considered one of the greatest threats to natural ecosystems and it has significantly influenced species distributions and biodiversity at different spatial scales (Chen et al., 2011; Peng et al., 2021). As the problem of global climate change worsens, it is estimated that as many as 15–37% of species will be extinct by 2050 (Thomas et al., 2004). This situation is undoubtedly worse for those species with restricted geographic ranges, small population sizes, or high habitat specificity, and their populations are more likely to decrease and eventually become extinct (Jump and Penuelas, 2005; Daskalova et al., 2020). Therefore, determining the responses of rare and endangered species to climate changes in the past and future is helpful for understanding the historical causes of species formation and changes in geographical distributions, but also critical for assessing the vulnerability of biodiversity and guiding conservation efforts.

Under ongoing global climate change, ecological niche models (ENMs) have been widely used to assess the risk of invasive alien species, predict the potential distributions of species, determine the impacts of climate change on species, and to develop conservation strategies for endangered species (Renwick et al., 2018; Bates et al., 2020). ENMs have a statistically robust capacity for predicting the geographical distributions of species and they are important for research in ecology and biogeography (Johnson et al., 2019; Akiyama et al., 2020). In recent years, niche studies and observations have shown that climate change has modified the distribution patterns of species, where many species have migrated to high latitudes or high altitudes (Lehikoinen et al., 2019; Koebsch et al., 2020). Walther et al. (2007) studied the distribution dynamics of Trachycarpus fortunei and found that changes in winter temperatures and the growing season length caused this species to migrate northward, and they concluded that T. fortunei is an important bioindicator of global climate change (Walther et al., 2007). Chen et al. (2011) conducted a comprehensive survey of nearly 1,400 species, and found that global climate change is driving plants to migrate away from the Equator and toward the poles. Studies have shown that every 1°C increase in temperature shifts the tolerance limit of terrestrial species by 125 km toward the poles, or by 150 m in vertical elevation in mountainous areas (Lehikoinen and Virkkala, 2016). In addition to environmental factors such as temperature, changes in the distribution areas of species also depend on many factors such as the adaptability of the species itself, ability to migrate, obstacles in the migration process, and suitable distance for migration. For example, although the seeds of Picea engelmannii are small and can be spread by wind, it is estimated that they can only migrate 1–20 km/100 years when there are no obstacles (Li and Chen, 2014). Clearly, without anthropogenic assistance, the redistribution of many species may not be able to keep pace with climate change, and thus the structures and functions of ecosystems may be significantly altered. Many plant phylogeographic studies have been conducted in subtropical regions of China recently (Zhou et al., 2021), but the integrated responses of narrowly distributed populations, such as endemic, rare, and endangered species, to Quaternary climate change remain unclear in studies of complex phylogeographic structures. ENMs have become an indispensable tool for assessing the impact of climate change on species distribution patterns, inferring ice-age refuges for endangered species, and providing support for the management of endangered species, which will be of great theoretical and practical importance for the future conservation of biodiversity (Rhoné et al., 2020).

Paeonia rockii comprises two subspecies called Paeonia rockii subsp. rockii and Paeonia rockii subsp. taibaishanica, which belong to Paeonia section Moutan DC., Paeoniaceae. P. rockii is well known for its beauty, and it has important ornamental and economic value, as well as valuable medicinal properties (Hong et al., 2001). The root bark of P. rockii (Moutan Cortex, Mudanpi in Chinese) is one of the most widely used crude medications in China, with analgesic and anti-inflammatory properties (He and Dai, 2011; Zhang et al., 2014). In recent decades, the wild population resources of the two subspecies have rapidly decreased due to the effects of global climate change and human activities. These two subspecies of tree peony found in the Qinling Mountains and adjacent areas in central China have been listed as Class II protected plants in the China Red List of Biodiversity and the China Rare and Endangered Plants List (Wang, 2020). Previous studies by botanists and horticulturists have focused on the plant morphology, phytogeography, and phylogeny of members of Paeoniaceae (Hong, 2010; Zhou et al., 2021), but the phylogenetic relationships and molecular evolution of the subspecies P. rockii subsp. rockii and P. rockii subsp. taibaishanica remain unclear, and the study by Wu et al. (2021) based on the chloroplast genome found inconsistencies from morphological and taxonomic viewpoints (Wu et al., 2021). Moreover, niche differentiation is one of the most important factors for species differentiation (Clowers et al., 2015; Baniaga et al., 2020) but few studies have considered niche differentiation in the two P. rockii subspecies. Global climate change will lead to habitat loss and spatial isolation for rare and endangered plants, thereby increasing the risk of extinction (Gang et al., 2017; Lee et al., 2018). Therefore, it is necessary to investigate the historical changes in the distribution area of P. rockii under different climatic contexts in different periods and the future distribution and migration trends, thereby helping to elucidate the impact of climate change on the geographical distribution of this endangered plant and to provide a scientific basis for its protection.

The plastid genome is an organ that is independent of the nuclear genome (Wu et al., 2021). The plastid genome can be maternally inherited, the gene content and order are highly conserved, and it is characterized by slow molecular evolution and a low recombination rate, thereby making it an ideal material for species authentication and phylogenetic studies (Chumley et al., 2006; Drouin et al., 2008). Recently, whole plastid genome sequencing has emerged as a powerful method for resolving evolutionary relationships at multiple taxonomic levels, i.e., family and genus levels (Mader et al., 2020). In the present study, to clarify the phylogenetic relationships and population dynamics history of the two subspecies of P. rockii, we used newly sequenced and annotated plastid genomes sequences to determine the evolutionary relationships and evolution of Paeoniaceae species. In addition, we explored the potential impact of global climate change on the geographical distribution patterns of the two P. rockii subspecies. The specific objectives of this study were: (1) to investigate the phylogenetic relationships between these two subspecies and their evolutionary history; and (2) providing a theoretical basis for the study of ecological speciation and the evolution of East Asian flora.



Materials and methods


Plant samples and DNA sequencing

Samples of P. rockii subsp. rockii and P. rockii subsp. taibaishanica (fresh leaf tissues) were collected from Taibai Mountain Nature Reserve, Shaanxi Province, China, between July 3, 2021 and July 22, 2021 under permission from the government. All voucher specimens were deposited at Gansu Agricultural University Herbarium (GAUF), and detailed collection information is provided in Table S1. Total genomic DNA was extracted from leaf tissues dried with silica gel using the improved cetyl trimethyl ammonium bromide method (Doyle and Doyle, 1987). The quality of the DNA was assessed by agarose gel electrophoresis. We used an ultrasonicator to randomly fragment the extracted genomic DNA into 300–500 bp fragments. Library preparation was conducted using a NEBNext Ultra II DNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA). Paired-end sequencing (2×150 bp) was conducted with the Illumina HiSeq 2500 platform.



Assembly and annotation of plastid genomes

We used NGSQC Toolkit v2.3.3 to filter the raw data by removing low-quality sequences and contaminated sequences at the connector (Patel and Jain, 2012). The raw reads were assembled using SPAdes (Bankevich et al., 2012) and filtered with the GetOrganelle pipeline (Jin et al., 2018) based on plastid genome of the closely related species P. rockii subsp. taibaishanica (MW192444) as a reference. We used Geneious v8.0.2 (Kearse et al., 2012) and Bandage (Wick et al., 2015) for visualization to obtain a complete plastid genome sequence. The genome was automatically annotated with PGA (Qu et al., 2019) and DOGAM (Wyman et al., 2004). Finally, we used Circos to draw a physical map of the whole plastid genome and generate the plastid genome sequence information (Krzywinski et al., 2009). In addition, we downloaded the genomes of 14 members of Paeoniaceae and related species (Corylopsis spicata, Disanthus cercidifolius subsp. longipes, Hamamelis mollis, Rhodoleia championii, and Sinowilsonia henryi) from GenBank (Table S2).



Phylogenetic analysis and divergence time estimation

In some cases, phylogenomics has been shown to be susceptible to systematic errors produced from a poor alignment of the data matrix and improper sequence evolution models (Jeffroy et al., 2006). In our analysis, several strategies have been applied to reduce the potential impact of systematic errors. Thus, three types of data sets were used to construct a phylogenetic tree comprising the whole plastome sequences (WP data set), protein-coding genes (PCG data set), and GBLOCKS v.0.91b (GBDN data set) was employed to remove ambiguously aligned sites in the whole plastid genome (Talavera and Castresana, 2007). For the WP data set, PCG data set, and GBDN data set, we employed the nucleotide sequences and aligned each data set using MAFFT v.7 (Katoh et al., 2005) with the default settings. MEGA X (Kumar et al., 2018) was then used to estimate the lengths of the aligned sequences, variant sites, parsimony signal sites, and singleton sites. Phylogenetic analyses were performed using the maximum likelihood method. For the WP data set, PCG data set, and GBDN data set, we used JModeltest v.2.1.1 (Darriba et al., 2012) to determine the best nucleotide substitution model (GTR+I+G) according to the Akaike’s information criterion. Finally, RAxML software was used to perform 1000 bootstrap repetitions for maximum likelihood analysis (Stamatakis, 2006).

In addition, to estimate the divergence times for members of Paeoniaceae, BEAST v.1.8 (Drummond et al., 2012) was used to estimate the node age and topological structure for Paeoniaceae plants based on the complete plastid genomes. BEAST analyses were conducted using the uncorrelated log-normal relaxed clock approach with a Yule tree prior and appropriate nucleotide substitution model (GTR + G + I). The divergence times were estimated by Markov chain Monte Carlo analysis for 50,000,000 generations, with sampling every 1,000 generations. The stationarity of the chains and convergence of the two runs was monitored by Tracer v. 1.5, determining whether the effective sample size (ESS) of all parameters was larger than 200 as recommended. Chronograms with nodal heights and 95% highest posterior density intervals were generated with TreeAnotator v. 1.7.5 (the first 5000 trees were discarded as a burnin) and displayed using FigTree v. 1.0. Two fossil points in Saxifragales and Hamamelidaceae were used in molecular clock analysis to estimate the divergence times. The first calibration point was the age of Saxifragales (lognormal distribution with mean = 1.5, standard deviation (sd) = 0.5, and offset = 95.25 Ma; Hermsen et al., 2003). The second calibration point was set with all Hamamelidaceae species using a normal distribution with mean = 84 Ma and sd = 1 (Zhou et al., 2001).



Geographic distributions of species

We obtained the distributions of P. rockii subsp. rockii and P. rockii subsp. taibaishanica from the Chinese Virtual Herbarium (http://www.cvh.org.cn/), Global Biodiversity Information Facility database (http://www.gbif.org), Flora of China, the flora for various places, resource survey reports, previous studies, and field survey records obtained by our group. Each record was checked to ensure the availability of latitude and longitude information, and geographic information, and specimens that lacked latitude and longitude or elevation records were reconstructed and checked with Google Earth according to specific small geographical records. In total, 70 specimen record points for the species were finally screened, with 44 for P. rockii subsp. rockii and 26 for P. rockii subsp. taibaishanica (Figure S1).



Climate data and environmental data screening

The WorldClim global climate database (https://www.worldclim.org) was used to obtain climate data for five historical period comprising 19 bioclimatic layers for the LIG (120,000–140,000 years), last glacial maximum (LGM, 22,000 years), current period (1970–2000), and future periods (2050s and 2070s). The spatial resolution used for the climate data was 2.5 arc-min (Hijmans et al., 2005). The LGM data were obtained from the CCSM and MIROC climate models. To simulate the future distribution of two subspecies, we used Representative Concentration Pathways (RCPs) and Shared Socio-economic Pathways (SSPs) emissions scenarios. The outputs of simulated precipitation, and temperatures from three high-resolution General Circulation Models were used in this study (MIROC5, BCC-CSM2-MR, and BCC-CSM1.1). BCC-CSM1.1 and MIROC5 climate change modeling data under the Representative Concentration Pathways (RCPs) 2.6, 4.5 and 6.0 proposed by the Intergovernmental Panel on Climate Change were used for the years 2050 and 2070 (Zhang et al., 2020). Studies have the high RCP8.5 pathway may overestimate the future supply of fossil fuels (Wang et al., 2017). Indeed, a previous report on the use of coal in the future that 90% of fossil fuels will be used 2070 (Rutledge, 2011), so we selected RCP6.0 and assumed that greenhouse gases will peak in 2080 (Ford et al., 2012). In addition, three different scenarios SSP126, SSP245 and SSP370 under BCC-CSM2-MR model of the Coupled Model Intercomparison Project Phase 6 (CMIP6) were selected as future (2050s and 2070s) climate models.

Strong correlations between environmental variables will lead to model overfitting and affect their contributions to MaxEnt model evaluation. To avoid overfitting of the results due to high covariance of the environmental variables, the Pearson correlation coefficients between the environmental variables were calculated using SPSS Statiatics software (Herrando-Moraira et al., 2019). If the correlation coefficient value of the two environmental factors is greater than |0.8|, only the variable with the higher contribution is retained and used in the MaxEnt model (Garza et al., 2020). Ultimately, nine climate variables (bio3, bio4, bio8, bio11, bio12, bio15, bio17, bio18, and bio19) were selected to build the model (Table 1).


Table 1 | Description of environmental variables used in MaxEnt.





Differences in bioclimatic layers

In order to assess the adaptive differences between P. rockii subsp. rockii and P. rockii subsp. taibaishanica, we used the nonparametric Kruskal–Wallis test to analyze the differences among the nine bioclimatic layers for the species, and plotted the kernel density and a box line diagram. R3.6.0 was used to perform nonparametric tests and to prepare nuclear density maps.



ENM analysis

Based on the data collected from the specimen points and environmental variables, we assessed the niche conservativeness of P. rockii subsp. rockii and P. rockii subsp. taibaishanica by conducting niche equivalence and similarity tests. Niche conservatism or differences were evaluated between P. rockii subsp. rockii and P. rockii subsp. taibaishanica based on the geographic space (G-space) and environmental space (E-space).

The distribution records of P. rockii subsp. rockii and P. rockii subsp. taibaishanica species and bioclimatic data were imported into the MaxEnt 3.4.1 program for a modeling analysis (Phillips et al., 2017). To improve the accuracy of the predictions, we randomly selected 75% of the distribution points as the training data and the remaining 25% as the test data, the model was trained for 100 repetition and, the output data format set to Logistic and other values as default (Moreno et al., 2011). The accuracy of the MaxEnt model is evaluated by the area under the curve (AUC) value of the Receiver Operator Characteristic (ROC) (Hebbar et al., 2022). AUC >0.7 is generally considered to be a good model performance (Rebelo et al., 2010). Jackknifing was used to evaluate the contributions of the nine main bioclimatic layers that could affect the current distributions of P. rockii subsp. rockii and P. rockii subsp. taibaishanica. Finally, according to the actual geographical distribution of two subspecies in China, and with reference to the assessment of the existence probability in the IPCC report, the natural segment method was used to classify suitable areas into the following four categories: non-suitability (p < 0.049), low suitability (0.049≤p < 0.196), moderately suitability (0.196 ≤ p < 0.441) and high suitability (0.441≤p < 1), which are indicated by different colours.

E-space niche model analysis was conducted to assess the similarity of the climatic niche spaces occupied by each species according to the method described by Broennimann et al. (2011). Following the approach initially proposed by Broennimann et al. (2011), principal component analysis (PCA) was used to translate the occurrence and climate data into environmental axes (PCA-env). The R package ECOSPAT was used to further evaluate the ENMs for each species (Cola et al., 2017). The advantages of this approach are that it can explain the spatial resolution biases, optimize the utilization of geographic and environmental space, and correct the observed occurrence density according to the availability of environmental space (Broennimann et al., 2011). We explored the similarity of the environmental niches of the P. rockii subsp. rockii and P. rockii subsp. taibaishanica using Schoener’s D niche overlap metric, which ranges from 0 (no overlap) to 1 (complete overlap) (Warren et al., 2008). To quantify changes in niches, we calculated three indices of niche dynamics (unfilling, stability and expansion). Niche stability is the niche overlap between species, niche expansion describes new climate conditions occupied by the species in one of its ranges, niche unflling classically refers to that climate available in invaded ranges but not yet occupied (Herrando-Moraira et al., 2019), and thus we conducted quantitative analyses using these three ecological niche dynamic indicators.



Centroid displacement in suitable distribution areas

In order to obtain an overall understanding of the changes in the distributions, the center point of a suitable distribution area was calculated, and a vector diagram was drawn to illustrate the direction and distance of the changes in the center points for the two subspecies under different climate conditions. The SDM_Toolbox_v2.4 package was used to calculate the positions of the centroids of the suitable species areas, and the changes in the centroid positions under different climate change scenarios in the LIG, LGM, current period, 2050s, and 2070s were compared to calculate the distance of centroid migration (Chen et al., 2020). First, the predicted potentially suitable areas for the species obtained by the simulation were converted into a binary vector, i.e., the species suitability probability p °C 0.5 was set as the total suitable area and p < 0.5 as the non-suitable area. The spatial analysis tool was the used to calculate the position coordinates of the centroids of the suitable species areas. Finally, we tracked the centroids with different SDMs to examine the centroids for P. rockii subsp. rockii and P. rockii subsp. taibaishanica in different periods and under different climatic conditions to evaluate the migration distances of the suitable areas for the two subspecies in latitude and longitude coordinates.




Results


Genomic features of plastomes and data sets

The plastid genomes of 16 Paeonia species accessions had exhibited a typical quadripartite structure (Figure 1), where the large single-copy lengths ranged from 84,242 bp (P. qiui) to 85,030 bp (P. rockii subsp. taibaishanica), small single-copy lengths ranged from 16,679 bp (P. brownii) to 17,077 bp (P. ostii), and inverted repeat region lengths ranged from 25,639 bp (P. ludlowii) to 25,745 bp (P. suffruticosa) (Table S3). In addition, the chloroplast genome of two subspecies shows a typical tetrad structure with a total length ranging from 152,840 bp (P. rockii subsp. rockii) to 153,368 bp (P. rockii subsp. taibaishanica). Furthermore, 123 functional genes were identified in two subspecies plastid genomes, i.e., 83 protein-coding genes, 37 tRNA genes, and eight ribosomal RNA genes (Figure S2). The WP data set had an aligned length of 168,986 bp and 12,418 parsimony-informative character (PICs) sites were detected across Saxifragales (Table 2). Removing ambiguous sites (GBDN) reduced this number to 140,577 total aligned nucleotides, yielding 10,038 PICs (Table 2). The PCG data set had an aligned length of 83,772 nucleotides with 4,759 PICs (Table 2).




Figure 1 | shows plastome variations within the Paeoniaceae family, with the plastid genome of P. rockii subsp. taibaishanica (MW192444) as a reference. The two IR regions (IRa and IRb) are represented with a grey backdrop in the quadripartite structure of the plastomes, but the large small single-copy regions (LSC and SSC) are displayed with a blank background. The lines from CDS to CDS are filled with yellow ridges, whereas the lines from tRNA to tRNA are shown with blue ridges, and other red lines are from rRNA to rRNA. The identical sites are filled with green ridges whereas the variations are shown with yellow ridges.




Table 2 | Data characteristics, selected model in each data set.





Phylogenetic relationships and divergence time estimation

Different matrices were prepared based on the WP, GBDN, and PCG data sets, and three independent phylogenetic trees were reconstructed for Paeoniaceae. Phylogenetic analysis showed that the same topological tree was recovered from each data set and all nodes had high bootstrap values (Figures 2, S3, S4). All analyses completely resolved the phylogenetic relationships among the major clades and within the species in Paeoniaceae. The trees were largely congruent with the morphology and classification, thereby suggesting that Paeonia species could be divided into three large sub-clades corresponding to the three sections of Paeonia, Moutan, and Onaepia. The species in the section Paeonia clustered in one clade, which was further divided into different subclades. P. emodi was located at the base. P. anomala, P. lactifora, and P. veitchii clustered into a subclade and formed a sister relationship with the subclade containing P. intermedia and P. obovata. In section Moutan, species in subsection Vaginatae and subsection Delavayanae clustered in different branches. P. jishanensis, P. decomposita, P. qiui, P. suffruticosa, P. ostii, P. rockii subsp. taibaishanica, and P. rockii subsp. rockii clustered together and formed a sister relationship with the subclade containing P. ludlowii and P. delavayi var. lutea. We only sampled one species (P. brownii) from section Onaepia and it was placed at the basal position of the phylogenetic tree.




Figure 2 | The maximum likelihood (ML) tree of Paeoniaceae inferred from the whole plastome data set. Numbers at nodes correspond to ML bootstrap percentages (100 replicates, only values greater than 50% are shown).



Based on the whole plastome sequences, the fossil-corrected molecular clock model showed that the molecular phylogenetic tree crown age of Paeaceae was 20.53 Ma (95% highest posterior density (HPD): 12.86–29.92 Ma) (Figure 3). Section Moutan and section Onaepia formed obvious sister branches with a divergence time about 13.44 Ma (95% HPD: 5.32–20.45 Ma). Section Moutan contained strongly supported distinct clades, where P. rockii subsp. rockii and P. rockii subsp. taibaishanica diverged at 0.83 Ma (95% HPD: 0.16–3.08 Ma) in the Late Pleistocene.




Figure 3 | Chronogram for the Paeoniaceae species obtained using BEAST based on the plastid genome. The 95% highest posterior density (HPD) credibility intervals for node ages are labeled above the line.





Climatic variables

Analysis of the environmental climatic variables using the Kruskal–Wallis test to compare the climatic niches of the two subspecies found two variables with highly significant differences (p < 0.01; bio3 and bio4), two variables with significant differences (p < 0.05; bio11 and bio18), and the other five variables were not statistically different (p > 0.05; bio8, bio12, bio15, bio17, and bio18) (Figures 4, S5). Jackknifing analysis was used to determine the contributions of the nine climate factor models in order to identify the main environmental factors that affected the current distributions of the two subspecies. As shown in Figure S6, the contributions of bio11, bio15, and bio19 to the current potential distribution of P. rockii subsp. rockii were obtained as 51%, 15.6%, and 14.4%, respectively, and with the cumulative contribution exceeded 80%. The contributions of bio11, bio17, and bio3 to the current potential distribution of P. rockii subsp. taibaishanica were obtained as 65.1%, 13.8%, and 11.8%, respectively, and the cumulative contribution was 90.7%.




Figure 4 | Kernel density plots of nine climatic variables for two subspecies of P. rockii.





ENMs

We predicted the current, LGM, and LIG distributions for P. rockii subsp. rockii and P. rockii subsp. taibaishanica, as shown in Figures 5, S7. Using the natural breaks method, the potential distributions of the two subspecies were divided into four grades (not suitable, marginally suitable, moderately suitable, and highly suitable areas). According to the ENM results, the predicted suitable distribution areas differed considerably for the two subspecies, but the predicted core distribution areas were similar (Figures 5, S7). During the LIG, P. rockii subsp. rockii would have occurred mainly in southern Gansu, northern Sichuan, southern Shaanxi, southwestern Henan, and northwestern Hubei in China (Figure 5C), where the area of the high suitability area was 2.61×104 km2 smaller, the area of the medium suitability area was 11.83×104 km2 smaller, and the area of the low suitability area was 29.67×104 km2 larger (Table 3). P. rockii subsp. taibaishanica was mainly distributed in northern Xinjiang, Ningxia, northern Sichuan, the Ziwu Ridge in northern Shaanxi, and southeastern Shaanxi (Figure S7C), where the area of the high suitability area was 6.92×104 km2 smaller, the area of the medium suitability area was 16.48×104 km2 smaller, and the area of the low suitability area was 7.02×104 km2 larger (Table 3). During the LGM, the distributions of the two subspecies expanded to the widest geographic distributions and largest areas. The core area for P. rockii subsp. rockii was mainly concentrated in the Ziwu Ridge in northern Shaanxi, Qinling Mountains in southern Shaanxi, western Sichuan, western Henan, northern Chongqing, and northern Hubei (Figure 5A). The core distribution habitat for P. rockii subsp. taibaishanica was focused in eastern Xinjiang, southern Shaanxi, and northeastern Sichuan (Figure S7A).




Figure 5 | Potential distribution for P. rockii subsp. rockii during different periods predicted by the MaxEnt model based on optimized parameters. The potential distribution of P. rockii subsp. rockii was divided into four grades by the natural breaks method. Gray, green, yellow, and red areas represent not suitable, marginally suitable, moderately suitable, and highly suitable areas, respectively.




Table 3 | The potential distribution area of the two Paeonia species in different periods.



The current distribution areas of the two subspecies were captured well by the niche model. The results indicate that the current predicted core areas and current distribution sites were generally consistent with the highly suitable areas in the Ziwu Ridge in northern Shaanxi, Qinling Mountains in southern Shaanxi, Southern Gansu, Ningxia, northern Chongqing, and northern Hubei (Figures 5D, S7D). The three representative concentration pathways (RCP2.6, RCP4.5, and RCP6.0) were then modeled for two future time periods (2050 and 2070) (Table 4). Under future climatic conditions, three high-resolution General circulation models predict that some suitable areas for the two subspecies are expected to expand, but the total suitable area is predicted to contract (Figures 6,  S8, and Tables 5, S4). In 2050, compared with the current potential distribution area, P. rockii subsp. rockii will have a reduced range in western Xinjiang, southern Gansu, southern Shaanxi, and southwestern Shanxi in China, and it will gradually expand into the margins of the Sichuan Basin, Henan, eastern Qinghai and eastern Tibet (Figure 6). P. rockii subsp. taibaishanica is predicted to undergo large-scale expansion in Xinjiang, Shaanxi and southwestern Shanxi (Figure S8). Compared with the present distributions, the migrations and expansions determined the two subspecies in 2070 were consistent with the results for 2050.


Table 4 | Three emission scenarios using in this study.






Figure 6 | Spatial changes of P. rockii subsp. rockii in China under emission scenarios of the 2050s and 2070s. White, gray, red and blue areas represent not suitable, unchanged suitable, expansion suitable, and contraction suitable areas, respectively.




Table 5 | The potential distribution area of the two Paeonia species in the 2050s and 2070s.





Climatic niche comparisons

Analysis based on the E-space niche model using PCA-env analysis showed that it accounted for 75.43% (PC1 = 52.22% and PC2 = 23.21%) of the total climatic variation in the areas occupied by the species and background areas (Figure S9). PC1 was associated with bio11 and bio8 as the main contributing variables, whereas bio12 and bio18 were mainly associated with PC2 (Figure S9). The multiple niche plot based on an occurrence density of displaying the 20% showed that the niche of P. rockii subsp. rockii was significantly differentiated from the niche of P. rockii subsp. taibaishanica (Figure 7A). When an occurrence density of 100% was plotted in the PCA-env space, high overlap was detected in the climatic space among ranges (Figure 7B). The climatic niche overlaps between the P. rockii subsp. rockii and P. rockii subsp. taibaishanica populations were characterized by (D = 0.062) the climatic niches changes to “unfilling” niche with 0.07, “stable” niche with 0.191, and “range expansion” niche with 0.809.




Figure 7 | Global climatic space constructed over all background areas and realized niches of P. rockii, showing overlaps between P. rockii subsp. rockii and P. rockii subsp. taibaishanica distribution ranges, plotting a solid line representing the 20% of occurrence density (A), and 100% of occurrence density with a thin line and 100% of available climatic background with a thick line. (B) The left graph includes the contribution and direction of each variable to the two-first components of the PCA-env.





Displacement trends based on the geometric centers of suitable habitats

The results of General Circulation Models (GCMs) showed that the directions and distances of the centroids of the suitable habitats for the two subspecies varied under different climate scenarios compared with the current period (Figure 8, S10). The current geometric center of the potentially suitable habitat for P. rockii subsp. rockii was located in Wuganyi Town, Liuba County, Shaanxi Province (107.063982 E, 33.556846 N). The BCC-CSM1.1 model indicates that by the 2050s, the centroids of the suitable areas for P. rockii subsp. rockii under the RCP 2.6, RCP 4.5, and RCP 6.0 climate scenarios are predicted to all move eastward to Chengguan Town, Taibaimiao Town, and Huanguan Town, Ningshan County, Shaanxi Province, with migration distances of 125.35 km, 138.73 km, and 121.49 km, respectively (Figure 8A). By the 2070s, the centroids of the suitable areas for P. rockii subsp. rockii is expected to migrate further to the northeast and reach Dongchuan Town, Zhen’an County, Huanguan Town, Ningshan County, and Yangsi Town, Zhen’an County, Shaanxi Province, with migration distances of 172.21 km, 125.98 km, and 156.32 km under RCP 2.6, RCP 4.5, and RCP 6.0, respectively (Figure 8A). At the same time, the BCC-CSM2-MR and MIROC5 models prediction indicate that the centroids of the suitable areas for P. rockii subsp. rockii is expected to migration direction be similar to the BCC-CSM1.1 results in two different time horizons (2050 and 2070) (Figure S10). The centroid of the suitable area for P. rockii subsp. taibaishanica at present was located at the junction of Longdong and Shaanxi. The BCC-CSM1.1 model demonstrated that by the 2050s, the centroids of the suitable areas for P. rockii subsp. taibaishanica under the RCP2.6, RCP 4.5, and RCP 6.0 climate scenarios are predicted to migrate to the northeast, with migration distances of 53.35 km, 59.59 km, and 103.05 km, respectively (Figure 8B). By the 2070s, the centroids of the suitable areas for P. rockii subsp. taibaishanica is expected to continue to migrate northward under the RCP2.6, RCP 4.5, and RCP 6.0 climate scenarios, with migration distances of 86.27 km, 80.76 km, and 131.04 km, respectively (Figure 8B). In addition, the BCC-CSM2-MR and MIROC5 model predictions suggest that the centroids of the suitable areas for P. rockii subsp. taibaishanica is expected to migrate to the northeast, at two different time horizons (2050 and 2070) (Figure S10).




Figure 8 | Migration of the center of suitable habitat for two subspecies of P. rockii since the last interglacial period (A: P. rockii subsp. rockii; B: P. rockii subsp. taibaishanica; (a) migration route; (b) migration distance). Among them, the meaning of the letters were (A) LIG, (B) LGM, (C) current, (D) RCP2.6-2050s, (E) RCP2.6-2070s, (F) RCP4.5-2050s, (G) RCP4.5-2070s, (H) RCP6.0-2050s, (I) RCP6.0-2070s.






Discussion


Impacts of climate change on spatial distributions of the two subspecies

At present, the potential highly suitable areas for P. rockii subsp. rockii and P. rockii subsp. taibaishanica are mainly concentrated in southern Gansu, Ziwu Ridge and the Qinling Mountains in Shaanxi, the Liupan Mountains in Ningxia, northern Chongqing, and northern Hubei (Figures 5, S7). The predicted results were consistent with the actual distributions, but the distribution areas were larger than the actual distribution areas. During the last glaciation, the global temperature was 5–12°C lower than now and the glaciated area was 8.4 times that at the present in China (Wang and Liu, 2001; Li et al., 2004), which profoundly affected the distributions of plants. However, our results showed that the suitable distribution areas for the two subspecies of P. rockii did not contract as expected during the LGM period (Figures 5, S7, and Table 3). By contrast, the suitable distribution areas decreased during the LIG, expanded during the LGM period. Range expansions during the LGM have also been found in other plant taxa, such as Pseudotaxus chienii, Picea likiangensis var. likiangensis, Taxus wallichiana, and Tsuga dumosa (Liu et al., 2013; Yu et al., 2015; Zhang et al., 2018; Zhang et al., 2020). Clearly the low temperatures in the ice age did not reduce in the ranges of all plants, but instead they provided suitable conditions for the expansion of some woody plants (Kozhoridze et al., 2015). The relatively low latitude of China and its complex topography and mountain barriers mean that China was not as heavily glaciated as Europe (Qiu et al., 2011). Therefore, some plants retreated southward and spread northward during the glacial period (Hewitt, 2000; Ravelo et al., 2004; Gratton et al., 2008).

Under future climate change scenarios, our results suggest that the suitable distribution areas for the two subspecies will tend to shrink in the future. Similar predictions have been made for other rare and endangered plants, such as Metasequoia glyptostroboides, Cercidiphyllum japonicum, and Liriodendron chinense (Lv, 2009; Zhu and Xu, 2019). Under the RCP6.0 scenario, the future temperature will increase by 1.3°C in 2050 and 2.2°C in 2070 (Ford et al., 2012). Global climate change will lead to melting of the snow caps, retreat of glaciers, increased rainfall, and intensification of drought conditions, thereby leading to changes in biological phenology, with fragmentation and loss of habitats for many species (Waldvogel et al., 2020). However, the suitable distribution of species can involve biological, geological or other disturbance factors in addition to the effects of climate change. Here, three plausible reasons may explain the suitable distribution areas of the two subspecies tends to shrink in the future. Firstly, it is mainly due to the human factor. The destructive excavation of residents in the distribution area frequently occurs, and the quantity of natural Moutan Cortex (Mudanpi in Chinese) for medicine has decreased and prices have soared, which leads to the destructive excavation of the older tree peony by the residents, and the regeneration of wild resources is difficult (Cui et al., 2021). Secondly, the species currently has a sporadic “island” distribution in the Qinling Mountains and Ziwu Ridge and their adjacent areas, as well as in southern Gansu (Figure S1). Recent studies have shown that wild ungulates, the development of tourism and residential infrastructure and recreational activities in protected areas have a negative impact on the distribution of species (Bárrios and Hamilton, 2021). So, we speculate that this may be one of the reasons why suitable habitat for the species is declining. Thirdly, the geological hazards common in mountainous areas (landslides and mudslides) may have a negative impact on the distribution of the species. As a result the characteristics of large mountainous areas and large relief in the Qinling Mountains and adjacent areas, a wide range of geological disasters have been formed, such as mudslides, collapses, and landslides. (Liu, 2005). They occurred not only in the high mountains and deep valleys of the western Qinling Mountains, but also in the low hills and basins of the eastern Qinling Mountains (Dong et al., 2022).

Under the influence of global climate change, similar changes occurred to the distribution ranges of the two subspecies. Simulation results from three high-resolution GCMs (BCC-CSM1.1, BCC-CSM2-MR and MIROC5) show that the centers of the suitable areas are predicted to tend to displacement toward high latitudes and elevations, under the emissions scenarios for the 2050s and 2070s (Figure 8 and S10). The elevation of species distribution is largely driven by the temperature gradients, so as the climate warms, species ranges shift to higher altitudes (Lenoir et al., 2008; Osorio-Canadas et al., 2021). Indeed, numerous studies have demonstrated that climate change has altered the distribution patterns of species, where many species have moved to higher latitudes or higher altitudes (Parmesan and Yohe, 2003; Colwell et al., 2008). As our study demonstrates, ongoing climate change is altering the distribution of two subspecies and is more likely to face the risk of habitat losses, making conservation measures for two subspecies an urgent issue. For two subspecies, implementation of a conservation strategy based on population niche models may require in situ conservation, considering that most current suitable areas were predicted to still be suitable for two subspecies under climate change. Therefore, in order to avoid threats to the populations of the two subspecies from anthropogenic activities, set core protection areas at highly elevated regions of the Qinba Mountains and the Ziwu Ridge. In addition, in ex-situ conservation, mature seeds of each population can be collected, artificially planted in botanical gardens, and then transplanted into wild populations to strengthen gene exchange between populations and improve the level of genetic diversity of wild populations.



Species divergence

Spatial interruptions provided by mountains have key effects on the morphology and divergence of species because topographic complexity leads to ecological stratification and environmental heterogeneity (Fjeldså et al., 2012). We found that Paeoniaceae separated from other members of the Saxifragales about 96.78 Ma in the Late Cretaceous according to BEAST analysis of whole plastid genomes (Figure 3), and this result is consistent with the date of 90–100 Ma obtained in previous dating analyses (Tank et al., 2015; Folk et al., 2019). The divergence of woody and herbaceous Paeonia species occurred in the Miocene Aquitanian at 20.78 Ma (95% HPD: 12.86–29.29 Ma). The divergence of sections Moutan and Onaepia occurred during the Miocene Serravallian at 13.44 Ma (95% HPD: 5.32–20.45 Ma). The other divergence events (with the exception of the split between P. emodi and other species in the section Paeonia) occurred during the following 9.34–0.66 Ma (Figure 3), i.e., within the Miocene Tortonian to Middle Pleistocene.

Environmental heterogeneity plays an important role in species differentiation and ecological adaptation (Huang et al., 2021). Niche differentiation will enhance the divergence of species following spatial isolation (Liu et al., 2013), and it may lead to different populations of the same species with different adaptations under different environmental conditions (Shen et al., 2010). We must be cautious when interpreting molecular dating results, but our estimated divergence times coincide with the period of strong uplift of the QTP (Sun et al., 2011). Thus, the current distribution of the two subspecies may be largely determined by the QTP uplift, which is thought to be related to past geographical and climatic fluctuations. Under the influence of the Himalayan orogeny, the QTP and Hengduan Mountains continued to rise, and various mountain uplift events resulted in high climate variability together with a gradual drop in temperature (Ye et al., 2016). The environmental climate shock may have played an important role in promoting the origin and divergence of Paeonia plants. In addition, niche models suggest that the two subspecies populations may occupy different climatic niches (Figure 7A), although some niches may overlap between the two subspecies based on simulation with 100% occurrence (Figure 7B). Furthermore, the E-space results suggest that annual precipitation (bio12), precipitation of warmest quarter (bio18) and mean temperature in the coldest season (bio11) were potential ecological factors associated with differences between the two subspecies (Figure S9). Climate seasonality (i.e. temperature and precipitation seasonality) is one of the key ecological factors affecting phenology (i.e. the timing of cyclical and seasonal natural phenomena such as flowering and defoliation) (Quintero et al., 2014). Thus, gene flow between populations of the two subspecies may be restricted due to the potential genetic barriers caused by the asynchronous phenology, leading to population differentiation.



Phylogenetic relationships

RAxML analysis showed that the topologies of the three different data sets were identical and all of the nodes had high bootstrap values (Figures 2, S3,  S4). The results showed that the Paeoniaceae species clustered into a clade, which was further divided into sections Paeonia, Moutan and Onaepia, where the sections Moutan, and Onaepia were grouped into a large evolutionary lineage with high bootstrap support (Figures 2, S3, S4). These findings are consistent with previous studies based on morphological taxonomy and molecular phylogenetics in Paeonia (Hong et al., 2001; Zhang et al., 2020; Wu et al., 2021; Zhou et al., 2021). We also analyzed the interspecific affinities and found that the species in section Moutan section were divided into two subsections. P. ludlowii and P. delavayi var. lutea clustered together at the base of the section Moutan branch. P. jishanensis, P. decomposita, P. qiui, P. suffruticosa, P. ostii, P. rockii subsp. taibaishanica, and P. rockii subsp. rockii clustered together. P. rockii subsp. rockii and P. rockii subsp. taibaishanica have very similar morphological characters (e.g., white petals with a large, dark purple spot at base; disk wholly enveloping carpels, pale yellow, leathery, apex dentate, or lobed) and they formed a clade (bootstrap support = 100%) in the phylogenetic trees constructed from the WP data set, PCG data set, and the GBDN data set, which is consistent with taxonomic evidence from previous studies (Hong et al., 2001).




Conclusions

In this study, we used whole chloroplast genomes and niche analyses to investigate the phylogenetic relationships, species divergence and demographic history of Paeonia rockii, which is rare and endangered medicinal plants in East Asia. The phylogenetic results showed that P. rockii subsp. rockii was most closely to P. rockii subsp. taibaishanica and was grouped into a single branch, with an estimated divergence time of approximately 0.83 million years ago (Ma). In addition, ecological niche analyses indicated that the potential habitat of two subspecies may displacement northeastward in response to 21st century global climate change. Indeed, P. rockii, as a rare and endangered species in East Asia, is a vital representative of its community structure. The results in this study may provide insights into the protectection and utilization of the endangered P. rockii species. Further, they may play an important role in exploring the population dynamics of other rare and endangered tree species, while providing a scientific basis for understanding the evolutionary history and ecological adaptation of rare and endangered species in East Asia.
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Supplementary Figure 5 | Boxplots of nine climatic variables selected for two subspecies of P. rockii.

Supplementary Figure 6 | Environmental variables contributions of the MAXENT model at present for two subspecies of P. rockii.

Supplementary Figure 7 | Potential distribution for P. rockii subsp. taibaishanica during different periods predicted by the MaxEnt model based on optimized parameters. The potential distribution of P. rockii subsp. rockii was divided into four grades by the natural breaks method. Gray, green, yellow, and red areas represent not suitable, marginally suitable, moderately suitable, and highly suitable areas, respectively.

Supplementary Figure 8 | Potential distribution for P. rockii subsp. taibaishanica during different periods predicted by the MaxEnt model based on optimized parameters. The potential distribution of P. rockii subsp. rockii was divided into four grades by the natural breaks method. Gray, green, yellow, and red areas represent not suitable, marginally

Supplementary Figure 9 | Global climatic space represented through a PCA-env (explaining PC1 = 52.22% and PC2 = PC2 = 23.21% of the total climatic variation).

Supplementary Figure 10 | Migration of the center of suitable habitat for two subspecies of P. rockii since the last interglacial period (a. migration route; b. migration distance). Among them, the meaning of the letters were (A) LIG, (B) LGM, (C) current, (D) RCP2.6-2050s, (E) RCP2.6-2070s, (F) RCP4.5-2050s, (G) RCP4.5-2070s, (H) RCP6.0-2050s, (I) RCP6.0-2070s.
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WP 168,986 19,970 (11.82) 12,418 (7.35) 7,405 (4.38) GTR+1+G
PCG 837,72 8,159 (9.74) 4,759 (5.68) 3,380 (4.03) GTR+1+G
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RCP2.6 The radiative forcing reached its peak before 2100 and decreased
to 2.6 W/m?*
by 2100. The peak CO, equivalent concentration was about
490 mL/m”.

RCP4.5 The radiative forcing stabilized at 4.5 W/m?, and the CO,
equivalent
concentration stabilized at about 600 mL/m’ after 2100.

RCP6.0 The radiative forcing stabilized at 6.0 W/m?, and the CO,
equivalent

concentration stabilized at about 850 mL/m’ after 2100.
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