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Elymus breviaristatus, a rare grass species with excellent resistance and ecological importance, is narrowly distributed on the Qinghai-Tibet plateau. Populations of E. breviaristatus are declining due to habitat fragmentation, and thus far, characteristics of genetic differentiation and adaptive responses to climate change remain poorly understood in this species. Here, we explored the genetic structure of 18 natural populations (269 individuals) in the transition zone between Tibet and the Hengduan Mountains using 15 expressed sequence tag (EST)-SSR primer pairs and identified possible barriers to gene flow that might have caused genetic discontinuities. Additional analyses were performed to identify the environmental factors affecting genetic diversity and to test whether the patterns of genetic variation among populations were more consistent with the isolation by distance (IBD) or isolation by environment (IBE) model. Multiple measures of genetic diversity revealed that intra-population genetic variation was low, while inter-population genetic variation was high. Clustering, structure, and principal coordinate analyses identified three genetic groups: (a) Eastern Qamdo, (b) Nagqu and Western Qamdo, and (c) Lhasa and Nyingchi. A clear physical barrier to gene flow was formed by the Yarlung Zangbo Grand Canyon and the Tanggula Mountains. We found that both IBD and IBE contributed to the observed patterns of genetic variation, and the IBE model played a leading role. In addition, precipitation-related variables, soil phosphorus content and soil K:P ratio significantly affected population genetic variation. Overall, our results emphasized the genetic fragility of E. breviaristatus populations and showed that this species requires attention, as future climate changes and human activities may further threaten its survival. In addition, the genetic differences among E. breviaristatus populations should be considered when formulating conservation measures for E. breviaristatus populations in the study area.
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Introduction

Climate conditions are important determinants of plant genetics because past climate oscillations, especially during the Quaternary Period, have left complex imprints on the geographical distributions and genetic structures of most species in the Northern Hemisphere (Yang et al., 2018). Demographic expansion and contraction caused by climate oscillations have undoubtedly shaped geographic patterns of genetic variation within and among populations, and previous empirical investigations have shown that these patterns may have developed via a number of diverse mechanisms as well as the interactions among these mechanisms (Noguerales et al., 2016). For instance, in most species, genetic differentiation among populations increases with greater geographic separation, consistent with the “isolation by distance” (IBD) model (Wright, 1945). Although the original IBD model did not consider environmental effects, environmental features may also affect genetic differentiation, but the mechanisms underlying this possible association remain unclear.

A number of recent studies have shown that genetic differentiation is affected by environmental features and can occur without geographical restrictions (Zellmer et al., 2012; Shafer and Wolf, 2013; Wang et al., 2013). These studies have suggested that gene flow rates may be higher among similar environments compared to approximate locations, giving rise to the concept of isolation by environment (IBE; Wang and Bradburd, 2014). A recent meta-analysis indicated that the IBD and IBE patterns co-exist in a substantial number of species (Sexton et al., 2014). Within populations, genetic diversity is influenced by reproductive and mating systems and also reflects the selective effects that climate conditions have on species evolution; genetic diversity allows adaptation to environmental change and is the basis of long-term species survival (Booy et al., 2000). Thus, environmental conditions, such as precipitation, temperature and soil nutrients, may affect population genetic diversity.

For instance, Huang et al. (2014) showed that the annual temperature range strongly correlated with the Nei’s genetic diversity in Artemisia halodendron populations, while Trejo et al. (2016) reported that the expected heterozygosity (He) of Agave striata populations increased with temperature seasonality but decreased with annual precipitation. Here, we explored the possible associations between environmental conditions and the degree of genetic differentiation and diversity among populations of Elymus breviaristatus, an endangered grass species endemic to the Qinghai-Tibet plateau (QTP).

Known as the “third pole” of Earth, the QTP is the largest and highest plateau in the world (Zhang et al., 2016). The past geological and geomorphological changes not only affected atmospheric circulation in the Northern Hemisphere and China’s climatic and eco-environmental evolution (Zhang et al., 2000) but also led to the development of the peculiar climatic characteristics, unique geographical conditions, highly centralized biodiversity, and high numbers of endemic species in the Himalayas and Hengduan Mountains (Marchese, 2015). Additionally, Riddle (2016) identified the QTP as a hotspot in continental comparative phylogeographic studies. Indeed, as a focus of biodiversity research, the QTP has been identified as a core region of genetic differentiation for many species (Myers et al., 2000). With the release of the white paper on Biodiversity Conservation in China, the evolutionary history, genetic structure, and phylogeographic patterns of species populations on the QTP have garnered much attention. Species diversity in the QTP region is considered to be highly sensitive and vulnerable to external disturbances, such as global warming, habitat fragmentation, and spatial reduction (Xue et al., 2009; Li et al., 2019). Specifically, in the Hengduan Mountains, habitat destruction caused by overgrazing or other human activities has threatened the survival of local native plants (Liang et al., 2018; Yin et al., 2020). Thus, more attention should be paid to the protection of rare endemic plant resources in this area. In addition, an understanding of the spatial patterns of population genetic variation and genetic structure across natural populations is fundamental for the effective conservation of endangered species (Ghalambor et al., 2007; Franks et al., 2014).

In many terrestrial habitats, grasses determine community composition and function (Gibson, 2009). Grasses are particularly important in the QTP, where grasslands account for more than 60% of the total land area. As changes in the relative genetic diversity of grass taxa are thus likely to affect the entire ecosystem, it is particularly important to characterize the factors determining grass genetic diversity (Kahilainen et al., 2014). Previous studies have explored the impact of climatic factors on genetic diversity in various plant and animal taxa (Huang et al., 2014; Trejo et al., 2016). However, it remains unclear whether the identified mechanisms are equally applicable in the QTP.

Due to their short life cycles and high sensitivity to environmental changes, herbs are a good model taxon for studies on the relationship between genetic diversity and the complex and changeable climate of the QTP region. E. breviaristatus (Poaceae: Triticeae), a self-pollinated herb endemic to the QTP, is commonly used for the revegetation of deserts due to its strong stress tolerance (Gu et al., 2015). However, E. breviaristatus is gradually becoming extinct due to the fragmentation of its natural habitat and is considered vulnerable in the QTP (Fu and Jin, 1992). In 1999, this plant was listed as an important wild plant for conservation in China. Previous investigations have shown that E. breviaristatus has a moderate level of genetic diversity (Gu et al., 2015; Yu et al., 2019). Although genetic diversity determines the ability of species to adapt to the environment, it is challenging to understand the potential mechanisms that have resulted in species scarcity based on genetic diversity alone. Due to the rarity of E. breviaristatus, it is difficult to effectively investigate its genetic characteristics, and thus, the relationship between adaptive genetic variation and the environment in this plant remains unclear.

To prevent further decreases in populations of E. breviaristatus, we present herein an analysis of the spatial genetic structure of E. breviaristatus in the QTP, as well as the pattern of population genetic differentiation across these populations, using expressed sequence tag-simple sequence repeats (EST-SSRs) in combination with environmental characteristics. We extend a previous study of E. breviaristatus (Yu et al., 2019), which revealed no significant population-level IBD and ignored the environmental features of habitats, by testing for evidence of IBD and IBE in the patterns of genetic variation. We aimed to determine (a) the level, pattern, and structure of genetic variation among and within E. breviaristatus populations across the Tibet and Hengduan Mountains transition zone, (b) the possible environmental factors affecting population genetic diversity, and (c) whether the IBD or IBE model best explained the patterns of genetic differentiation among E. breviaristatus populations.



Materials and methods


Sampling and DNA extraction

A total of 269 individual seeds of E. breviaristatus were collected from 18 different populations in the transition zone between Tibet and the Hengduan Mountains. These populations were divided into four groups based on geographic position: group 1 (CD1 to CD10 from Qamdo), group 2 (LZ1 and LZ2 from Nyingchi), group 3 (LS1 and LS2 from Lhasa), and group 4 (NQ1 to NQ4 from Nagqu; Figure 1). We collected seeds from 15 individuals per population, except for population CD3, where only 14 individuals were available due to the small size of this population. In total, seeds from 269 individuals were obtained across the 18 populations sampled. Supplementary Table S1 shows the collection site, geographical coordinates, and elevation of each source population. Seeds were planted in the experimental field at Sichuan Academy of Grassland Sciences, China (latitude, 32.78 N; longitude, 102.54 E; altitude, 3,502 m).
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FIGURE 1
 Geographical distribution of the Elymus breviaristatus populations in this study.


After germination, fresh young leaves were collected and dried in zip-lock plastic bags with silica gel. Total genomic DNA was extracted using the DP350 Plant DNA kit (Tiangen Biotech Co., Ltd., Beijing, China), following the manufacturer’s instructions. DNA quality and quantity were determined using a NanoDrop-Lite (Thermo Scientific, Waltham, MA, United States) and 1% agarose gels, respectively. The DNA samples were then diluted to 10 ng/μL and stored at −20°C.



PCR amplification

From the suite of EST-SSR primers previously developed by our research group, we selected 15 polymorphic primer pairs to explore the relationships among the 269 E. breviaristatus individuals (Supplementary Table S2). PCR amplifications were performed in a 20-μL reaction volume containing 20 ng of genomic DNA, 0.5 μM of each primer, and 10 μl of 2 × Es Taq MasterMix (Dye Plus) (CoWin Biosciences, Beijing, China). Touch-down PCRs were performed using a C1000 Touch Thermal Cycler (BIO-RAD, Foster City, CA, United States) with the following cycling conditions: 94°C for 4 min; 5 cycles of 94°C for 30 s, 65°C–60°C for 30 s, and 72°C for 60 s; 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 60 s; 72°C for 10 min; and a final indefinite hold at 4°C. The PCR products were separated using 6% non-denaturing polyacrylamide gel electrophoresis (PAGE) in 1 × TBE buffer at 400 V, with a 100 bp molecular size ladder for comparison (Tiangen Biotech Co., Ltd., Beijing, China). Bands were visualized using silver staining. Only clearly amplified bands were scored as present; ambiguous or missing bands were scored as absent. A raw data matrix was constructed based on these values (where “1” was equivalent to presence and “0” was equivalent to absence).



Genetic diversity

To assess the levels of genetic diversity and the relatedness of the 18 populations, POPGENE v1.32 (Yeh and Boyle, 1997) was used with the raw data matrix to calculate parameters such as Nei’s genetic diversity (H), Shannon’s information index (I), observed number of alleles (NT), average allele number (Na), number of effective alleles (Ne), and Nei’s genetic distances (GD). In addition, a principal coordinate analysis (PCoA) was performed after examining genetic distances using the GenAlEx 6.5102 project (Peakall and Smouse, 2012). A population dendrogram was constructed using unweighted pair-group method with arithmetic mean (UPGMA) clustering in MEGA v6.0 (Tamura et al., 2013).



Population genetic structure and barriers to gene flow

The genetic structure of the 18 E. breviaristatus populations was predicted using the Bayesian clustering method in STRUCTURE v.2.3.4 (Falush et al., 2007). In total, 20 independent runs were performed for each value of K from 1 to 18 using Structure Harvester v0.6.94 (Earl and von Holdt, 2012). Each run was composed of 500,000 Monte Carlo Markov Chain (MCMC) replicates with an admixture model and a 10,000 replicate burn-in period; the optimum number of clusters was estimated using the ΔK method (Evanno et al., 2005). Finally, the 20 replicates were clustered and permuted with CLUMPP v1.1 (Jakobsson and Rosenberg, 2007) using the LargeK Greedy algorithm. The results were visualized using bar plots. An analysis of molecular variance (AMOVA) was performed in the GenAlEx 6.5102 project to estimate the total genetic diversity at the population and individual levels. In addition, the geographical locations of the major genetic barriers between populations were predicted using BARRIER v2.2 based on Monmonier’s maximum difference algorithm (Manni et al., 2004). The robustness of these barriers was assessed based on 1,000 bootstrap replicates of population pairwise difference matrices generated using AFLPsurv v1.0 (Vekemans et al., 2002).



Correlations between genetic diversity and environmental factors

To assess whether genetic diversity was affected by environmental factors, we download the bioclimatic variables from the WorldClim website,1 soil surface database of China for land surface modeling from Sun Yat-sen University (Shangguan et al., 2013), and extracted using ArcGIS10.2 (ESRI. Inc.), including five soil variables and their ratio and 19 climatic variables. Then, Pearson’s correlations were calculated pairwise between these environmental variables and genetic diversity parameters, such as Nei’s genetic diversity (H) and Shannon’s information index (I), to estimate the environmental factors limiting genetic diversity.



Geographic and environmental effects on genetic differentiation

To detect the possible modes of isolation among populations, we first calculated genetic differentiation (FST) among populations using AFLPsurv v1.0. Simultaneously, the environmental parameters associated with each population, as well as pairwise geographic distances between populations, were extracted based on the latitude and longitude data obtained in the field using ArcGIS, where the distance between each pair of populations was equivalent to the Euclidean distance. Finally, we used a two-tailed Student’s t-test with 999 permutations to estimate the correlations between these variables.




Results


PCR amplification and diversity analysis

The average allele number (Na) detected by each of the 15 polymorphic primer pairs was 1.389–3.778, with an average of 2.707. The effective number of alleles (Ne) identified by each primer was 1.228–2.875, with a mean of 2.283 (Supplementary Table S3). Across the 18 E. breviaristatus populations, all parameters of alpha diversity were the highest in population CD1 from Qamdo (Table 1). Additionally, the genetic landscape map showed an obvious trend of decreasing diversity from east to west across our study area (Figure 2).



TABLE 1 Genetic diversity based on 15 EST-SSRs from 18 populations.
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FIGURE 2
 Genetic landscape for E. breviaristatus populations.


To visualize the genetic similarity among regions, we performed a PCoA of the EST-SSR data generated from the 269 individuals and grouped the samples by region (Figure 3). The first two principal coordinates explained 78.41% of the total genetic variance among individual genotypes (PC1, 74.42%; PC2, 3.99%). Although the region groups were mostly distinct, there was some overlap between regions CD and NQ and regions LZ and LS (Figure 3). The results of the UPGMA analysis were similar (Figure 4).

[image: Figure 3]

FIGURE 3
 Principal coordinate analysis (PCoA) of the E. breviaristatus populations.
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FIGURE 4
 UPGMA dendrogram based on individual pairwise Nei’s genetic distances showing relationships among individuals of E. breviaristatus.




Population structure

A model-based Bayesian clustering approach in STRUCTURE was used to analyze population genetic structure. The Structure Harvester results indicated that ΔK was maximized at K = 3 (Figure 5A), which suggested that the 269 individuals analyzed most likely belonged to three principal genetic clusters. Using CLUMPP to identify the most optimal of the 20 replicates, we constructed a plot of the structure of the 18 populations (Figure 5C). In this plot, group 3 was composed of four populations from Nyingchi and Lhasa. The division of the 18 populations into three genetic groups was validated by the PCoA and the UPGMA analysis. The genetic barriers among the 18 populations were determined using BARRIER, and these are indicated by a red line in the plot (Figure 5B). This analysis revealed a clear separation between the four populations from Nyingchi and Lhasa and the remaining 14 populations. A second barrier separated three populations (CD8, CD9, and CD10) in the north of the study area from the remaining 11 populations. Interestingly, there was also a slight barrier between the northern and southern regions of the study area. Moreover, AMOVA showed that most of the genetic variation (67%) occurred among the 18 E. breviaristatus populations, with only 33% of the genetic variation found within populations (Table 2).

[image: Figure 5]

FIGURE 5
 Results of STRUCTURE and BARRIER analysis among the E. breviaristatus populations based on EST-SSRs. (A) K model with an elevated ΔK values calculated for K varying from 2 to 18. (B) Bold red lines in the map represented the genetic’ barrier revealed by BARRIER, which divided 3 different gene pools. (C) Clustering patterns of the 269 individuals from the 18 E. breviaristatus populations using made by STRUCTURE for K = 3, each individual is represented by a vertical, colored line.




TABLE 2 Analysis of molecular variance (AMOVA) of E. breviaristatus based on EST-SSR.
[image: Table2]



Associations between genetic diversity and environmental variables

Based on Shannon’s information index (I) and Nei’s genetic diversity (H), we tested the correlation between genetic diversity and 25 environmental variables for E. breviaristatus (Supplementary Figure S1). Across the 19 climatic variables, population genetic diversity increased with annual precipitation (p < 0.05), precipitation of driest quarter (p < 0.05), and precipitation of coldest quarter (p < 0.05) but decreased with the coefficient of variation of precipitation seasonality (p < 0.01; Figure 6). By comparison, no significant correlations were found between any temperature-related factor and any genetic diversity parameter. In addition, in soil physical and chemical properties variables and their ratios, the genetic diversity was increased with the total phosphorus content (p < 0.01), but decreased with the K content/P content ratio (p < 0.05; Figure 6).

[image: Figure 6]

FIGURE 6
 Scatter plots showing the relationships between two genetic diversity parameters (I, H) and environmental factors.




Effects of environmental and geographic distances on genetic divergence

Correlation tests based on pairwise FST values showed that both environmental distance and geographical distance had significant effects on the genetic differentiation among E. breviaristatus populations (p < 0.001; Figures 7A,B). However, there was a significant autocorrelation between geographic and environmental distances (Figure 7C). Compared with geographic distance, environmental distance had a greater effect on the pairwise FST values, and the correlation between geographic distance and genetic distance when controlling for environmental distance (r = 0.202, p = 0.012) was weaker than the correlation between environmental distance and genetic differentiation when controlling for geographic distance (r = 0.260, p < 0.001; Table 3). These two statistical methods show that both IBD and IBE contributed to the observed patterns of genetic variation, but the IBE model better explained inter-population patterns of genetic diversity than the IBD model.

[image: Figure 7]

FIGURE 7
 Linear regressions showing pairwise genetic, geographic, and environmental distances among the E. breviaristatus populations. (A) Regression showing genetic differentiation (FST) and geographic distance. (B) Regression showing genetic differentiation (FST) and environmental distance. (C) Regression showing geographic distance and environmental distance. Correlation coefficients and p-values are shown in the upper left-hand corner of each plot.




TABLE 3 Mantel and partial mantel tests for the correlation between genetic, geographic, and environmental distances.
[image: Table3]




Discussion


Genetic diversity of Elymus breviaristatus

Genetic diversity is important for the long-term survival of populations (Bell and Collins, 2008). As many rare species are restricted to the QTP, it is valuable to compare the genetic diversity of these species with that of more widespread congenerics (Wang, Z. F. et al., 2019). In a previous study, SSR and SRAP markers were used to explore the genetic diversity of seven populations of E. breviaristatus on the Northwest Sichuan Plateau (Gu et al., 2015; Yu et al., 2019). Here, our analyses of EST-SSR data showed that E. breviaristatus populations in the transition zone between Tibet and the Hengduan Mountains had lower genetic diversity than congenerics such as E. sibiricus (Ma et al., 2012), E. nutans (Chen et al., 2009, 2013), and E. trachycaulus (Gaudett et al., 2005). This was consistent with previous studies in the Northwest Sichuan Plateau, as well as a previous meta-analysis (Cole, 2003). In general, the genetic diversity of endemic species is lower than that of widespread species (Huh and Huh, 1999). The lower diversity of endemics might have multiple explanations, including smaller population numbers and limited distribution ranges; in addition, the adaptation of certain populations to specific habitats may have quickly led to the isolation of small, genetically similar populations (Hamrick and Godt, 1996; Sarin et al., 2015). Consequently, the lower genetic diversity of natural E. breviaristatus populations might suggest a decreased ability to adapt to changing environmental conditions and may lead to an increased risk of extinction (Tansley and Brown, 2000; Wang, 2020).



Population genetic structure and barriers to gene flow

Across the 18 E. breviaristatus populations, AMOVAs (p < 0.001) showed that 67% of the genetic variation was among populations, with only a small proportion of the genetic variation found within populations. Similar results have been reported for several other self-pollinating Elymus species, including E. canadensis (Sanders et al., 1979), E. fibrosus (Díaz et al., 2000), and E. caninus (Sun et al., 2001). Compared to the results of previous studies (Gu et al., 2015; Yu et al., 2019), the genetic variation within E. breviaristatus populations in our study area was extremely low, suggesting that the severe environmental pressures associated with higher elevations have had a notable impact on population genetic variation, consistent with the results of Jiang et al. (2019). Pairwise FST values (0.243–0.822) likewise revealed significant genetic differentiation among populations; FST values for populations of E. breviaristatus were substantially higher than those of widespread species and species with mixed mating systems (Nybom and Bartish, 2000). The possible factors leading to this high level of genetic differentiation among populations may include the extremely narrow geographical distribution, high selfing rate (Honnay and Jacquemyn, 2007), long history of evolution and genetic drift (Su et al., 2009), and limited pollination due to the complex topography and challenging climate of the QTP (Fu and Jin, 1992).

Gene exchange plays an important role in plant evolution and population structuring (Wang, D. W. et al., 2019). Here, we explored the potential barriers to gene dispersal formed by the complex changes in topography among different geographical regions. Using BARRIER v2.2, we identified several possible barriers to gene flow among the 18 populations. The most important barrier may be the Yarlung Zangbo Grand Canyon and Tanggula Mountains, while another barrier may be formed by the G214 road and the Ziqu River. As rivers are permanent geographic barriers that can disrupt continuous population distributions (Vences et al., 2009), the Ziqu River barrier might explain some of the genetic differentiation among populations. The gene pools isolated by geographical barriers were consistent with those identified in the STRUCTURE analysis based on a Bayesian algorithm, which clearly divided the 269 wild E. breviaristatus accessions into three subgroups plus some admixed individuals. The patterns revealed by our PCoA were also similar. Thus, our clustering results were likely reliable.



Environmental drivers of Elymus breviaristatus genetic diversity

Of the 25 studied environmental factors, precipitation and soil phosphorus content were most strongly associated with E. breviaristatus population genetic diversity. Among the precipitation-related variables, annual precipitation, precipitation in the driest quarter, and precipitation in the coldest quarter were significantly positively correlated with genetic diversity, suggesting that genetic diversity is strongly limited by rainfall, especially for populations in extremely cold and dry environments. In addition, higher precipitation levels in these environments may improve seed survival, thereby increasing genetic diversity. Consistent with these findings, several studies have demonstrated that plant genetic diversity tends to be low in extreme climates (Brito et al., 2016; Šurinová et al., 2019), suggesting that genetic diversity may be controlled by environmental selection pressures.

Previous studies have shown that changes in climate reduce genetic diversity (Avolio et al., 2013). However, the only climatic factor significantly negatively correlated with genetic diversity was the coefficient of variation of precipitation seasonality, suggesting that decreases in the population genetic diversity of E. breviaristatus were associated with high levels of variation in precipitation amounts. Due to global warming, the temporal distribution of precipitation will become more uneven, and precipitation fluctuations during dry and wet periods will become more intense (Zhang et al., 2021). As precipitation variability will increase with global warming, the genetic diversity of E. breviaristatus is likely continue to decrease in the future. Some studies also highlighted an association between temperature and genetic diversity in various environments (Kovach et al., 2015; Manel et al., 2020). However, temperature-related variables and genetic diversity were only poorly correlated in the present study, indicating that rainfall change, not global warming, will have a more significant impact on the adaptation of E. breviaristatus to new environmental conditions.

Soil nutrient also plays an important role in maintaining the genetic diversity of plant populations. The previous research in other Elymus species found that the soil nutrient factors including nitrogen, potassium and magnesium contents had the significant correlation with the genetic diversity (Guo et al., 2014). In the present study, of the eight soil variables, soil phosphorus content and soil K:P ratio showed the significant effects on population genetic variation of E. breviaristatus. Meanwhile, the soil nutrient correlation analysis was also affected by sampling regions, number of molecular markers, characteristic of the species, etc. Furthermore, the genetic variation of E. breviaristatus populations in the study was lower than other Elymus species. Thus, we speculate that low phosphorus could be one of limiting factors for the genetic diversity of E. breviaristatus. Soil phosphorus is an essential macronutrient for plants and microbes development, which is also vital for the plant–soil-microbe network (Wang Z. Q. et al., 2019; Oldroyd and Leyser, 2020; Wang et al., 2021). Therefore, the plant–soil-microbe combined effects should be paid attention on the conservation and utilization of E. breviaristatus in the future.



IBE was more important than IBD

Habitats are often variable, especially in a climate-sensitive region such as the QTP, and this variation may eventually lead to speciation (Gray et al., 2014). For most species, both geography and ecology contribute to spatial genetic divergence (Wang et al., 2013). As a determining factor in major evolutionary processes from local adaptation to species formation, the genetic differentiation model has long promoted the development of a strong theoretical framework (Castilla et al., 2020). As shown in Figure 7, our results were incongruent with those of previous studies and suggested that both IBD and IBE played significant roles in the genetic differentiation of E. breviaristatus populations across the Tibet and Hengduan Mountains transition zone (r = 0.374 and 0.405, respectively). Sexton et al. (2014) reported significant autocorrelations between geographic and environmental distance in 37.1% of 70 previous studies (r = 0.540). In partial Mantel tests, significant relationships between IBD and IBE were detected, albeit with weak correlations. This indicated that genetic differentiation among E. breviaristatus populations was correlated with both geographical and environmental differences. This was consistent with the findings of several recent studies, which suggested that both factors may contribute to spatial genetic differences in many cases (Lee and Mitchell-Olds, 2011), although IBE in general plays a dominant role.




Conclusion

To the best of our knowledge, this study is the first to combine EST-SSR markers and landscape genetic analyses to investigate the population genetic patterns of E. breviaristatus. Our results demonstrated that the genetic variation mainly occurred in inter-population rather than intra-population. Various analyses supported the division of the 18 studied populations into three genetic clusters, which will be useful for developing protection management plans for this species. Genetic diversity was associated with six environmental factors and was predicted to further decrease with further climate change. In addition, population genetic differentiation patterns were influenced by both IBE and IBD. These results improve our understanding of E. breviaristatus and may be valuable for the conservation and management of this species in the future.
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