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Abstract

:

Extensive range of deserts and gobis (rocks) had promoted habitat fragmentation of species in arid northwestern China. Distribution of endangered Gymnocarpos przewalskii Maxim. covers most of gobis (rocks) and desert terrain across arid regions of northwestern China. In the present study, we had employed genomic phylogeographical analysis to investigate population structure of G. przewalskii and test the effect of environmental conditions on spatial pattern of genetic diversity. Results showed four groups were identified from east to west: Edge of the Alxa Desert, Hexi Corridor, Hami Basin, and North edge of the Tarim Basin. Genetic diversity was at an equal level among four groups. General linear model (GLM) analysis showed spatial pattern of genetic diversity was significant correlated with three habitat variables including habitat suitability at present (Npre) and last glacial maximum (LGM) (NLGM) periods, and locality habitat stability (NStab). It concluded that habitat fragmentation had triggered lineage divergences of G. przewalskii in response to long-term aridification. Genome-wide single nucleotide polymorphisms (SNPs) could increase the ability of clarifying population structures in comparison with traditional molecular markers. Spatial pattern of genetic diversity was determined by fragmented habitats with high habitat suitability (Npre and NLGM) and stability (NStab). At last, we propose to establish four conservation units which are in consistent with the population grouping to maintain the genetic integrity of this endangered species.
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1. Introduction


Habitat fragmentation played an important role in the process of terrestrial species evolution. Many types of fragmentation were shown in the species natural habitats, including islands, mountain tops, and landscape fragment [1,2]. These fragmented habitats usually displayed complex effects of genetic structure among intraspecific populations. For example, islands have acted as geographical barriers to limit gene flow among different populations in archipelago regions [3]. Mountain tops also can be regarded as sky islands to increase genetic divergence within alpine plants [4,5]. Fragmented landscape could led to the loss of rare alleles in some small populations [6]. Moreover, another type of fragmentation exists in arid lands. Due to the impact of arid environments, species trend to shrink in several fragmented ranges with suitable habitat. Investigating the course of species evolution could make us well understand the influences of habitat fragmentation in arid lands.



In northwestern China, extremely arid environment has triggered the development of extensive range of deserts and gobis (rocks) (Figure 1). The reason of the initiation of aridity in the study area was deemed to be the uplift of surrounding mountain ranges, such as the Pamir and Himalaya Mountains and the block of moisture-carrying airflow from the west and south [7]. The long-term process of enhancing aridification was experienced in northwestern China. It underwent increased aridity and onset of desert conditions during the late Miocene, but the presence of deserts in eastern part of northwestern China was during the Pleistocene [7,8]. In response to this process, xerophytes were hypothesized to promote lineage splits and genetic divergences. For example, lineage splits in the genera of Atraphaxis and Ixiolirion were primarily caused by variation of desert habitats during the Pleistocene [9,10]. Intraspecies populations could be diverged into several groups due to the habitat fragmentation following the process of enhancing aridification, like Nitraria sphaerocarpa Maxim. [11], Amygdalus mongolica (Maxim.) Ricker [12], and Populus euphratica Oliv. [13]. In contrast, another type of xerophytic plants could adapt to the changes of aridity and display a continuous distribution range in this region. They usually did not exhibit a pattern of genetic divergence among different populations, like Zygophyllum xanthoxylon (Bunge) Maxim. [14] and Clematis songorica Bunge [15].



Endangered Gymnocarpos przewalskii Maxim. is a small shrublet and endemically distributed in arid regions of northwestern China (Figure 1). It is recorded as the first conservation level in the China Plant Red Data Book [16]. The habitats of this species are gobis (rocks), deserts, dry riverbeds, and gravelly hill slopes. At present, it owns fragmented distributions east from the Alxa Desert, through the Hexi Corridor and the Hami Basin, and west to the Tarim Basin (Figure 1). This region covers most of gobis (rocks) and desert terrain over arid northwestern China. G. przewalskii is considered as a good model plant to say how evolutionary history of xerophytic plants responded to habitat fragmentations along the process of enhancing aridification in the study area. This endangered G. przewalskii has also encountered loss of habitat due to environmental changes and human activities. Understanding of population genetic structure would be crucial to inform management plans and establish effective conservation strategies for this endangered species. However, previous studies did not clarify the population structure using several traditional molecular markers [17]. Moreover, the defined population structures were inconsistent among chloroplast DNA, the internal transcribed spacers of ribosome DNA (nrITS), and microsatellite (SSR) data. Geographically, populations of G. przewalskii were well structured and divided into several fragmented groups. Whether this species owned a complex genetic structure, or the truth of its genetic structure was shielded by cpDNA and ITS markers, is a fascinating question.



Nowadays, the genome-wide SNPs are most frequently used in molecular evolution and phylogeography [18]. It was proved that genome-wide SNPs had high ability to distinguish population structures and resolve evolutionary history for organisms [19,20]. Several next-generation sequencing technologies were developed and commonly used, such as Restriction-site Associated DNA Sequencing (RAD-seq) [21], Genotyping-by-Sequencing (GBS-seq) [22], and Specific-Locus Amplified Fragment Sequencing (SLAF-seq) [23]. In the present study, we had employed GBS sequencing technology to generate the genome-wide SNPs data of G. przewalskii populations across the full range. Based on the sampling strategy and molecular approaches, we aimed to (1) clarify population structure of G. przewalskii in response to habitat fragmentation, (2) test the effect of historical and current environmental conditions on the spatial pattern of genetic diversity for G. przewalskii populations with fragmented distributions, (3) identify conservation units to maintain the genetic integrity of this endangered species.




2. Materials and Methods


2.1. Plant Collection and DNA Extraction


Within the full distribution range of G. przewalskii, a total of 44 individuals from 14 populations were sequenced to generate genome-wide SNPs (Figure 1, Table 1). The leaf materials of all sequenced individuals were collected from the field and used in the previous study [17]. They were dried and stored with silica gel in the laboratory. Total genomic DNA was extracted using the DNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instructions.




2.2. GBS Sequencing and SNP Calling


Libraries from genomic DNA of each of the 44 individuals was constructed through GBS-seq methodology [24] at Novogene Co. Ltd. in Beijing, China. According to this method, the DNA was firstly digested with high-fidelity restriction enzymes. Libraries were created by uniquely barcoding each of the individual from the respective site and then pooling barcoded individual. The libraries were pooled for multiplexed Polymerase Chain Reactions (PCRs), and then the PCR products were purified. The sequencing was performed with an Illumina Hiseq PE150 platform. All raw reads were processed for quality control and filtered under the following criteria: paired reads were discarded if the number of N’s in either read exceeded 10%, and the number of low quality (Q ≤ 5) bases in a single read was restricted to less than 50%. The sample with largest number of tags was initially clustered to pseudo-reference genome. Clean reads from the other sequenced samples were mapped to the pseudo-reference genome using BWA software with the parameters ‘mem -t 4 -k 32 -M’ [25]. After the alignment, SNPs were identified using SAMtools [26]. The output of SNPs was further filtered under the parameters ‘dp2-miss0.5-maf0.05′. These thresholds were used to clean the low-quality SNPs with complete degree < 0.5, coverage depth < 2 and rare SNPs filter of MAF < 0.05. Then, the dataset of high-quality SNPs was used for the following analysis. All GBS-seq data of G. przewalskii were deposited in the GenBank (SRA accession: PRJNA649343).




2.3. Genetic Structure Analyses


Firstly, a neighbor-joining (NJ) phylogenetic tree of 44 individuals from 14 populations was constructed using the program MEGA-X ver. 10.1.8 [27] based on the genetic distance matrix. The robustness of nodes was assessed through bootstrap resampling (BP) with 1000 repetitions. The isolation by distance was also tested based on the correlation between genetic distance matrix and geographical distance matrix among these 14 populations. Then, population structure of these 44 individuals was investigated using the program of ADMIXTURE ver. 1.3.0 [28]. This program infers the ancestry of the sampled individuals based on large SNP genotype datasets using a block relaxation algorithm. To use ADMIXTURE, you need an input file and an idea of K, your belief of the number of ancestral populations. When the numbers of ancestral populations to be defined (K values), a good value of K value will exhibit a low cross-validation (CV) error compared to other K values. The K value was set ranging from 1 to 8 when running the program. Finally, the PCA was calculated for the 44 individuals using the GCTA ver. 1.93.2 program [29]. Meanwhile, three indexes of genetic diversity were estimated using the software of ARLEQUIN ver. 3.5.2.2 [30] for these four defined population groups according to the inferences of population structure (see details in Results), including Nucleotide diversity (π), Observed heterozygous (Ho), and Expected heterozygous (He).




2.4. Species Distribution Model


Present-day occurrence locations of G. przewalskii were acquired from our field surveys and the Chinese Virtual Herbarium (CVH; http://www.cvh.org.cn/cms). After removing the overlapping points, a total of 29 occurrence points for G. przewalskii were used in the species distribution modelling (SDM) analyses. Here, 22 occurrence points were acquired from field surveys, and 7 points were viewed from the CVH. For running the SDMs, 19 bioclimatic variables at a resolution of 2.5 arcmin were initially downloaded from the WorldClim Database (http://www.worldclim.org; [31]). To avoid model over-fitting, we calculated the correlation coefficients of these 19 bioclimatic variables, and retained the least correlated variables (Spearman’s < 0.8). At last, ten remained bioclimatic variables were used in the SDMs to model the potential distributions of this species. Last glacial maximum (LGM) distribution of this species was also modeled with the ten corresponding LGM bioclimatic variables under the Model for Interdisciplinary Research on Climate- Earth System Model (MIROC-ESM model) and the Community Climate System Model version 4 (CCSM4 model), at a resolution of a 2.5 arcmin, which downloaded from the WorldClim database (http://www.-worldclim.org) [31]. Present-day and LGM potential distributions of G. przewalskii were generated with SDM methodology using the maximum entropy approach as implemented in MAXENT, version 3.3.3k [32]. Model performance was evaluated by the area under the receiver operating characteristic curve (AUC) of a receiver operating characteristic plot.




2.5. Landscape Genetic Analysis


A general linear model (GLM) analysis was performed in R v3.5.0 (http://www.r-project.org/) in order to evaluate the effect of geographical and environmental factors on the intra-population genetic diversity of G. przewalskii. During the analysis processing, the initial model included all explanatory covariates of the six environmental factors, and the most suitable models were selected based on a backward elimination procedure. The environmental variables were eliminated in GLM analysis that were not well explained the intra-population genetic diversity. For this analysis, we used the values of genetic diversity at the population level from Jia and Zhang [17] based on SSR data. The molecular method of SSR had high ability to survey the population genetic polymorphisms than other DNA fragments. For the SSR data, 136 individuals from 17 populations were sampled. These populations were the same population to the dataset of genomic SNPs with the addition of three neighboring populations in North edge of the Tarim Basin and Hexi Corridor. To avoid the collinearity for the same type of indices, two indices were used to measure the spatial genetic diversity in the GLM analysis, including allelic richness(Ar) and expected heterozygosity (He). Latitude and longitude of G. przewalskii populations were treated as the geographical factors. Six environmental factors were also used as explanatory covariates: present (Epre) and LGM (ELGM) period environment, environmental change since LGM (Echange), habitat suitability of the sampling locality at present (Npre) and LGM (NLGM) periods, and locality habitat stability (NStab). These six environment factors were computed according to the method of Jiang et al. [33] and Jiang et al. [34]. Present (Epre) and LGM (ELGM) period environment were estimated by the principal components summarizing the overall variation of 10 least correlated climate variables among sampling localities during the present and LGM periods. Environmental change since LGM (Echange) was the absolute values of standardized PC1 scores from the present period (Epre) minus scores from the LGM period (ELGM). Habitat suitability of the sampling locality at present (Npre) and LGM (NLGM) periods were extracted from the SDM layers of the potential distributions of this species. Locality habitat stability (NStab) was calculated by the absolute values of present habitat suitability (Npre) minus LGM habitat suitability (NLGM).





3. Results


A total of 44 G. przewalskii individuals were sequenced using the GBS-seq method. The numbers of mapped reads for each sample was range from 3,227,827 to 12,713,348. The mapping rate ranged from 77.17% to 95.07%. The total number of tags was from 2,330,973 to 11,267,342, and the average depth of sequencing was from 13.34× to 19×. The number of SNPs was 308,918, and filtered 28,035 high-integrity SNPs in the following analyses.



A NJ phylogenetic tree were constructed based on the pairwise genetic distances among these 44 individuals using the obtained genomic SNPs (Figure 1). In the cluster dendrogram, it showed four major clades from east to west: Edge of the Alxa Desert, Hexi Corridor, Hami Basin, and North edge of the Tarim Basin (Figure 1). Group of Edge of the Alxa Desert included 9 individuals from populations of AZQ, ZW, and DX; while Group of Hexi Corridor included 15 individuals from populations of GT, JYG, YM, and AKS (Table 1). Group of Hami Basin included 12 individuals from populations of HM1 and HM2; while Group of North edge of the Tarim Basin included 8 individuals from populations of LT, KC, BC, WS, and WQ (Table 1). These four clades were supported by high bootstrap values (Figure 1). The pattern of isolation by distance was approved by the significantly correlation between genetic distance and geographical distance among these 14 populations (p < 0.01; Figure 2).



Increasing trend of the CV error values were shown when the K values changed from 1 to 8. According to genetic clustering of these 44 individuals, four population groups were divided when the K value was at 4. They were Group of Edge of the Alxa Desert, Group of Hexi Corridor, Group of Hami Basin, and Group of North edge of the Tarim Basin (Figure 3c). This structure of population grouping was consistent with the topology of the NJ phylogenetic tree. When the K value was set as 3, Group of Hexi Corridor and Group of North edge of the Tarim Basin were integrated into one group (Figure 3b). After setting the K value as 2, Group of Edge of the Alxa Desert and Group of Hami Basin were merged into another group (Figure 3a). The PCA analysis also showed these 44 individuals were compacted in four groups in the three-dimensional coordinate axis (Figure 4). They were Group of Edge of the Alxa Desert, Group of Hexi Corridor, Group of Hami Basin, and Group of North edge of the Tarim Basin. According to the four population groups, genetic diversity of each group was estimated. The values of nucleotide diversity (π) for these four groups from east to west were 0.2181 (±0.1087), 0.2370 (±0.1155), 0.2269 (±0.1115), and 0.2223 (±0.1116) (Table 1). The values of observed heterozygous/expected heterozygous (Ho/He) were 0.3825 (±0.2348)/0.3251 (±0.1441), 0.3279 (±0.2202)/ 0.2753 (±0.1384), 0.3422 (±0.2196)/0.2947 (±0.1409), and 0.4196 (±0.2524)/0.3442 (±0.1491), respectively (Table 1).



Good performances of present and LGM SDMs of G. przewalskii were indicated by the high AUC values of 0.990/0.996 for the training and test data. The MIROC-ESM bioclimatic model and the CCSM4 bioclimatic model generated the same range of LGM distributions. The modeling distributions were shown in the Figure 5. At present, G. przewalskii had larger potential distributions with high level of habitat suitability values (Npre) in Edge of the Alxa Desert, Hexi Corridor, Hami Basin, and North edge of the Tarim Basin (Figure 5a). Comparatively, the potential distributions of this species were shrunken significantly during the LGM period (Figure 5b). The LGM distributions disappeared in marginal locations of Edge of the Alxa Desert and Hexi Corridor. GLM analysis indicated that the model that explains the two indexes of the genetic diversity (allelic richness Ar and expected heterozygosity He) of G. przewalskii were significant correlated with three habitat variables, including habitat suitability at present (Npre), LGM (NLGM) periods, and locality habitat stability (NStab) (Table 2).




4. Discussion


4.1. Clarifying Population Structure of G. przewalskii from the Genome-Wide SNPs


According to the distribution range of G. przewalskii, populations were reasonable to be divided into four geographical groups, including Group of Edge of the Alxa Desert, Group of Hexi Corridor, Group of Hami Basin, and Group of North edge of the Tarim Basin (Figure 1). In the present study, we had yielded a clear population structure with four lineages accordant to the defined geographical groups (Figure 1, Figure 3 and Figure 4). Previous studies had also investigated the population structures of G. przewalskii using the cpDNA fragments, nrITS, and SSR markers [17]. Although they approved to divide the range of G. przewalskii into four geographical groups, distinct genetic divergence was not obtained among the four groups using the three types of traditional molecular markers. For example, haplotypes of cpDNA fragments were mixed among Edge of the Alxa Desert, Hexi Corridor, and Hami Basin. NrITS had only distinguished the lineage of Edge of the Alxa Desert, while SSR seemed powerless to identify these population groups. These phenomena were possibly resulted from slow level of mutation rate or a small number of loci used for traditional molecular markers in previous study. Lessoning from the case of G. przewalskii, it could be necessary to reconsider the ambiguous population structure of species that previously investigated by traditional molecular markers. Genome-wide SNPs could possess the ability to further resolution of mixed population structures and identification of deeper-level structures than the traditional molecular markers [35,36].



Here, we found a significant pattern of isolation by distance (Figure 2) among the 14 populations of G. przewalskii. The fragment distributions could explain evolutionary mechanism of genetic divergence for this endangered plant species from arid northwestern China. The outcrossing-entomophily breeding system of this species hindered its long-distance transmission ability for gene flow [15]. Under the fragmented distribution pattern and long-distance range along the longitudinal change (Figure 1), gene flow was limited and lineage divergence then occurred among these isolated population groups (Figure 3). The formation for this fragmentation was hypothesized to cause by the historical aridification. The study area had experienced long-term process of enhancing aridification in response to the retreat of the proto-Paratethys and global cooling [37]. The initial desert environment of the Asian interior began to form at the Late Miocene, such as the Taklimakan Desert [38]. Up to Pleistocene and Holocene, ranges of gobis (rocks) and deserts had undergone continuous expansion in this region [8]. Under the background of long-term historical aridification, the distribution range of xeromorphic plants from arid northwestern China had possibly shrunken and fragmented. This fragmented pattern of population structure were also reported in Nitraria sphaerocarpa and Nitraria roborowskii from the study area [11].




4.2. Effect of Historical and Current Environmental Conditions on the Spatial Genetic Pattern of G. przewalskii


From the SDM modeling of present and LGM distributions of G. przewalskii (Figure 5), habitat suitability values (Npre and NLGM) were in difference among the sampling populations. We found the genetic diversity was significantly correlated with the habitat suitability values, including habitat suitability at present (Npre) and LGM (NLGM) periods, and locality habitat stability (NStab) (Table 2). Previous studies have indicated the glacial refugia could have played an leading role in shaping spatial genetic pattern of this species [17]. Glacial refugia were usually characterized with high level of habitat stability (NStab) [39]. Results from the present study showed genetic diversity of G. przewalskii was affected not only by habitat stability (NStab), but also by the present (Npre) and the historical habitat suitability (NLGM) (Table 2). This pattern was most likely linked to the process of fragmentation when populations were preserved in several regions with high habitat suitability (Npre and NLGM). Under the pressure of climatic changes, the process of glacial–interglacial migration usually shaped high habitat suitability in refugial area but low habitat suitability in colonizing area (NLGM). Apart from the habitat variables, we did not identify any other environmental factors in shaping the variation of genetic diversity (Table 2). Although the full distribution of G. przewalskii was in a west–east belt across the arid Northwestern China, we did not detect a significant tendency of genetic diversity along the longitudinal gradient (Table 2). In response to enhancing aridification, range of this species was divided into four population groups with similar level of genetic diversity. It indicates that this species did not experience long-distance migration and a long-term effect of gene drift, which was shown in forest plants of the study area, such as Clematis sibirica Mill. and Codonopsis clematidea (Schrenk) C. B. Cl. [15]. During the course of evolutionary history, G. przewalskii did not adapt to diversified environments, but preserved in fragmented locations with suitable habitat. This feature could be one of the reasons for the endangerment of this species.




4.3. Conservation Implications


G. przewalskii is listed in the China Plant Red Data Book under the first conservation level [16]. Due to the harsh condition of habitats and human disturbance, it waits for an overhaul of measures to protect this endangered species. The maintenance of genetic diversity is one of critical issues in the conservation and management for long-term survival of endangered species. For endangered species with fragmented distributions, it suggested several conservation units should be established to preserve their genetic integrality [20]. In the present study, four independent evolutionary units were identified in the whole range of G. przewalskii using the genome-wide SNPs, including Group of Edge of the Alxa Desert, Group of Hexi Corridor, Group of Hami Basin, and Group of North edge of the Tarim Basin (Figure 1). Here, we also found genetic diversity was not significantly different among the four groups based on the genome-wide SNPs data (Table 1). This pattern of genetic diversity was consistent with previous studies using the traditional molecular markers [17]. Evolutionary history of fragmentation has shaped multiple hotspots of genetic diversity within G. przewalskii [15]. The genetic diversity within populations was not investigated by the genome-wide SNPs data in the present study, but it was previously reported on high level of intra-population genetic diversity [17]. Thus, we propose to consider strategies of conservation management based on the four effective evolutionary units in order to recover the genetic integrality of this endangered species.





5. Conclusions


Our present study analyzed population genetic structure and conservation management of an endangered plant G. przewalskii with fragmented distributions in arid northwestern China. Here, through the analysis of genome-wide SNPs, we found four population groups, owning the similar level of genetic diversity, were well distinguished within this species. Through a GLM analysis of relationship between intra-population genetic diversity and environmental factors, spatial genetic diversity was significant correlated with high habitat suitability (Npre and NLGM) and stability (NStab). Based on these results, we propose that four conservation units should be established to recover the genetic integrality of this endangered species. Further, it is suggested that protection of suitable habitats was urgent to prevent the potential losses of genetic diversity and increase its adaptability to environmental changes. Future studies on conservation genetics of G. przewalskii should also highlight the possible genetic mechanism to promote its endangered status and clarify the genetic basis of adaptability to environmental changes.
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Figure 1. Highlight of the study area (a) and the geographical distribution of 14 sampled Gymnocarpos przewalskii populations (b). The bottom of (b) showed neighbor-joining (NJ) phylogenetic tree of 44 individuals from 14 sampled populations constructed with the genome-wide single nucleotide polymorphisms (SNPs) dataset. The numbers under the branches showed the bootstrap values of the nodes (%). Light–dark gradients of colors indicated the changes of elevation from low to high. The colored dots for 14 populations showed the different population groups. 
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Figure 2. Correlation of pairwise genetic distance and geographical distance among the 14 sampled Gymnocarpos przewalskii populations. 
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Figure 3. Genetic clustering of the 14 sampled Gymnocarpos przewalskii populations based on the genome-wide SNPs dataset. The patterns are shown with different K values at K = 2 (a), K = 3 (b), and K = 4 (c). 
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Figure 4. Principal components analysis (PCA) plots of 44 individuals from 14 sampled Gymnocarpos przewalskii populations based on the first three principal components. The dash lines show the four population groups. 
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Figure 5. Potential distributions with occurrence probability of Gymnocarpos przewalskii during (a) present-day and (b) last glacial maximum (LGM) based on the Model for Interdisciplinary Research on Climate- Earth System Model (MIROC-ESM) model. The dots show the occurrence points used in the species distribution modelling (SDMs). 
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Table 1. Population information and genetic diversity of Gymnocarpos przewalskii.
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	Region
	Location
	Longitude/Latitude
	Nind
	π (SD)
	Ho (SD)
	He (SD)





	Edge of the Alxa Desert
	
	
	9
	0.2181 (0.1087)
	0.3825 (0.2348)
	0.3251 (0.1441)



	
	AZQ
	104.71/39.65
	5
	
	
	



	
	ZW
	104.92/37.43
	3
	
	
	



	
	DX
	99.46/40.32
	1
	
	
	



	Hexi Corridor
	
	
	15
	0.2370 (0.1155)
	0.3279 (0.2202)
	0.2753 (0.1384)



	
	GT
	99.83/39.38
	2
	
	
	



	
	JYG
	98.19/39.78
	5
	
	
	



	
	YM
	96.20/40.56
	5
	
	
	



	
	AKS
	94.34/39.59
	3
	
	
	



	Hami Basin
	
	
	12
	0.2269 (0.1115)
	0.3422 (0.2196)
	0.2947 (0.1409)



	
	HM1
	92.43/43.25
	9
	
	
	



	
	HM2
	94.72/41.95
	3
	
	
	



	North edge of the Tarim Basin
	
	
	8
	0.2223 (0.1116)
	0.4196 (0.2524)
	0.3442 (0.1491)



	
	LT
	84.23/41.77
	1
	
	
	



	
	KC
	82.77/41.85
	2
	
	
	



	
	BC
	81.25/41.55
	3
	
	
	



	
	WS
	80.66/41.59
	1
	
	
	



	
	WQ
	75.01/39.68
	1
	
	
	







Nind the number of individuals analyzed, π the average nucleotide diversity, Ho the average observed heterozygosity, He the average expected heterozygosity, SD standard deviation.













[image: Table] 





Table 2. Values from best model for general linear model analysis between the genetic diversity of Gymnocarpos przewalskii with geography, environment and habitat factors based on the backward eliminating procedure.
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Allelic Richness (Ar)

	
Expected Heterozygosity (He)




	

	
Est

	
SE

	
t

	
p

	
Est

	
SE

	
t

	
p






	
(Intercept)

	
−5.846 × 108

	
2.347 × 108

	
−2.490

	
0.03

	
−8.255 × 107

	
3.943 × 107

	
−2.094

	
0.06




	
Longitude

	
-

	
-

	
-

	
-

	
2.481 × 10−3

	
1.806 × 10−3

	
1.373

	
0.19




	
Epre

	
-

	
-

	
-

	
-

	
1.467 × 10−2

	
9.424 × 10-3

	
1.557

	
0.15




	
ELGM

	
5.911 × 10−2

	
4.090 × 10−2

	
1.445

	
0.17

	
-

	
-

	
-

	
-




	
Npre

	
5.846 × 108

	
2.347 × 108

	
2.490

	
0.03

	
8.255 × 107

	
3.943 × 107

	
2.094

	
0.06




	
NLGM

	
−5.846 × 108

	
2.347 × 108

	
−2.490

	
0.03

	
−8.255 × 107

	
3.943 × 107

	
−2.094

	
0.06




	
Nstab

	
5.846 × 108

	
2.347 × 108

	
2.490

	
0.03

	
8.255 × 107

	
3.943 × 107

	
2.094

	
0.06








Epre present environment, ELGM LGM period environment, Echange environmental change since LGM, Npre habitat suitability of the sampling locality at present, NLGM habitat suitability of the sampling locality at LGM period, NStab locality habitat stability. Est estimate, SE standard error, t statistics of Student’s t test, p significance of Student’s t test, - eliminating variables. Significant p-values are in bold (p < 0.05), and marginally significant values (0.05 < p < 0.10) are italicized.
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