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Abstract

:

Geodorum eulophioides is a unique and endangered species belonging to the Orchidaceae family in China. It has great potential as an ornamental horticultural plant. However, little is known about its genetic diversity and reasons for being endangered due to its narrow distribution and few populations in the wild. To effectively evaluate and conserve available resources, the genetic diversity and population structure of G. eulophioides were analyzed in this study. A total of 94 individuals from 10 natural populations were studied using site-specific amplified fragment sequencing (SLAF-seq). Based on the 76,340 SNPs detected by SLAF-seq, genetic diversity analysis was performed and markers associated with environmental variables were determined. The results showed that the level of genetic diversity in the 10 natural populations studied was low, with PIC values ranging from 0.1874 to 0.2156. FIS values ranged from −0.2376 to 0.2658, with excess and deficiency in heterozygotes. FST values ranged from 0.0482 to 0.3144, with genetic variation among populations. AMOVA results showed that the genetic variation among populations accounted for 21.35% of the total variation, and the remaining genetic variation among individuals within populations was 78.65%. The results of the population structure analysis showed that 94 individuals were classified into three major groups and two subgroups. Environmental association analysis using Bayenv2 and LFMM yielded thirty and eighteen putative adaptive loci, respectively, and five specific functional genes were annotated. In summary, this study provides further insight into the genetic structure of G. eulophioides and provides a reference for protection and restoration.
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1. Introduction


Geodorum Jacks is a small genus of Orchidaceae that has approximately ten species and is mainly distributed in tropical Asia to Australia and the South-West Pacific Islands [1] There are five species in China, namely, G. attenuatum Griff., G. densiflorum (Lam.) Schltr., G. eulophioides Schltr., G. pulchellum Ridl., and G. recurvum (Roxb.) Alston [2]. Among these, Geodorum eulophioides Schltr. (1921) is a critically endangered orchid (IUCN), is one of the major conservation targets, has unique morphological characteristics (rose-colored flowers), and grows in Guizhou and neighboring Yunnan and Guangxi provinces [2]. The species was discovered and named in 1921 by the German botanist Schlechter in Luodian County, Guizhou Province, China. Flora of China records of the species remain incomplete because there is no description of flower morphology. Other morphological records are described only by type specimens (Esquiol 3169, type, B, Berlin), and these observational data are incomplete, lacking descriptions of leaf size, fruit morphology, and fruit stage. The plant’s described flowering time in December is completely different from that of other species of this genus (flowering time is usually from April to July), which needs to be verified. The species was not found for the next 80 years, until 2004, when it was rediscovered in the Yachang Forestry Centre, Guangxi Province, where a nature reserve has been established to protect it [3]. With in-depth field investigations, 17 small populations of the species have been found in Guizhou, Guangxi, and Yunnan [4]. However, the species has a very low natural reproduction rate and there are few young plants, leading to the degradation of these populations. The entire population still shows a declining trend and is in danger of extinction. It is also treated as a plant species with extremely small populations (PSESP), and the main risk factors are lack of competitiveness of the population, fragmentation of habitat, very low natural reproduction rate, low seed germination rate, and human interference. To protect this species and to prevent extinction, protection measures are needed, and some researchers have studied the species in terms of its morphology, rapid tissue propagation, symbiotic bacteria, mechanism of endangerment, and conservation [3,5,6,7]. Genetic diversity refers to the largest genetic variation in the genetic composition of a specific species. It is an important part of species diversity, the product of the long-term evolution of a species, and the basis for species survival, adaptation, and development [8]. Conserving the genetic diversity of a species could ensure its ability to adapt to environmental changes. Therefore, it is crucial to understand the genetic structure and evolutionary history of endangered species to provide guidance for ex situ conservation, introduction, and cultivation of endangered species. The distribution of G. eulophioides in Guizhou is extremely narrow, and it is susceptible to extinction due to disturbance by human activities and other environmental changes (such as transitional grazing and wild collection). Therefore, there is an urgent need to carry out conservation biology research on G. eulophioides. An in-depth understanding of the genetic diversity of the population (e.g., genetic diversity and population structure) will help researchers formulate more appropriate and scientific conservation strategies.



Previous research on the genetic diversity and local adaptation of plants has been conducted at the DNA-based molecular level, such as random amplified polymorphic DNA (RAPD), inter-simple sequence repeat (ISSR), amplified fragment length polymorphism (AFLP), simple sequence repeat (SSR), sequence-related amplified polymorphism (SRAP), and single nucleotide polymorphism (SNP). Among these, single nucleotide polymorphisms (SNPs) based on next-generation sequencing (NGS) have become the markers of choice for determining population structure because they are abundant, stable in the genome, and can be accurately scored. A low-cost and high-throughput approach to discovering hundreds to thousands of SNPs in non-model species is restriction-site-associated DNA sequencing (RAD-seq). RAD-seq methods have been used on plant communities to reveal their evolutionary history and local adaptability, identify the genetic structure of populations, and determine how environmental and topographical elements affect genetic diversity and differentiation. They have also been used to identify genetic lineages of plants, thereby creating references for the conservation of rare species [9,10,11,12].



SLAF-seq is a whole genome sequence tag enrichment method based on second-generation sequencing technology for genome analysis and genetic map construction [13]. To date, there has been no study on the genetic diversity and population structure of the natural population of G. eulophioides in the entire known distribution. In this study, we attempted to assess the genetic diversity and population structure of ten field populations of ninety-four individuals of G. eulophioides in China and identify the potential local adaptation genes using SLAF-seq-identified SNPs. The results of this study will contribute to understanding the evolutionary history of G. eulophioides and provide a scientific basis for its conservation and management.




2. Materials and Methods


2.1. Plant Materials


A total of 94 individuals of 10 wild natural populations were collected in the present study from Guangxi Province and Guizhou Province from June to August 2021. The number of samples and geographic distribution of the plant material are provided in Table 1 and Figure 1. Most of the individuals were collected in Guizhou Province, except the samples belonging to the YC population, which were collected from Long Town, Leye City, Guangxi Province. Due to the small number of plants in the field population, we collected only fresh leaves from each plant. For each population, 8–11 individuals were sampled, with individuals at least 300 m apart. After collection, they were stored in a dry refrigerator below −20 °C until use in the laboratory.




2.2. Librarary Construction and SLAF Sequencing


Genomic DNA was extracted from the fresh leaves of G. eulophioides via the CTAB method [14], and DNA concentration and quality were assessed with a Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific, Wilmington, MA, USA) and 1.5% agarose gel electrophoresis. Quantified DNA samples were diluted to 100 ng/µL for the subsequent SLAF-seq analysis. SLAF-seq was performed according to a previous report [9], with some modifications. As no information on the sequence of G. eulophioide has been released, the dual-digestion scheme used Phalaenopsis equestris (Schauer) Rchb. (a similar species in Orchidaceae) for the prediction of enzyme digestion. Briefly, the reference genome of Phalaenopsis equestris was used to perform marker discovery surveys by simulating the number of markers obtained by various restriction enzymes in silico. One hundred nanograms of genomic DNA from each sample was digested with restriction enzymes, and HaeIII and Hpy166II were evaluated using control data to ensure the accuracy and validity of the data. Finally, sequences with enzyme section lengths of 500–550 bp were defined as SLAF tags, and the sequencing depth of each SLAF tag was recorded. The obtained enzymatically sliced segments (SLAF tags) were subjected to 3′ end plus single nucleotide (A) treatment and ligated with dual-index sequencing connectors [15]. The efficiency of enzyme digestion was important for reduced-representation sequencing. In this study, the optimal enzyme digestion scheme was used to carry out the enzyme digestion of G. eulophioides genomic DNA. We follow three principles that are the same as those in Xia et al. [16]: (1) the proportion of the enzymatic fragments in the repeated sequence should be as low as possible; (2) the length of the enzyme-cutting fragment should be consistent with the specific experimental system; and (3) as many enzyme-cutting fragments (SLAF tags) should be obtained as possible. After digestion, a single nucleotide (A) was added to the 3′ end using dATP at 37 °C, and then dual-index adapters were ligated to the A-tailed DNA fragments. PCR amplification was subsequently performed using diluted restriction-ligation DNA as the template. Finally, SLAF sequencing was carried out using an Illumina HiSeqTM 2500 (Illumina, Inc; San Diego, CA, USA) at the Biomarker Technologies Corporation in Beijing.




2.3. SLAF Tag Development and SNP Calling


Raw reads generated from the sequencing platform were first standardized by removing the adapter sequence included in the raw reads, and low-quality reads containing ambiguous barcodes were eliminated (quality scores < 20). Sequence quality was verified via Fastqc (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 19 June 2023) low-quality reads and empty reads (reads containing only adapter sequences). High-quality paired-end reads were clustered using BLAT software based on sequence similarity [17]. Sequences with over 90% similarity among different individuals were identified as one SLAF locus [9]. SAMtools [18] and the Genome Analysis Toolkit (GATK) [19] were used for SNP calling, and their intersection was considered to indicate reliable SNPs. For the phylogenetic analysis, SNPs with a minor allele frequency (MAF) < 5% and missing rate > 0.2 were filtered [20].




2.4. Diversity Analysis


SNPs extracted from 94 individuals were used to study their genetic diversity and population structure. The commonly used indices of genetic diversity, including the observed allele number (Na), expected allele number (Ne), observed heterozygous number (Ho), expected heterozygous number (He), Nei’s diversity index (H), Shannon’s Wiener index (I), and polymorphism information content (PIC), were calculated using POPGENE [21]. These indices were calculated to estimate the degree of allele distribution (Na and Ne), genomic heterozygosity (Ho and He), gene diversity (H and I), and DNA polymorphism (PIC). To assess the population differentiation, analysis of molecular variance (AMOVA) was calculated to estimate the partitioning of genetic variance among populations. Meanwhile, the pairwise fixation index (Fst) among populations was also computed to detect how gene diversity was partitioned at each level. The interindividual fixation index (FIS) was analyzed to determine the deviation of genotype frequencies from Hardy–Weinberg proportions within each population. AMOVA, Fst, and FIS were estimated by Arlequin Ver 3.5.2.2 [22]. The neighbor-joining phylogenetic tree was constructed by MEGA X software with the following parameters: neighbor-joining method, Kimura 2-parameter model, and 1000 bootstrap replicates. The population structure was analyzed using Admixture [23] on the basis of the maximum-likelihood method. A number of populations (K), ranging from 1 to 10, was tested, and each individual was assigned to its respective population according to the maximum membership probability. Genetic relationships among the studied individuals were also assessed using principal coordinates analysis (PCoA) in EIGENSOFT [24] based on the Euclidian distances between individual genotypes.




2.5. Analysis of Environmental Adaptive Loci


The association analyses between SNPs and climatic variables were conducted using two programs, Bayenv2 [25,26] and Latent Factor Mixed Model (LFMM) [27]. First, we detected correlations between environmental variables and SNP allele frequencies using Bayenv2. For each tested SNP, this program generated a Bayes factor (BF) and nonparametric Spearman’s rank correlation coefficient (ρ) based on the Markov chain Monte Carlo (MCMC) method. In this study, the significance thresholds for the putative adaptive markers were those ranked among the top 1% of BF values (log10BF > 2.75) and top 5% of ρ values. The other software, LFMM, was also used for gene–climate association analysis. As it estimates the hidden impact of population structure, LFMM permits the presence of background levels of population structure (latent factors). The detected SNPs that exhibited an association with the environment were determined according to the z score. Bonferroni adjustment was used on the z score values for multiple tests. Markers with z scores > 2.8 and a p-value < 0.01 were considered to be significant. Putative functions for the identified outlier loci were annotated using the NCBI and UniProt databases.





3. Results


3.1. SNP Detection


A total of 222 Mb reads were generated via high-throughput SLAF-seq of the 94 G. eulophioides individuals, with a mean Q30 value of 91.94% and an average GC content of 35.55 (Table 2). We obtained a total of 1,625,234 high-quality SLAF tags for the 94 samples, with an average depth of 13.29× for each SLAF (Table 2). Of the SLAF tags, 146,035 were polymorphic. These polymorphic SLAFs contained 1,631,363 SNPs in total, and following application of the filtering criteria, 76,340 of these were utilized in further analyses.




3.2. SLAF Tags and SNP Calling


The SLAF tags and SNP markers of the ten G. eulophioides populations are shown in Table 3. The Q30 content ranged from 91.09% to 92.83% among different populations, with the highest being in the GLHJZ population and the lowest being in the WHBH population. The GC content ranged from 35.03% to 36.26%, with the highest being in the LZTXQ population and the lowest being in the WMPW population. The highest number of SLAF tags was LZTXQ at 180,194.04, and the lowest was CHBQ at 113,817.22. The sequencing depth ranged from 10.72× (WHBH) to 18.97× (LZTXQ), with an average depth of 13.29×. The LZTXQ population had the highest number of SNPs (850,901.19), and the CHBQ population had the lowest number of SNPs (515,665.52). The SNP completeness ranged from 31.60% to 52.16%, with an average of 42.76%. The SNP heterozygosity ranged from 7.06% to 12.17%, with an average of 9.45%; the largest was in the LZTXQ population and the smallest was in the CHBQ population.




3.3. Genetic Diversity and Genetic Differentiation


The value of the observed allele number (Na) ranged from 1.6796 (LZLJD) to 1.8342 (YC) across populations, and the values of the expected allele number (Ne) ranged from 1.3976 (GLHJZ) to 1.4469 (LZTXQ), with a mean value of 1.4193. The observed heterozygous (Ho) values were slightly higher than the He values, with values lying between 0.2074 (CHBQ) and 0.3169 (LZTXQ), and an average of 0.2600. The values of the expected heterozygous (He) number across the seven populations were between 0.2339 (LT) and 0.2670 (LZTXQ), with an average value of 0.2511. Nei’s diversity index (H) was within the range from 0.2499 (LT) to 0.2817 (LZTXQ/YC), with a mean value of 0.2673. Shannon’s Wiener index (I) varied from 0.3517 to 0.4059 for the LT and YC populations, respectively. The PIC values of the ten populations ranged from 0.1874 to 0.2156, with an average of 0.2030. The maximum value of PIC was presented in the LZTXQ/YC population, while the minimum value was found in the LT population. However, in the present study, we used FIS to evaluate intraplant selfing, with results ranging from −0.2376 (LT population) to 0.2658 (QLPJ population) (Table 4).



In this study, the pairwise fixation index (Fst) was used to measure genetic differentiation among populations. The results showed the greatest genetic differentiation values between the WMPW and LZTXQ populations (0.3144), indicating the greatest degree of differentiation. The smallest genetic differentiation values were found between the LT and GLHJZ populations (0.0482) (Table 5). AMOVA results showed that the genetic variation among populations accounted for 21.35% of the total variation, and the remaining genetic variation among individuals within populations was 78.65% (Table 6).




3.4. Phylogenetic Relationship and Population Structure


Population structure analysis of 94 individuals of G. eulophioides was performed using the screened population SNP loci, and the optimal number of subgroups was determined based on the valley value of the cross-validation error rate. The number of ancestors was determined by the number of subgroups (K) between 1 and 10 (Figure 2B), and the valley value of the cross-validation error rate used was 4, so the 94 individuals were divided into the optimal four taxa. Group I is the blue gene pool, which was mainly from the GLHJZ populations. Group II consisted only of red gene pool sections from the LZZJD, LZTXQ, YC, QLPJ, CHBQ, WMHT, and WMPW populations. Group III is the green gene pool, mainly including the LT population. Group IV consisted only of the yellow gene pool section from the WHBH population (Figure 2A). Individuals with a low degree of admixture were seen from all the studied populations.



The results of principal component analysis (PCA) in this study showed that, consistent with the results of ADMIXTURE analysis, the first and second principal components divided the 94 G. eulophioides samples into four groups (Figure 3A). WHBH and LT were each clustered into an independent category, LZLJD, LZTXQ, and QLPJ were brought together to form a cluster, and the remaining five groups were brought together into a cluster. The four clusters were clearly distinguished. The two-dimensional plots of the second and third principal components likewise corroborate this result (Figure 3B). The first and third principal components provide important evidence for the differentiation of LT groups (Figure 3C). The three axes of principal components explained a total of 11.74% of the genetic variation, with PC1 explaining 4.23% of the genetic variation, PC2 explaining 4.11% of the genetic variation, and PC3 explaining 3.40% of the genetic variation (Figure 3D).



In order to further explore the relatedness between different populations of G. eulophioides, genetic distances between individuals were calculated, and a phylogenetic tree of 94 G. eulophioides samples was used to analyze the genetic relationships among 94 G. eulophioides individuals using MEGA X. The results showed that the 94 individuals were classified into three major clades according to their genetic relationships. The first clade (A) mainly included five individuals from the CHBQ population, one individual from the WMPW population, and one individual from the GLHJZ population, totaling seven individuals. The second clade mainly consists of forty individuals, including eight individuals from the LZLJD population, eleven individuals from the LZTXQ population, ten individuals from the QLPJ population, ten individuals from the QLPJ population, and one individual from CHBQ. The third clade (C) contained 58 individuals, which could be further divided into two subclades, II-1 and II-2. Subclass II-1 contained ten individuals from GLHJZ, three individuals from CHBQ, and two individuals from LZ, totaling fifteen individuals. Subclass II-2 contained six individuals from WMPW, eight individuals from WMBH, seven individuals from LT, seven individuals from WMHT, ten individuals from YC, and one individual from CHBQ. In terms of classification, the populations of the Beipanjiang Karst landform were grouped into one category (C), the populations of the normal landform were also grouped into one category (A and B), and category II had no obvious characteristics (Figure 4).




3.5. Association between SNP Markers and Environmental Variables


Association analysis of SNPs with environmental variables using Bayenv2 and LFMM programs showed that Bayenv2 identified a total of thirty SNP markers significantly associated with environmental variables, among which fifteen, seven, and eight were associated with altitude, annual rainfall, and annual average temperature, respectively (Table 7). The LFMM procedure was used to obtain eighteen SNP markers associated with climate variables, including ten markers for annual average temperature, five markers for altitude, and three markers for annual rainfall (Table 8). BLAST search results showed that there were five relevant SNP markers that could be annotated. Two markers associated with altitude (marker20104 and marker21684) could be annotated to serine/threonine-protein kinase and RNA-directed DNA polymerase genes. The annotated putative genes came from Brassica rapa and Malus domestica. Marker39371, associated with annual rainfall, can be annotated to the ribonuclease H protein gene, and the putative gene is from Phoenix dactylifera. Markers60868 and 15670, associated with annual average temperature, can be annotated to the pentatricopeptide repeat-containing protein and F-box/LRR-repeat protein genes, as well as the putative genes from Nelumbo nucifera and Triticum urartu (Table 9).





4. Discussion


Specific length amplification fragment sequencing (SLAF-seq) is a simplified genome deep sequencing technique developed based on second-generation high-throughput sequencing technology [28,29], which has the advantages of high throughput, high accuracy, and a short cycle time, and has been extensively used in genetic variation, genetic structure, phylogeny, and germplasm selection. In this study, the SLAF-seq technique was used to assess the genetic diversity of G. eulophioides and explore its adaptive mechanisms. By constructing a SLAF-seq database using SLAF-seq technology, 1,625,234 SLAF tags were obtained from it, of which 76,340 polymorphic SLAF tags were polymorphic, and a total of 1,631,363 population SNP markers were developed. The polymorphic information content between populations (PIC = 0.2030) indicated that the SNP loci were of low polymorphic sites. There were differences in SNP markers among populations, with the LZTXQ population having the highest number of SLAF tags and SNPs, and the CHBQ population having the lowest number of SLAF tags and SNPs.



The level of population genetic diversity is usually measured using heterozygosity; the higher the value, the lower the population uniformity and the richer the genetic diversity [28]. The expected heterozygosity of the 10 populations of G. eulophioides was 0.2511, with the highest genetic diversity in the LZTXQ population (He = 0.2670) and the lowest genetic diversity in the LT population of the type origin (He = 0.2339). This result was much lower than the expected heterozygosity (He = 0.6519) of the four populations of G. eulophioides in the Yachang Orchid Plant Reserve (YOC) using the simple repeated sequence (SSR) molecular marker technology [30]. The YC population in this study (He = 0.2655) was from the same sampling site as the population studied in the previous research, but the expected heterozygosity of the two was quite different, that is, the marker types were different. In other words, different marker types had a greater impact on the results of genetic diversity parameters calculated for the same population. This is similar to the results of the Pinus bungeana Shaanxi Wuzi mount population study [31,32], so markers with higher polymorphisms should be selected in order to reveal the true level of genetic diversity in the population [33]. The genetic diversity index of this study (He = 0.2511, H = 0.2673, Na = 1.7697, Ho = 0.2600, PIC = 0.2030, I = 0.3817), compared with that of other rare and endangered plants, such as Paeonia ludlowii (He = 0.421, Ho = 0.760) [34], Nyssa yunnanensis (He = 0.2431, Ho = 0.2202) [35], Taxus cuspidata (He = 0.2746, Ho = 0.2747) [36], and Tetrastigma hemsleyanum (He = 0.2298, Ho = 0.834) [37], indicated that the genetic level of G. eulophioides, as a rare and endangered plant, was moderate. Therefore, genetic diversity is also not a major endangerment factor for G. eulophioides.



Using the screened population SNP loci, cross-validation was performed, and the valley value of its error rate was 4. That is, 94 individuals from 10 populations were classified into the optimal four categories, among which the GLHJZ population was classified into one category alone, indicating that this population is more independent and less differentiated. The second category has more populations, mainly including seven populations (the LZZJD population, the LZTXQ population, the YJ population, the QLPJ population, the CHBQ population, the WMHT population, and the WMPW population), indicating the existence of gene flow among these seven populations. The LT population and the WHBH population were clustered into the third and fourth categories, respectively.



The evolutionary tree of G. eulophioides samples constructed based on the neighbor-joining algorithm showed that 94 samples were divided into three major classes and two subclasses, among which the samples from GLHJZ and LZZJD clustered well without obvious genetic differentiation. The phylogenetic trees of LZTXQ and QLPJ crossed each other, and the genes were more closely exchanged between the two populations. The phylogenetic trees of two populations, LZTXQ and QLPJ, crossed each other and exchanged genes more closely. Four populations, CHBQ, WMHT, YJ, and WMPW, had penetration in all branches and showed greater genetic differentiation. From the perspective of geomorphology, the populations in the karst landscape were more closely related to each other, and the populations in the normal landscape were also more closely related to each other. However, the populations in the two landscapes were more distantly related, and the genetic differentiation of the populations in the normal landscape was higher than that of the populations in the karst landscape. Therefore, it was hypothesized that the geographic isolation of the populations between the two landscapes occurred due to the difference in geomorphology, which led to less gene exchange. The PCA explained a total of 11.74% of the genetic variation in G. eulophioides, and its clustering results were generally consistent with the classification results of phylogenetic numbers.



In the present study, the invisible genetic basis of local adaptation was revealed by association studies. We found that serine/threonine-protein kinase and RNA-directed DNA polymerase genes are putative genes for adaptation to altitude. RNA-directed DNA polymerase is involved in the transcription and translation of nucleic acids and other functions, and utilizes ATP as a phosphate donor. In addition, serine/threonine-protein kinase is a protein kinase that catalyzes the phosphorylation of serine or threonine residues on the target protein. It plays an important role in the growth and development of plants [38]. Therefore, based on the functions of the serine/threonine protein kinase and RNA-directed DNA polymerase genes, we inferred that changes in altitude would result in different plant growth. The ribonuclease H protein gene is a putative gene of annual rainfall that catalyzes and regulates enzyme activity. Pentatricopeptide repeat-containing protein and F-box/LRR-repeat protein are putative genes of annual average temperature. The pentatricopeptide repeat-containing protein is an important family of proteins discovered in recent years [39] and is mainly involved in regulating organelle RNA processing, including biological processes such as RNA editing, splicing, and stability. There are few reports of F-box/LRR-repeat proteins in plants, and further studies are needed. Therefore, we hypothesize that changes in temperature may cause pentatricopeptide repeat-containing proteins to regulate organelle responses.




5. Conclusions


In this study, we analyzed the genetic diversity of ten populations of G. eulophioides. The SLAF-seq technique was used to construct the SLAF-seq database of G. eulophioides. The genetic diversity of the 10 natural populations of G. eulophioides was low (PIC = 0.1874~0.2156). However, significant genetic differentiation was also found among the different germplasms, mainly caused by geographical isolation. The level of genetic differentiation was low, and the population structure was complex (K = 4). An association analysis of genetic markers with environmental variables was performed to identify relevant SNP markers. Potential putative genes for the associated markers were detected via BLAST searching. A total of five annotatable genes were identified, and they were associated with functions such as phosphorylation and signal transduction. In summary, this study provides further insight into the genetic structure of G. eulophioides and provides a reference for future genetic breeding efforts.
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Figure 1. Distribution of ten populations of G. eulophioides analyzed in the present study (A); flowers with rose color (B); a plant in the wild (C). 
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Figure 2. Population structure analysis of the 94 studied G. eulophioides accessions using ADMIXTURE. (A) Admixture graph showing the individual cluster values corresponding to each K value. The bars on the x-axis indicate different samples. The y-axis quantifies the membership probability of samples belonging to different groups. Colors in each row represent structural components. (B) Admixture estimation of the number of groups for K values ranging from 1 to 10. 
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Figure 3. PCA plots of 94 accessions based on the analysis of 76,340 SNPs. PC1 represents the first principal component, PC2 represents the second principal component; PC3 represents the third principal component. A dot represents a sample and a color represents a subgroup. (A) Two-dimensional coordinates of PC1 and PC2; (B) two-dimensional coordinates of PC2 and PC3; (C) two-dimensional coordinate diagram of PC1 and PC3; (D) 3D coordinate diagram of PC1, PC2 and PC3. 
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Figure 4. Phylogenetic tree generated from 94 G. eulophioides samples and based on the analysis of 76,340 SNPs. Based on genetic relationships, the 94 individuals were divided into three clades, A, B, and C, with C divided into two smaller clades, II-1 and II-2. 
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Table 1. Sampling of G. eulophioides populations and climatic information.
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	Population
	Location
	Geographical

Coordinates
	Sample Size
	Annual Average

Temperature (°C)
	Altitude (m)
	Annual Rainfall (cm)





	WHBH
	Biaoxing Village, Wangmo County
	25°08′ N, 106°25′ E
	8
	18.21
	467
	1198



	CHBQ
	Banqi Village, Ceheng County
	24°81′ N, 105°65′ E
	10
	17.81
	508
	1224



	GLHJZ
	Hanjiazhai Village, Guangling County
	25°65′ N, 105°69′ E
	11
	19.56
	801
	1296



	WMHT
	Heting Village, Wangmo County
	25°11′ N, 106°44′ E
	9
	17.33
	517
	1264



	LT
	Loutuo Village, Loudian County
	25°23′ N, 106°67′ E
	9
	17.84
	411
	1189



	QLPJ
	PangjiangVillage, Qinglong County
	25°88′ N,105°38′ E
	10
	19.96
	558
	1186



	WMPW
	PingwangVillage, Wangmo County
	25°03′ N, 106°23′ E
	9
	18.42
	564
	1206



	LZTXQ
	Tianxingjiao Village, Liuzhi County
	26°04′ N, 105°25′ E
	10
	17.39
	704
	1194



	YC
	Yachang Village, Leye County
	25°08′ N, 109°95′ E
	10
	18.23
	434
	1275



	LZZJD
	Zhongjiaodi Village, Liuzhi County
	25°99′ N, 105°23′ E
	8
	17.86
	928
	1253










 





Table 2. Summary of specific locus amplified fragment sequencing (SLAF-seq).
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	No. of Reads
	GC Content (%)
	Q30 (%)
	No. of SLAF
	No. of Depth





	Sum
	222,537,168
	
	
	1,625,234
	



	Avg.
	2,367,417
	35.55
	91.94
	146,035
	13.29










 





Table 3. SLAF tag and SNP tag table among G. eulophioides non-cohabitation groups.






Table 3. SLAF tag and SNP tag table among G. eulophioides non-cohabitation groups.





	Population
	Q30 (%)
	GC Content (%)
	No. of

SLAFs
	Sequencing Depth
	No. of SNPs
	Integrity of

SNPs (%)
	Heterozygosity of SNPs (%)





	CHBQ
	91.84
	35.39
	113,817.22
	11.69
	515,665.52
	31.60
	7.06



	GLHJZ
	92.83
	35.47
	140,689.61
	12.50
	663,474.26
	40.66
	8.11



	LT
	91.69
	35.09
	146,362.45
	12.56
	668,646.08
	40.98
	9.52



	LZLJD
	92.44
	35.33
	157,542.14
	12.90
	792,674.11
	48.59
	10.54



	LZTXQ
	92.03
	36.26
	180,194.04
	18.97
	850,901.19
	52.16
	12.17



	QLPJ
	92.51
	36.08
	159,014.42
	13.14
	779,839.44
	47.80
	10.86



	WHBH
	91.09
	35.18
	143,828.25
	10.72
	705,106.05
	43.22
	9.83



	WMHT
	91.57
	35.53
	141,522.22
	11.97
	660,860.32
	40.50
	9.44



	WMPW
	91.18
	35.03
	133,174.34
	14.08
	659,608.61
	40.43
	9.10



	YC
	91.88
	35.95
	144,901.67
	13.72
	694,010.25
	42.54
	8.29










 





Table 4. Analysis of genetic diversity among G. eulophioides non-cohabiting populations.
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	Population
	Na
	Ne
	He
	H
	Ho
	PIC
	I
	FIS





	LZTXQ
	1.8092
	1.4469
	0.2670
	0.2817
	0.3169
	0.2156
	0.4050
	0.0365



	YC
	1.8342
	1.4389
	0.2655
	0.2817
	0.2464
	0.2156
	0.4059
	0.2154



	QLPJ
	1.8179
	1.4376
	0.2635
	0.2785
	0.2910
	0.2135
	0.4018
	0.2658



	WMHT
	1.8319
	1.4328
	0.2632
	0.2810
	0.2485
	0.2141
	0.4033
	0.0525



	WMPW
	1.8172
	1.4246
	0.2584
	0.2757
	0.2411
	0.2103
	0.3960
	−0.1532



	CHBQ
	1.7569
	1.4023
	0.2436
	0.2612
	0.2074
	0.1978
	0.3720
	0.1745



	GLHJZ
	1.7493
	1.3976
	0.2388
	0.2517
	0.2286
	0.1934
	0.3642
	0.2463



	WHBH
	1.7135
	1.4054
	0.2385
	0.2564
	0.2678
	0.1916
	0.3601
	0.1746



	LZLJD
	1.6796
	1.4069
	0.2383
	0.2552
	0.2936
	0.1909
	0.3571
	0.1952



	LT
	1.6872
	1.3997
	0.2339
	0.2499
	0.2582
	0.1874
	0.3517
	−0.2376



	Average
	1.7697
	1.4193
	0.2511
	0.2673
	0.2600
	0.2030
	0.3817
	0.0970







Na, observed allele number; Ne, expected allele number; He, expected heterozygous number; H, Nei’s diversity index; Ho, observed heterozygous number; PIC, polymorphism information content; I, Shannon-Wiener index; FIS, interindividual fixation index.













 





Table 5. Pairwise fixation index (Fst) values among ten populations of G. eulophioides.
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	LZTXQ
	YC
	QLPJ
	WMHT
	WMPW
	CHBQ
	GLHJZ
	WHBH
	LZLJD





	YC
	0.2651
	
	
	
	
	
	
	
	



	QLPJ
	0.1526
	0.2152
	
	
	
	
	
	
	



	WMHT
	0.2492
	0.1123
	0.0953
	
	
	
	
	
	



	WMPW
	0.3144
	0.1482
	0.2364
	0.1462
	
	
	
	
	



	CHBQ
	0.2652
	0.1722
	0.1114
	0.1729
	0.1867
	
	
	
	



	GLHJZ
	0.1953
	0.1654
	0.1461
	0.1683
	0.1562
	0.0526
	
	
	



	WHBH
	0.2155
	0.1149
	0.1927
	0.0865
	0.0778
	0.1761
	0.1712
	
	



	LZLJD
	0.2238
	0.1426
	0.2361
	0.2975
	0.1554
	0.0665
	0.0958
	0.0861
	



	LT
	0.1446
	0.0652
	0.0921
	0.1342
	0.0531
	0.1462
	0.0482
	0.0755
	0.0864










 





Table 6. Analysis of molecular variance (AMOVA) of the ten G. eulophioides provenances.
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	Source of Variation
	df
	Sum of Squares
	Variance Components
	Percentage of Variation (%)





	Among Populations
	8
	42,856.51
	185.2241
	21.35



	Between Individuals
	263
	324,657.2
	682.1546
	78.65



	total
	271
	367,513.71
	867.3787
	100










 





Table 7. A summary of putative adaptive markers displaying associations with different climate variables identified by Bayenv2 analysis.
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	SNP ID
	Position
	log10 (BF)
	qval
	Altitude
	Annual Rainfall
	Annual Average Temperature





	Marker14689
	89
	1.9869
	0.0043
	*
	
	



	Marker15991
	111
	0.9044
	0.0399
	*
	
	



	Marker21684
	200
	0.8587
	0.0436
	*
	
	



	Marker11786
	29
	2.3352
	0.0020
	*
	
	



	Marker45970
	258
	1.0176
	0.0340
	*
	
	



	Marker25449
	234
	1.9380
	0.0047
	*
	
	



	Marker27429
	107
	1.5769
	0.0095
	*
	
	



	Marker11418
	115
	1.4587
	0.0107
	*
	
	



	Marker20154
	228
	1.8169
	0.0156
	*
	
	



	Marker42084
	161
	1.1550
	0.0236
	*
	
	



	Marker22474
	210
	2.1394
	0.0029
	*
	
	



	Marker22886
	255
	1.8803
	0.0055
	*
	
	



	Marker35950
	83
	1.1650
	0.0233
	*
	
	



	Marker26182
	176
	1.9869
	0.0043
	*
	
	



	Marker85904
	173
	1.3667
	0.0145
	*
	
	



	Marker30072
	28
	1.1888
	0.0225
	
	*
	



	Marker17375
	23
	2.7439
	0.0009
	
	*
	



	Marker39371
	109
	3.6988
	0.0001
	
	*
	



	Marker36694
	272
	1.6793
	0.0096
	
	*
	



	Marker42949
	188
	1.6409
	0.0075
	
	*
	



	Marker18106
	111
	1.1037
	0.0282
	
	*
	



	Marker48494
	114
	1.2089
	0.0216
	
	*
	



	Marker26661
	237
	1.6614
	0.0154
	
	
	*



	Marker15596
	53
	1.1088
	0.0274
	
	
	*



	Marker20664
	93
	1.3559
	0.0152
	
	
	*



	Marker40285
	189
	1.6386
	0.0083
	
	
	*



	Marker25639
	68
	1.1872
	0.0227
	
	
	*



	Marker29116
	250
	1.1075
	0.0277
	
	
	*



	Marker60774
	75
	0.9688
	0.0356
	
	
	*



	Marker13404
	212
	2.9202
	0.0005
	
	
	*







* suggests that the SNP showed an association with that specific climate variable.













 





Table 8. A summary of putative adaptive markers displaying associations with different climate variables identified by LFMM analysis.
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	SNP ID
	Position
	Z Scores
	log10 (BF)
	p-Value
	Altitude
	Annual Rainfall
	Annual Average Temperature





	Marker28741
	79
	4.0527
	4.0103
	0.0004
	*
	
	



	Marker20104
	106
	3.8584
	3.6799
	0.0002
	*
	
	



	Marker30680
	180
	4.3837
	4.5311
	0.0001
	*
	
	



	Marker21319
	81
	3.4618
	3.0902
	0.0008
	*
	
	



	Marker17092
	84
	3.3938
	2.9951
	0.0011
	*
	
	



	Marker27250
	76
	−3.7637
	3.5332
	0.0003
	
	*
	



	Marker21005
	219
	3.4004
	3.0031
	0.0012
	
	*
	



	Marker15071
	126
	3.3627
	2.9504
	0.0011
	
	*
	



	Marker13476
	107
	3.4414
	3.0624
	0.0009
	
	
	*



	Marker22058
	79
	4.1152
	4.0912
	0.0001
	
	
	*



	Marker3914