

  diversity-14-00769




diversity-14-00769







Diversity 2022, 14(9), 769; doi:10.3390/d14090769




Article



Assessment of Genetic Diversity and Discovery of Molecular Markers in Durian (Durio zibethinus L.) in China



Xinge Lin, Xiaodi Liu, Meigu Chen, Hongmao Gao, Zhenzhong Zhu[image: Orcid], Zheli Ding[image: Orcid] and Zhaoxi Zhou *





Haikou Experimental Station, Chinese Academy of Tropical Agricultural Sciences, Haikou 571101, China









*



Correspondence: zhouzhaoxi@catas.cn







Academic Editor: Michael Wink



Received: 13 August 2022 / Accepted: 13 September 2022 / Published: 17 September 2022



Abstract

:

Durian (Durio zibethinus L.) is a crop of economic and health importance globally. Efforts are being made to revamp China’s only successful commercial-scale durian plantations in Hainan; however, their genetic base is unknown. Therefore, the present study was undertaken to assess the genetic base and population structure of 32 genotypes in durian plantation sites in Hainan, China, and develop simple sequence repeat (SSR) markers by whole genome sequencing through restriction site-associated DNA sequencing technology to facilitate germplasm conservation and breeding. The results from identity by state (IBS), phylogenetic tree, population structure, and principal component analysis grouped the 32 genotypes into two clusters/sub-populations. Based on IBS, genotypes in Cluster I are largely duplicated genotypes; however, results from the model-based population structure demonstrated that most of the genotypes in Sub-population II shared a common genetic background with those in Sub-population I/Cluster I. The results revealed that the core durian collection in the plantation sites in Hainan include D24, D101, MSW, JH, D163, HFH, and NLX-5. In addition, we developed a total of 79,178 SSR markers with varied lengths and amplicon sizes. The genetic diversity and population structure reported in this study will be useful for durian conservation and utilization. In addition, the discovered and developed SSR markers will lay the foundation for molecular breeding via marker-assisted selection, quantitative trait loci mapping, and candidate gene discovery and validation.
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1. Introduction


Plant breeding has made a profound impact on food production and increased the economic value of crops, and will continue to play a vital role in the global drive for food, nutritional, and income security [1]. Germplasm collection is a vital component of the success of plant breeding programs and the development of superior cultivars [2,3]. Traditional breeding is often used to improve the yield and quality of several crops, including durian (Durio zibethinus L.), with the disadvantages including long cultivation, slow reproduction cycle and complex nature of traits of economic importance [4]. In the past decades, the advent of genotyping and the reduction in its cost by next-generation sequencing (NGS)-based genotyping methods have made whole-genome sequencing (WGS) and resequencing feasible for numerous crops including durian [5,6,7]. This progress made molecular breeding more feasible in several crops in recent years [8,9,10,11,12].



Durian is a crop of economic importance and originated from Southeast Asia [4], with the three leading durian-producing countries: Thailand, Malaysia, and Indonesia [7]. Durian is well known in the Southeast Asia as the “King of Fruits” [13] and the “Heaven and Hell Fruit” [4] because of its formidable spiny husk, admirable flavor, and unique odor, which is noted as an onion-like, sulfury aroma of sweet fruitiness and savory soup seasoning [14]. In economic terms, Thailand’s durian generated export earnings of USD 2.08 billion, representing 75.31% of the global durian exports in 2020, according to data by Tridge Intelligence (https://www.dhl.com/discover/en-my/business/market-intelligence/The-Rise-of-Global-Market-Demand-for-Durians-Musang-King-Black-Thorn-and-More, accessed on 17 July 2022). Fresh durian imports into China reached 822,000 metric tons and USD 4.21 billion in 2021, representing year-on-year increases of 42.7 and 82.4%, respectively (https://www.producereport.com/article/guangdong-provinces-first-durian-orchard-fruiting, accessed on 17 July 2022). Aside from its economic importance, it contains different bioactive compounds that are beneficial to human health [4,15].



At present, Thailand is the only country mandated to export fresh durians to China. In an attempt to reduce importation of this bestselling fruit (durian) in China, efforts are being made to revamp China’s only successful commercial-scale durian plantations in Hainan, an island in the South China Sea situated southwest from Guangdong with a size of more than 2000 hectares. Globally, the genus Durio has 28 species, out which 19 are native to the island of Borneo, recognized as the original center of diversity [4]. Of the 19, at present, only six species are known in Thailand [4], whereas 16 species are found on Kalimantan, an Indonesian island well documented as having the highest durian genetic diversity [16]. The durian is a tropical fruit tree in the order Malvales, family Malvaceae. Even though some earlier taxonomists originally placed Durio in the family Bombacaceae, recent molecular data have placed it in the expanded Malvaceae, which includes the former members of the Bombacaceae [4].



In the past, attempts were made to characterize durian germplasm and its relatives via morphological markers. However, this is inefficient due to multigenic interaction and is heavily affected by environmental factors [17,18,19,20]. Mursyidin, et al. [21] characterized 18 exotic Durio spp. in Indonesia with ribulose-1, 5-bisphosphate carboxylase/oxygenase or rbcL markers, which separated the germplasm into four main clades and six groups by phylogenetic and principal component analyses, respectively. To facilitate molecular breeding, the draft genome of durian was released by [7] with a size of 800 Mb and with nearly 54.8% repeated genomic regions.



At present, thirty-two durians are available in the durian plantations in Hainan, China, with some having the same names but looking morphologically different (Table 1), whereas others exhibit other differences. This may be due to duplication of germplasm collection coupled with the unknown genetic bases of these genotypes. Therefore, the present study was undertaken by sequencing the 32 genotypes with restriction site-associated DNA sequencing (RAD-seq) to assess the genetic diversity and develop molecular markers to efficiently and effectively speed up Durio breeding programs in China. The findings from this study will be useful in selecting a small subset of germplasm that represents the maximum proportion of genetic diversity present in the entire collection [3,10]. The molecular markers (i.e., single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs) will be useful for mapping studies, candidate gene identification, and verification experiments [2,11].




2. Materials and Methods


2.1. Plant Materials, Leaf Characterization, and DNA Isolation


Thirty-two genotypes of durian are planted in Hainan, specifically, Baoting (108°32′ E, 19°98′ N) and Ledong (108°48′ E, 18°37′ N) planting sites. The origins and actual names of the genotypes are largely unknown. The leaf shape, length, width, petiole length, ground diameter, and leaf veins pairs were measured by LAMINA (Leaf shApe deterMINAtion) [22].



The fresh and young leaves of the same age were sampled and frozen in liquid nitrogen for DNA extraction and sequencing. The genomic DNA from the 32 genotypes was isolated following the manufacturer’s protocol from a DNA quick plant system (TIANGEN) of Biotech (Beijing) Co. Ltd., Beijing, China. The quality and concentration of the isolated DNA were assessed by a Nano Drop 2000 Spectrophotometer (Thermo Scientific, Wilmington, DC, USA).




2.2. RAD-Seq and SNP Calling


The genomic DNAs from the 32 genotypes were used to create a RAD library where total the DNAs were digested with MseI before sequencing using Illumina NovaseqPE150TM, 10X depth by Novogene CO., Ltd. (Beijing, China). Trimmomatic software, version 0.32 [23] was used to delete the adapter sequences of the raw reads from the sequencing platform [24]. The raw reads with more than 10% N content of the read length ratio and low-quality reads were removed. Clean data with high quality were obtained after strict filtering and quality control of raw reads.



The BWA software (version 0.7.10) [25] was used to align the high-quality sequencing data to the draft reference genome of durian (D. zibethinus L.) [7], and after this analysis, duplicated reads were removed with the help of the SAMtools application [25]. Moreover, the SAMtools genotype likelihood model with the “doSaf” parameter was used to estimate genome-level DNA sequence polymorphisms caused as a result of single nucleotide variations or single nucleotide polymorphisms (SNPs), including single-base transitions and transversions, and the location of SNPs (either exon, intron, or intergenic regions). ANNOVAR software [26] was used to annotate the SNPs, and thus to identify locations of the detected SNPs.




2.3. Population Structure and Genetic Diversity Analyses


Population structure and identity by state (IBS) were computed using PLINK (V1.90) [27]. The optimum K was estimated with K = 2–8 runs in ADMIXTURE software [28] to obtain the cross-validation (CV) error curve. The IBS matrices obtained were heatmapped with the Pheatmap package in R [29]. The phylogenetic tree with the neighbor-joining (NJ) method was constructed in TASSEL 5.2.31 [30] and further visualized in Molecular Evolutionary Genetics Analysis (MEGA) software version 9 [31]. In addition, principal component analysis (PCA) based on the SNPs generated was performed using the R package SNPRelate [32].




2.4. SSR Identification and Primer Design


The MicroSAtellite (MISA) web server available on http://misaweb.ipk-gatersleben.de/ (accessed on 15 June 2021) was used to screen the sequences from the 32 genotypes for microsatellite repeat motifs [33] in which mononucleotide repeats were removed from the search criteria. The search criteria comprised the following series of parameters 2, 3, 4, 5, and 6 repeats for di-, tri-, tetra-, penta-, and hexa-repeat types, respectively. The primer pairs were designed using Primer3Plus software program [34] with stringent criteria of the amplicon size between 80 and 300 bp. All designed primer pairs were optimized before obtaining the best annealing temperature of the amplification process.





3. Results


3.1. Summary of Sequencing and SNP Characteristics


Thirty-two durian accessions were assessed in this study. They displayed morphological variations as exemplified by the leaf traits measured (Table 1). Some genotypes have the same names but look morphologically different. Leaf samples were used for RAD-seq and a total data size of 39 Gb was obtained. Among the 32 genotypes, the total reads ranged from 6,676,842 bp in genotype LD-4 to 9,425,272 bp in genotype NLX-7, with an average of 8,136,297 reads (Supplementary Table S1) with guanine-cytosine (GC) content of 34.95–35.12. From the clean reads, an average of 7,198,688 bp (≈88.46%) were successfully mapped to the draft reference genome [7] with an approximate depth of 9.96 (average). These output statistics indicate high sequencing quality, making the sequencing data reliable for further downstream analysis.



SAMtools software was utilized to detect SNPs in the D. zibethinus sequencing data, leading to a total of 232,148 SNPs; of these, 7765 (3.36%) and 8817 (3.80%) were detected in upstream and downstream, respectively, while the highest proportion (152,272, 65.59%) was detected in intergenic regions (Table 2). Furthermore, among the SNPs detected in the exonic regions, 0.05, 0.02, 3.41, and 4.53% resulted in stop gain (resulting in a premature termination codon), stop loss (single base-pair exchanges that happen within translational termination codons which could result in the continued translation of the messenger RNA into the 3′ UTR), synonymous (amino acids in the coding region are not changed) and non-synonymous (amino acids in the coding region changed), respectively (Table 2). The transition (ts) and transversion (tv) ratio (ts/tv) among the 32 genomes was 2.005 (Table 2; this ratio has been computed in several genetic studies as a quality control criterion as a way of understanding the patterns of DNA sequence evolution [35,36,37].




3.2. Genetic Distance of the Conserved Population of the 32 Durian Accessions


The 232,148 SNPs were pruned by the in-depth-pairwise command option of PLINK leaving a total of 117,006 SNPs for the estimation of IBS. This matrix estimates the consistency of all genetic markers [38]. The IBS matrix when heatmapped divided the 32 genotypes into two groups. Group 1 comprised BD-1, BD-2, BD-3, BD-4, JZ, NLX-8, LD-1, LD-2, LD-3, and LD-4 genotypes, while Group 2 consisted of the remaining 22 genotypes (HC, NLX-7, NLX-6, QX-1, MY, QW, QN, TMM, KYJ, MSW, NLX-5, D24, D163, D101, JH, HFH, 71, 100, 59, 53, 42, and 27) (Figure 1). The high values of IBS (≥0.70) suggest a high probability of familial relationships among the 32 genotypes. For instance, the 10 genotypes in Group 1 mostly have IBS of almost 1 in pairwise comparison, suggesting that these genotypes are likely to be the same. By comparison, those from Group 2—three pairwise genotypes, i.e., MSW and NLX-5; QX1 and NLX-6, and HC and NLX-7—had IBS = 0.98 ≈ 1.00, indicating that these pairwise genotypes are identical.




3.3. Phylogenetic Tree


We further constructed the NJ phylogenetic tree based on the whole-genome-based SNPs to evaluate genetic relationship among the 32 genotypes of durian. The 32 genotypes of durian were divided into two major clades (Figure 2). Clade I (blue node) comprised the 10 genotypes clustered together in the IBS heatmap (Figure 1) with BD-1 farther from BD-2, BD-3, and BD-4, indicating these genotypes seem relatively identical with some level genetic differentiation. The farther part of Clade I comprised LD-2 and LD-4 together with LD-1 and LD-3. Again, the JZ and NLX-8 genotypes were between the BD and LD genotypes, suggesting that JZ and NLX-8 share some similarities with the other two groups of genotypes in Clade I (Figure 2).



Clade II (green node) consisted of the 22 genotypes subdivided into three sub-clades (Figure 2). Sub-clade 1 consisted of NLX-7, MC, QN, and KYJ genotypes, whereas Sub-clade 2 included QW, MY, and TMM genotypes, and Sub-clade 3 consisted of the remaining QX1, NKX-6, 42, 27, 53, 59, 100, 71, HFH, NLX-5, MSW, JH, D101, D163, and D24 genotypes (Figure 2). This finding, together with IBS heatmap (Figure 1), indicates that the 32 genotypes of durian could be differentiated into two stratifications.




3.4. Model-Based Population Structure


The model-based population structure analysis was performed in PLINK software with K = 2–8 runs. The 32 genotypes of durian were divided into two sub-populations (Figure 3A) based the cross-validation (CV) error estimates from the ADMIXTURE software (Figure 3B). The sub-populations were consistent with the IBS heatmap (Figure 1) and phylogenetic tree (Figure 2). This further indicates that the 32 genotypes of durian may have originated from two possible ancestry sources. However, the genotypes QN, HC, QX1, KYJ, TMM, QW, MY, 42, 59, 71, 53, 100, 27, NLX-6, and NLX-7 from Sub-population II (green color bars) (Figure 3A) share a common ancestry with the genotypes in Sub-population I (blue).



With the exception of these 15 genotypes, the remaining 17 genotypes (10 and 7 from Sub-population I and II, respectively) can be considered as homozygous genotypes; hence, they may be used as a core collection that can constitute the primary resources for durian genetic breeding program in China and beyond. Aside from the likely duplicated genotypes in Sub-population I, D101, D24, MSW, JH, D163, HFH, and NLX-5 genotypes in Sub-population II may be considered as core genotypes for breeding and conservation purposes (Figure 3A).




3.5. Principal Component Analysis


PCA of genetic data is routinely used to infer ancestry and genetic variability in various genetic analyses [39]. The first two principal component axes accounted for 72.2% of genetic variability among the 32 genotypes of durian (Figure 4). The clustering of the 32 genotypes of durian conforms to the IBS heatmap (Figure 1), phylogenetic tree (Figure 2), and model-based population structure at K = 2 (Figure 4).




3.6. Simple Sequence Repeats Discovered and Their Characteristics


In order to speed up breeding of durian, we further identified simple sequence repeats (SSRs) in the genome of the 32 genotypes and designed specific primer pairs with the help of MISA [33] and Primer3Plus [34] software, respectively. A total of 79,178 SSR markers were detected with the length range of 12–150 bp (average of 50 bp) and range of occurrence of 1 (in 55, 81, 84, 98, and 150 bp) to 150 (in 12 bp) (Supplementary Table S2A,B). Of these, the amplicon length range was 80–259 bp, with the majority having amplicon lengths of 120–160 bp (Figure 5A). The 79,178 SSR markers comprised six types, i.e., tri-, di-, tetra-, penta-, hexa-, and hendeca-nucleotides, with 40.71, 39.73, 15.34, 2.94, 1.29, and <0.01%, respectively (Figure 5A). These markers can be utilized for variety identification, mapping, and marker-assisted selection (MAS) in durian conservation and improvement programs.





4. Discussion


In recent years, following the revolution in high-throughput sequencing techniques with lesser cost, new possibilities for empirically assessing populations and conservation genetics with much higher resolution have opened up [40]. By leveraging this scientific breakthrough, the present study assessed the genetic base of durian plantations in Hainan, aiming to develop molecular markers for durian breeding efforts. Genetic research on durian has developed relatively slowly due to inadequate genetic information and effective molecular marker systems, with those reported so far based on morphological markers [17,18,19,20]. The present study used leaf samples of durian in the plantation sites in Hainan whose genetic base largely remain unknown, coupled with the same genotype names but differences in morphology, and vice versa (Table 1), to elucidate the genetic bases to ensure effective conservation and utilization in breeding programs.



The WGRS results identified a total of 232,148 SNPs, of which 152,272, representing 65.59% (Table 1), were detected in the intergenic regions in relation to the reference genome [7]. It has been demonstrated that variation/alteration in the intergenic regions can result in changes in phenotype [41], indicating that SNPs generated in the current study are valuable to studying the difference/similarity among the 32 durian genotypes. In addition, the SNPs detected could cause 0.05–4.53% either as stop gain, stop loss, synonymous, and non-synonymous in the coding regions (Table 2). These SNPs will be valuable for candidate gene mining and tagging in the molecular breeding of durian [42].



To ensure effective utilization and conservation of germplasm in breeding programs, the epitome is used to identify genetic bases of all existing germplasm. In this study, the IBS matrix and heatmap grouped the 32 genotypes into two groups, and critical observation revealed that all genotypes in Group 1 (BD-1, BD-2, BD-3, BD-4, JZ, NLX-8, LD-1, LD-2, LD-3, and LD-4) are likely to be duplicated genotypes, as the genetic profile (IBS) indicates a value of nearly 1.00, while MSW and NLX-5, QX1 and NLX-6, and HC and NLX-7 from Group 2 follow a similar trend (Figure 1). However, these genotypes may still be useful as homogeneity/duplication of each accession is a prerequisite for phenotyping analyses [43]. In addition to IBS, phylogenetic trees based on genome-wide SNPs among genotypes may provide valuable and intuitive information for breeding and germplasm management in crops [44]. The evolutionary tree clustered the 32 genotypes into two major clades, similar to the cluster in the IBS heatmap, suggesting that the 32 genotypes can be grouped into two major groups.



For crop improvement, knowing the population structure is beneficial for parental selection or selecting parents with genetic divergence [45,46]. This also essential in preventing genetic base erosion of breeding populations [47,48]. In this study, the 32 genotypes were optimally divided into two sub-populations, with Sub-population I having some genetic overlap with a larger part of Sub-population II (Figure 3A,B). This analysis gives an indication of the core durian collection in the plantation sites in Hainan: D24, D101, MSW, JH, D163, HFH, and NLX-5 (Figure 3A). From theses genotypes, D24 has been identified and reported as the leading commercial clone in Malaysia due to its productivity [4,49,50], making this genotype a candidate for durian improvement program in China. Moreover, genotype D163 is characterized as having oval and cylindrical fruit, of a medium size, with a thick husk and a short peduncle; spines closely spaced and of medium length; 2–3 arils per locule; and yellow-colored, smooth, creamy sweet and excellent quality flesh [4,49]. Among the 32 genotypes, 21 were characterized for leaf morphology (Table 1). These genotypes (D24 and D163) are popular in Malaysia [4]. The core collection and population structure discovered in this study will be a valuable resource for broadening the genetic base of genes having poor germplasm, as it will enable the identification of superior alleles for several traits of economic importance [45].



Traditional SSR marker development methods are labor-intensive [33,51]. To date, no study has reported genomic SSR markers for D. zibethinus. SSRs are of importance for plant genetic studies of diversity evaluation, breeding, quantitative trait loci mapping, and variety identification [9,46,48]. One of the key features of SSR markers is that they can detect multiple alleles per locus, making them hypervariable and more informative per locus than SNP markers which are largely biallelic [52,53]. Therefore, the 79,178 SSR markers with varied lengths and amplicon sizes (Figure 5A,B, Supplementary Table S2) provide a powerful tool for genetic and genomic research in D. zibethinus in breeding programs and genebanks.



In summary, the present study identified core and duplicated durian plantations in Hainan, China, and 79,178 SSR markers were developed. These findings are of practical relevance for durian breeding in China and the world at a large scale.
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Figure 1. Heatmap of identity by state (IBS) distance matrix of the conserved population of 32 durian genotypes. Each small square in the IBS distance matrix represents the genetic distance value between two pairs from the first sample to the last sample. The larger the value, the closer to red, thus the larger the genetic distance between two individuals, and vice versa. 
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Figure 2. Neighbor-joining (NJ) phylogenetic tree showing the evolutionary relationships among the 32 genotypes of durian in durian plantations in Hainan. The branch node with blue (round shaped) and green (triangle) represent Group 1 and 2, respectively. 
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Figure 3. Bayesian model-based population structure of the 32 durian genotypes. The membership coefficient (Q) is shown by a vertical bar. The colored subsections within each vertical bar show sub-populations. (A). The subgroup assignment by ADMIXTURE for a set of indicators of the 32 durian accessions when K = 2–8. (B). The optimum K. The cross-validation (CV) error curve based on ADMIXTURE output reveals that the CV error value of 2 was the smallest at K = 2, thus dividing the 32 durian accessions into 2 groups (that is, 2 subgroups is optimal). 
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Figure 4. Principal component analysis of the 32 genotypes of durian in the durian plantations in Hainan. The genotypes with blue (round shaped) and green (triangle) colors represent Groups 1 and 2, respectively. The less the distance between the samples, the smaller the genetic background differences between the samples. 
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Figure 5. Simple sequence repeats (SSRs) detected in the 32 Durio zibethinus L. genotypes. (A). Frequency of amplicon lengths from the SSRs detected in the 32 durian genotypes. (B). Types of SSRs detected. 






Figure 5. Simple sequence repeats (SSRs) detected in the 32 Durio zibethinus L. genotypes. (A). Frequency of amplicon lengths from the SSRs detected in the 32 durian genotypes. (B). Types of SSRs detected.



[image: Diversity 14 00769 g005]







[image: Table] 





Table 1. Differences in leaf traits of selected durian accessions.
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	Samples
	Leaf Shape
	Leaf Length
	Leaf Width
	Petiole Length
	Leaf Base
	Leaf Apex
	Leaf Vein Pairs





	42
	oval
	10.9
	3.5
	2
	round
	acuminate
	10



	59
	lanceolate
	11.7
	3.5
	1.2
	pointed
	tail tip
	9



	71
	oval
	9.7
	2.6
	1.2
	pointed
	tail tip
	9



	53
	lanceolate
	10.4
	3
	1.1
	round blunt
	tail tip
	11



	100
	oval
	12.5
	4.2
	1.5
	pointed
	acuminate
	14



	27
	inverted egg shape
	10.2
	3.1
	1.3
	pointed
	tail tip
	13



	BD-1
	egg shape
	7.3
	2.7
	1
	blunt
	tail tip
	11



	BD-2
	long oval
	12.7
	4.9
	1.7
	round
	tail tip
	15



	BD-3
	long oval
	13
	3.8
	1.3
	pointed
	tail tip
	10



	BD-4
	long oval
	11.6
	4.3
	1.2
	round
	tail tip
	7



	LD-1
	lanceolate
	9.1
	2.9
	1.9
	pointed
	tail tip
	10



	LD-2
	lanceolate
	8.9
	3.2
	1.5
	pointed
	tail tip
	9



	LD-3
	long oval
	14.5
	4.7
	2
	pointed
	tail tip
	9



	LD-4
	long oval
	15.2
	4.6
	1.7
	round
	tail tip
	13



	JZ
	oval
	10.2
	3.1
	1.3
	pointed
	tail tip
	13



	QW
	egg shape
	7.4
	2.8
	1.4
	blunt
	acuminate
	7



	MY
	egg shape
	9.5
	3.7
	1.1
	blunt
	tail tip
	10



	NLX-5
	inverted egg shape
	5.8
	2.2
	1.1
	tooth shape
	tail tip
	9



	NLX-6
	lanceolate
	8.7
	2
	1.2
	pointed
	tail tip
	7



	NLX-7
	long oval
	13.3
	3.7
	1.2
	pointed
	tail tip
	15



	NLX-8
	long oval
	13.5
	4.7
	1.7
	round
	tail tip
	12
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Table 2. SNPs detected and their characteristics among the 32 durian accessions.
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	Category
	Number of SNPs
	% b





	Upstream
	7765
	3.36



	Stop gain a
	122
	0.05



	Stop loss a
	19
	0.02



	Synonymous a
	7914
	3.41



	Non-synonymous a
	10,526
	4.53



	Intronic
	31,609
	13.62



	Splicing
	81
	0.04



	Downstream
	8817
	3.80



	upstream/downstream
	1138
	0.49



	Intergenic
	152,272
	65.59



	Transition (ts)
	154,899
	66.72



	transversion (tv)
	77,249
	33.28



	ts/tv
	2.005
	-



	Total
	232,148
	-







a detected in the exonic regions. b % of the total.
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