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Abstract 

【Background】Slash pine (Pinus elliottii), loblolly pine (P. taeda), caribbean pine (P. caribaea) and 

their hybrid pine are the major timber species in China, which have been introduced from North 

America for 100 years. Distinguishing them is challenging due to the nutritional organs similarity and 

the combined characteristics inherited from their parent species in hybrid pines. 【Results】In this 

study, we aimed at constructing a set of DNA fingerprint of 38 pine varieties including four kinds of 

pines species for accurately identifying them. The genotypes of 38 pines were captured by 51K liquid-

phased probes developed by our team and 5,60,567 SNPs were genotyped by the following next-

generation sequencing. A total of 344 core SNPs were obtained through the screening of the minor 

allele frequency, miss rate, heterozygosity rate and other parameter conditions. Additionally, employing 

the Random Forest model in conjunction with PCA led to the retention of 28 SNPs demonstrating 

identification capabilities for the pine varieties.【Conclusions】The DNA fingerprint of the 38 pine 

varieties was successfully established using the set of 28 SNPs, which serve as a valuable reference for 

identifying the exotic pine varieties, managing germplasm , and conducting genetic diversity analysis. 

 

Key words: DNA fingerprinting, pine variety identification, liquid-phased probes, Pinus elliottii, Pinus 

taeda 

 

Abbreviations: PEE: Pinus elliottii; PTA: P. taeda; PEC: P. elliottii × P. caribaea; PAC: P. taeda× P. 

caribaea; SNP: single nucleotide polymorphism; SSR: simple sequence repeats; AFLP: amplified 

fragment length polymorphism; RAPD: random amplified polymorphic DNA; RFLP: restriction 

fragment length polymorphism; MAS: molecular marker-assisted selection; MAF: minor allele 



 

 

frequency; PIC: polymorphism information content; LD: linked disequilibrium; hdw: Hardy-Weinberg; 

HeThe expected heterozygosity; Ho: observed heterozygosity. 

 

1.INTRODUCTION 

Slash pine (Pinus elliottii), loblolly pine (P. taeda) and caribbean pine (P. caribaea) have been 

cultivated in China for over a hundred years since their introduction. They are characterized by rapid 

growth, wide adaptability and high-yield oleoresin, which make them become important timber[1, 2] 

and resin-producing[3] species in southern region of China. There are some complementary traits 

between slash pine and caribbean pine as well as loblolly pine and caribbean pine[4]. Their 

interspecific hybrid offspring , P. elliottii × P. caribaea and P. taeda× P. caribaea, have shown superior 

growth characteristics to their parents in the tropical and subtropical regions of China[5] and have 

become important afforestation species in the suitable areas. The demand for seedlings of exotic pines, 

especially for slash pine, is very strong because of the extensive planting area. Slash pine covers an 

area of 1.5 million hectares, ranking among Chinese 10 largest artificial forest. The seedling systems 

have been established in nearly 10 provinces, which have selected and bred nearly 100 varieties of 

afforestation. However, it is tough to differentiate these pine varieties even species only relying on 

traditional morphological identification as result of their similar nutritional organs, and their hybrid 

pine phenotypes combined the characteristics of both parents[6]. The growth cycle of forest trees is 

long, and the efficiency of breeding will be greatly reduced if the breeding is carried out after the 

seedlings are mature[7]. Indistinguishable species and long-term breeding cycle both make carry out 

molecular marker-assisted selection (MAS) in pines necessary. The molecular markers developed in 

recent years can distinguish the genetic characteristics of the species from the level of genetic material 



 

 

because of their strong stability and high feasibility [8, 9].It has great significance for the identification 

of forest tree varieties, genetic diversity analysis, and germplasm research by using molecular markers. 

DNA fingerprinting is a technical tool that enables to efficiently identify plant and animal 

lineages. This technique was first proposed by a British scientist Jeffreys[10]. DNA fingerprinting 

refers to a region of extremely high polymorphism in the human genome, where DNA bands formed 

after enzymatic cleavage of DNA can distinguish different human bodies, like to a person's fingerprint, 

with individual uniqueness[9]. The limitations of using phenotypes to identify varieties can be 

overcome by using DNA fingerprinting and not only the costs of identification can be saved, but also 

the utilization efficiency of germplasm resources can be significantly improved. The key steps to 

construct an accurate and stable DNA fingerprinting includes choosing the suitable molecular marker, 

genotyping, screening out a set of core marker loci combination and establish the DNA fingerprinting.  

There are several types of molecular markers were widely applied in recent years, including amplified 

fragment length polymorphism (AFLP) markers[11], random amplified polymorphic DNA (RAPD) 

markers [12, 13], restriction fragment length polymorphism (RFLP) markers[14], simple sequence 

repeats (SSR) markers[15, 16] and single nucleotide polymorphism (SNP) markers. Among these 

markers, SSR and SNP markers are the most efficient. In 2005, the International Union for the 

Protection of New Varieties of Plants (UPOV) identified SSR and SNP markers as the main methods 

for constructing DNA fingerprinting databases [17]. In the past research, SSR markers were often used 

to construct DNA fingerprinting [18, 19]. A single SSR marker has a series of advantages, such as more 

information content, fewer required loci, good repeatability, and most of them are co-dominant markers 

[20, 21], so it is widely used in variety identification and analysis. However, SSR markers also have 

certain limitations, such as small number of loci, complex operation, high cost, and low throughput 



 

 

[22-24]. In contrast, SNP markers have obvious advantages: (1) SNP is the smallest unit of genetic 

variation in the genome, which is easier to integrate data and simpler in data statistics and analysis; (2) 

Low mutation frequency and higher genetic stability; (3) High sequencing throughput and low cost [25, 

26], which make it become the most suitable molecular marker for MAS. In recent years, SNP markers 

have been widely used in the construction of DNA fingerprints of a variety of plants[27, 28], such as 

rice(Oryza sativa L.) [9], corn(Zea mays L.) [29], brassica napus(Brassica napus L.) [30], camellia 

camellia(Camellia oleifera Abel) [8], tea tree(Camellia sinensis) [31] and so on. In forestry trees, SNPs 

are commonly used for development of molecular markers, whole-genome association analysis and 

construction of high-density linkage genetic maps[32-34].  

In the progress of MAS in pine trees, the difficulties lie not only in selecting appropriate 

molecular markers but also in efficiently and cost-effectively conducting genotyping. The cost of 

genotyping slash pines and loblolly pines is always very high because of the huge genome[35]. Both 

resequencing and RNA-seq cost much whereas SNP-based arrays are less laborious. Genotyping by 

target sequencing (GTBS) is theoretically an ideal genotyping strategy and the cost of targeted 

sequencing based on in-solution probes is relatively lower [36, 37], but this also not suitable for whole-

exome sequencing or more boarder targeted sequencing in pine species because the price is still high. 

Therefore, our research group (Forest Germplasm Resources Research Group, Institute of Subtropical 

Forestry, Chinese Academy of Forestry) have designed the 51K liquid-phased probes (unpublished) for 

genotyping a large number of samples for slash pine and loblolly pine, which provide technical support 

for our study. 

In this study, the 51K liquid-phase probe was used to genotype 38 pine varieties from 4 exotic 

pines. The genotyped SNP markers were filtered by the parameters of minor allele frequency, miss rate, 



 

 

heterozygosity rate and the polymorphism information content (PIC) to get the core combination of 

SNPs that can efficiently identify the germplasm of exotic pines. Employing the Random Forest model 

in conjunction with PCA to simplify the core SNPs and constructing DNA fingerprints, which can be 

used as a reference for identifying foreign pines as a good breeder, germplasm management, and 

genetic diversity analysis. 

 

2 Materials and methods 

2.1. Materials and DNA extraction  

A total of 38 samples were selected to construct DNA fingerprinting, including 29 accessions of 

Pinus elliottii (PEE), 2 accessions of Pinus taeda (PTA), 2 accessions of hybrid of P. elliottii × P. 

caribbaea (PEC) and 5 accessions of hybrid of P. taeda× P. caribaea (PAC). All materials were 

collected in Changle Forest Farm in Zhejiang Province, Hangzhou city. The samples in this study all 

have excellent traits in growth, wood property or turpentine production (Table1). In May 2023, the 

young needles were collected from the trees and refrigerated in ice bags before DNA was extracted. 

Table 1．Basic information of germplasm resources of 38 pine trees 

Species 

N

umber 

of 

sample 

Sampling site 

(Changle Forest Farm) 

Female source Excellent trait 

Pinus elliottii

（PEE） 

2

5 

PEE 2nd seed orchard 

(2012) 

PEE breeding 

population 

Fast-growing 

PEE seed orchard of 

elite lines (2006) 

PEE elite family 

4 PEE high-turpentine PEE high-turpentine High-turpentine 



 

 

family test forest (2015) orchard from American production 

Pinus taeda

（PTA） 
2 

PTA 2nd seed orchard 

(2012) 

PTA breeding 

population 

Fast-growing, 

excellent timber 

P. taeda × P. caribaea

（PAC） 
5 

Hybrid pine family test 

forest (2007) 

PTA clone family 

31062 Fast-growing, 

excellent timber Hybrid pine family test 

forest (2002) 

PTA clone family 

31041 

P. elliottii × P. 

caribaea（PEC） 
2 

Hybrid pine conle test 

forest (2009) 

PTA clone family 

IV-60 

Fast-growing, 

excellent timber 

M5 HiPer Universal DNA Mini Kit (Mei5 Biotechnology, Beijing) was used to extract the DNA 

of the sample needles. The genome target region were captured by 51K liquid-phased probes designed 

by our lab for subsequently next-generating sequencing. The specific experimental steps are as 

follows:(1) The DNA was segmented and the end of the DNA fragment was repaired by Pre-PCR to 

amplify the library; (2) The probe hybridizes with the target region; (3) Hybridization probes were 

captured by magnetic beads using streptomycin affinity labeling; (4) The enriched target fragment was 

eluted and amplified by Post-PCR after capture;(5) Second generation sequencing was performed on 

the target region.  

2.2. Data quality control and genotyping 

The captured DNA region were sequenced by Illumina Xten high-throughput Sequencing 

platform. The raw data were stored in FASTQ format. The adapters and low quality data were filtered 

by FastQC software[38] to obtain the clean reads. Subsequently, single nucleotide polymorphism (SNP) 

detection is mainly implemented using GATK software toolkit (https://gatk.broadinstitute.org/hc/en-us). 

According to the localization results of clean Reads in the reference genome, samtools was used to 

remove duplications (Mark Duplication), GATK was used to perform local realignment and base 



 

 

recalibration. To ensure the accuracy of SNP detected, GATK was used to detect and filter single 

nucleotide polymorphisms, and the final SNP loci was obtained. The mutation results are displayed and 

saved in vcf files. 

2.3. Population genetic structure and phylogenetic analysis 

Admixture software was used to analyze the optimal cluster number of samples, and MEGA 11.0 

[39] software was used to construct a Neighbor-Joining phylogenetic tree to analyze the genetic 

structure of the population, then combining the result of principal component analysis (PCA) to analyze 

the kinship between the test samples. 

2.4. Core SNP selection and functional annotation 

The raw genotyped SNPs were screened in the following criteria: SNP loci in the Raw data were 

selected, and the screening criteria were as follows:(1)biallelic sites; (2) minor allele frequency (MAF) > 

0.3; (3) miss rate=0; (4) conform to the Hardy-Weinberg equilibrium; (5) linkage disequilibrium (LD) 

value > 0.2; (6) PIC>0.35. The polymorphism information content (PIC) value was calculated 

according to minor allele frequency： 

n n-1 n2 2 2

ii 1 i 1 j n+1
1 2

i j
PIC p p p

= = =
= − −  

 

pi and pj are the i th and j th allele frequencies, respectively, and n is the number of alleles; (7) 

heterozygosity rate<0.25 [8, 9, 30, 40, 41]. The core SNPs were obtained after the screening of the 

above steps. VCFtools [42] and BCFtools [43] were used to perform the filtration. 

Based on the functional annotation of SNPs in the 51K liquid-phased probes, the GO functional 

annotation information of core SNPs was extracted and visualized in R software. 



 

 

2.5. SNP assessment and construction of DNA fingerprinting 

Random forest is used to further simplify the number of core SNPs, aiming to identify as many 

samples as possible with a small number of SNPs, and it is implemented by the R package "Random 

Forest". The Mean Decrease Accuracy index generated by random forest for each SNP was sorted in 

descending order. SNP loci with the highest Mean Decrease Accuracy index were remained [44]. 

The software pcadapt v4.3.2 (https://bcm-uga.github.io/pcadapt/articles/pcadapt.html) were used 

to carry out the PCA analysis, which is used to check the efficiency of identification by different SNPs 

combination [8].  PCA calculations are performed by sequentially increasing the number of SNPs. The 

process is halted when clear separation among the samples is achieved on the PCA. 

 

3.RESULTS 

3.1. Genetic structure and phylogenetic relationship of 38 pine varieties 

A total of 5,60,567 SNP loci were genotyped for 38 pine varieties by target sequencing of 51 K 

liquid phased probes. The genotyping rate was 94.61%. A total of 183,849 SNPs with a minor allele 

frequency (MAF) < 0.01 and a miss rate > 0.8 were retained as as the primary dataset for this 

experiment. The cluster situation of 38 varieties were estimated using ADMIXTURE software based on 

1,83,849 SNPs loci. The cross-validation error value (CV error) is minimized when the value of K is 2, 

indicating that 38 varieties were divided into two clusters (Fig. 1A). All 29 PEE samples and their 

hybrids(PEC) were in the cluster I and all PTA samples and their hybrids were in the cluster II. The 

phylogenetic analysis shows the samle results (Fig.1B), which is consistent with the results of the  

ADMIXTURE software.      

 

https://bcm-uga.github.io/pcadapt/articles/pcadapt.html


 

 

 

Fig.1. Phylogenetic and population genetic analyses of 38 pine varieties.  A: The phylogenetic analysis ,the 

different circle represent the different female resources of the samples. B: Genetic structure analysis of 38 pines at 

K=2. C: Principal component analysis, the colors of the circles were consistent with the phylogenetic tree.  

 

There is no obvious correlation between the genetic relationship and their collection origin. PEE 

samples come from 3 different origin so that the genetic distance among samples of PEE is relatively 

far. The PEC varieties containing the genes of Caribbean pines as the male parent have a independent 

position in Cluster I.As the same, the loblolly pine hibrids (PAC) share the genes of Caribbean and 

loblolly pines as the parents,so their positions in Cluster II are a little far away frome their female PTA.  

3.2. Screening of core SNPs and functional annotation 

Based on the MAF, miss rate, linked disequilibrium (LD) value, heterozygosity, polymorphism 

information content (PIC) and other indicators of SNPs, a rigorous screening process (Table 2) was 

formulated to screen high-quality core SNPs. A total of 344 SNPs were finally screened, which were 

regarded as the representative loci of the 38 pine germplasm resources as well as candidate loci for the 

construction of the DNA fingerprinting profile. 



 

 

The MAF of 344 core SNPs ranged from 0.3026 to 0.5, with an average of 0.3524(Fig.2A). The 

PIC values ranged from 0.4221 to 0.5, with an average value of 0.4507(Fig.2B). The nucleotide 

polymorphisms (Π) value ranges from 8.55439E-07 to 1.95789E-06, with an average value of 

9.21476E-07((Fig.2C); The expected heterozygosity (He) of 344 SNPs in 38 samples was 0.5433, and 

the observed heterozygosity (Ho) was between 0.3692 and 0.9826, with an average of 0.7811 (Fig.2D). 

Table 2. The setting parameters for screening core SNPs 

Screening Step 

The number of 

remaining SNPs 

Raw data 1,83,849 

MAF>0.3，miss rate=0 22,593 

hdw 13,931 

ld>0.2 8,502 

PIC>0.35 8,502 

He<0.25 344 



 

 

 

Fig.2.  Genetic parameter information of 344 SNPs and 28 SNPs. A-D: MAF (A), PIC (B), Π(C), 

observed heterozygosity and expand heterozygosity(D) of 344 SNPs; E-H: MAF (E), PIC (F), Π(G), 

observed heterozygosity and expand heterozygosity(H) of 28 SNPs. 

 

To clarify the genes where the core SNPs loci are located and the functions of these genes, the 



 

 

annotation information of 344 core SNPs in this screening was counted based on the 51K liquid-phased 

probes(Fig.3). The results showed that 192 SNPs are located within genes with functional annotations, 

participating in various fundamental metabolic activities. The genes associated with the 119 SNPs are 

related to molecular functions, such as the activity of protease or protein kinase, and most of the SNPs 

are related to the binding of important substances such as DNA and ATP. The genes associated with the 

32 SNPs are related to cell components, with 16 of them were related to cell membrane synthesis. The 

genes associated with 22 SNPs are related to physiological processes and participate in important 

physiological processes such as lipid metabolism and cell proliferation. 

The gene that we found have the functions of active energy, metabolism and physiological, 

which could be analyzed by correlation analysis in a large population, and the identification of the good 

seed resources could be further carried out at the molecular-functional level. It has a great significance 

in elucidating the trait characteristics of different elite germplasm resources. The annotation 

information of these genes shows a lower association with cell components, which possibly due to the 

lack of annotation information of related genes. 



 

 

 

Fig.3. Annotation of core SNPs functions based on 51K liquid-phase probes.  

 

3.3. Evaluation of core SNPs and construction of DNA fingerprinting 

To improve the efficiency of variety identification, the core SNP loci need to be streamlined, 

aiming to identify a larger number of individuals with the fewest loci as much as possible. The Mean 

Decrease Accuracy index was generated for each SNP in the Random Forest model. Then, according to 

the value of the Mean Decrease Accuracy index, we sort SNPs in descending order, and preserve the 

SNP at the top of the order. Combining with the results of PCA to screen SNPs, a total of 28 loci were 

finally selected as representative loci for the 38 samples.  



 

 

To evaluate whether the selected SNPs could effectively detect population diversity, principal 

component analysis and phylogenetic analysis were performed using 344 core SNPs and 28 SNPs for 

fingerprint construction, respectively (Fig.4, Fig.5). The results of PCA showed that the clustering 

effect of 344 SNPs and 28 SNPs was consistent with the clustering effect of the 1,83,849 SNPs (Figure 

1C). With the streamlining of the number of SNPs, the proportion of differential loci among samples 

expanded. The final samples were significantly different in 28 SNP loci, which not only preserved the 

species characteristics, but also distinguished different individuals in the same species. According to 

the phylogenetic tree, four pine species cluster independly based on 344 core SNPs.The core SNPs in 

this experiment can effectively represent the genetic diversity of the test population. Finally, DNA 

fingerprinting was constructed using 28 SNP loci (Table 3, Fig.6). 

 

Figure.4. Principal component analysis based on 344 SNPs(A) and 28 SNPs(B). The black circle 

represents PEE samples. The red circle represents PTA samples. The green circle represents PEC 

samples. The blue circle represents PAC samples. 



 

 

 

Fig.5. Phylogenetic relationship of 38 pines were analyzed based on  344 SNPs (A) and 28 SNPs 

(B). The black line represents PEE samples. The red line represents PTA samples. The green line 

represents PEC samples. The blue line represents PAC samples.  

 

Fig.6. DNA fingerprinting of 38 pine germplasm resources. Genotype is 1/1 represent that it is 

homozygote of major alle gene, and genotype is 0/0 represent that it is homozygote of minor alley gene, 

and genotype is 0/1 represent that it is heterozygote. The different color in the left represents different 

exotic pines species. 



 

 

 

The MAF of the 28 SNPs ranged from 0.302632 to 0.5, with an average of 0.314474 (Fig.2E). 

The PIC value ranged from 0.422092 to 0.5, with an average value of 0.444796 (Fig.2F). Π values 

ranged from 8.55439E-07 to 1.01333E-06, with an average value of 9.01E-07 (Fig.2G). The He of 38 

samples at 28 loci was 0.55, and the Ho ranged from 0.428571 to 1, with an average value of 0.781955 

(Fig.2H). The average value of MAF and PIC of 28 SNPs were lower than those of 344 core SNPs, but 

these values were still in the range of 0.3-0.5, indicating that the 28 SNPs we screened were still highly 

polymorphic. 

Table 3. 28 SNP markers after simplification 

Num

ber 

CHROM POS Allele A 

Allele 

B 

MAF PIC Π 

1 super2706 

14910

2 

A T 0.302632 

0.4220

92 

8.55E-07 

2 super2776 88036 G A 0.5 0.5 1.01E-06 

3 super2777 69158 G C 0.342105 

0.4501

38 

9.12E-07 

4 super2943 

35973

8 

A G 0.302632 

0.4220

92 

8.55E-07 

5 super3184 

15316

1 

G C 0.315789 

0.4321

33 

8.76E-07 

6 super4073 

50858

0 

A G 0.368421 

0.4653

74 

9.43E-07 

7 

scaffold2755

0 

61880 G A 0.302632 

0.4220

92 

8.55E-07 

8 

scaffold3287

0 

92091 C T 0.315789 

0.4321

33 

8.76E-07 



 

 

9 

scaffold4246

0 

49938 C T 0.342105 

0.4501

38 

9.12E-07 

10 

scaffold5291

1 

12722

4 

A G 0.315789 

0.4321

33 

8.76E-07 

11 

scaffold5765

5 

57042 T C 0.302632 

0.4220

92 

8.55E-07 

12 

scaffold6257

9 

15432

6 

C T 0.315789 

0.4321

33 

8.76E-07 

13 

scaffold6621

9 

13223

3 

C T 0.302632 

0.4220

92 

8.55E-07 

14 

scaffold7217

6 

29617 C T 0.355263 

0.4581

02 

9.28E-07 

15 

scaffold8976

9 

89210 T C 0.315789 

0.4321

33 

8.76E-07 

16 

scaffold1235

46 

25544 T C 0.460526 

0.4968

84 

1.01E-06 

17 

scaffold1443

38 

10256

2 

A G 0.486842 

0.4996

54 

1.01E-06 

18 

scaffold2033

29 

42474 G C 0.328947 

0.4414

82 

8.95E-07 

19 C4568629 6601 G A 0.447368 

0.4944

6 

1.00E-06 

20 C4609247 15189 A G 0.302632 

0.4220

92 

8.55E-07 

21 C5099083 51025 G C 0.302632 

0.4220

92 

8.55E-07 

22 C5100193 31746 G A 0.315789 

0.4321

33 

8.76E-07 

23 C5102879 11405 T C 0.328947 

0.4414

82 

8.95E-07 



 

 

4.DISCUSSION 

DNA fingerprinting is a technique that can effectively identify the genotypes of animals and 

plants, which is mainly used in the studies of follow aspects: (1) genotype identification; (2) genetic 

diversity, population structure and genetic relatedness; (3) genome constitution of hybrids and 

polyploids. In recent years, with the development of sequencing technology, DNA fingerprinting based 

on SNP molecular markers has been widely used in crops and horticultural plants genotype 

identification and population genetic diversity analysis[45].  

In this study, a total of 38 samples of exotic pine varieties were selected, including PEE (Pinus 

elliottii), PTA (Pinus taeda), PEC (P. elliottii × P. caribaea) and PAC (P. taeda× P. caribaea). SNPs 

was captured by 51K liquid-phased probes. After screening and evaluation, 344 core SNPs were 

obtained. Finally, DNA fingerprints were constructed for these exotic pines. 

4.1. Construction of DNA fingerprinting for the exotic pines  

In China, the exotic pines refer to several kinds of pine introduced from the United States in the 

24 C5170751 90359 G A 0.302632 

0.4220

92 

8.55E-07 

25 Gene.165035 31 A G 0.368421 

0.4653

74 

9.43E-07 

26 Gene.165517 96 T C 0.302632 

0.4220

92 

8.55E-07 

27 Gene.279373 62 G C 0.355263 

0.4581

02 

9.28E-07 

28 Gene.68888 224 T C 0.328947 

0.4414

82 

8.95E-07 

Average 0.343985 

0.3439

85 

9.01E-07 



 

 

1930s, including slash pine, loblolly pine, Caribbean pine and their hybrids. These pine species are so 

similar in phenotype that they are almost indistinguishable at seedling stage. After adulthood, the tree 

can be distinguished by its stem canopy, branch angle and other traits, but the discrimination efficiency 

is still very low. As the exotic pines are widely planted in China, their interspecific hybrids have 

become important afforestation tree species, and these hybrid pines are difficult to distinguish by 

nutritional organs. This has caused a great obstacle to the efficient management of germplasm 

resources.  

The conifer trees  have huge genomes, and the three exotic pines in this research have a genome 

of over 20GB [46, 47]. Construction of a cost and stable DNA fingerprinting is challenging. Genome-

resequencing is too cost,  and transcriptome-sequencing or Specific-Locus Amplified Fragment 

Sequencing (SLAF) could not get a stable results [35]. Genotyping by target sequencing (GTBS) is 

theoretically an ideal genotyping strategy and the cost of targeted sequencing based on in-solution 

probes is relatively lower, which is an optimal method for the construction of a huge genome DNA 

fingerprinting [37, 48].  In this study, a total of 344 core SNPs representing the exotic pine samples 

were selected by strict screening of genetic parameters such as MAF, miss rate, heterozygosity rate and 

PIC of SNPs. Then, a total of 28 SNPs were selected to construct DNA fingerprint through further 

simplification and evaluation, which can completely distinguish 38 pine samples.  

According to the values of genetic parameters, the nucleotide polymorphism and genetic 

diversity of the samples can be performed, whether using 28 SNPs or 344 SNPs. There are obvious 

differences between the DNA fingerprints of different species. Addition, the same species shows a high 

degree of consistency and differences with other species in some specific sites, these sites are the key to 

quickly distinguish them. 



 

 

4.2. Genetic relation of exotic pine germplasm in China 

The exotic pines have been cultivated for a hundred years since they were introduction from 

America [49, 50]. They are widely planted in subtropical and tropical areas in China currently and 

provide a rich source of variation for pine germplasm breeding. Understanding the genetic relationships 

between varieties at the genomic level is necessary and helpful to improve breeding efficiency of exotic 

pine germplasm.  

In this study, the 51K liquid-phase probe  was used to capture the SNP molecular markers of 38 

pine samples, including PEE, PTA, PEC and PAC. The principal component analysis, phylogenetic 

analysis and genetic population analysis were carried out to clarify the genetic structure and kinship of 

samples. Then, we found that the results of these analysis are basically consistent. Two sub population 

can be divided from the pine population. PEE and PEC cluster together while PTA and PAC cluster 

together. The reason for this cluster result is mainly due to the difference in  their parents. The kinship 

among the PEE samples and the genetic distance between PEE and PEC are distant. This result may be 

related to the genetic background of slash pine. We selected a large number of slash pine samples 

involving three different sources, and this result suggests that the genetic background of slash pine is 

more complex than that of other three pine species.  

 In the selection of parents in cross breeding, a close genetic relationship of the hybrid parents is 

not conducive to the selection of elite new varieties. On the contrary, if the genetic relationship of the 

hybrid parents is far away and the genotypic differences are large, the genetic variation of the offspring 

is more extensive. Therefore, varieties between different groups or clusters can be selected as parent 

materials for hybridization, so as to cultivate excellent hybrid offspring[51]. In this study, the genetic 

relationship between PEE samples that clustered into multiple branches can be selected as  hybrid 



 

 

parents in the future. As the hybrid progeny of slash pine and Caribbean pine, a long genetic distance 

was shown between the two PEC samples.Combining with the excellent growth trait of PEC samples, 

we speculate that their mother tree has strong genetic diversity. Addition, all PTA and PAC samples 

perform an excellent growth trait, and they were cluster in same group, indicating that PTA samples 

also can be chosen as the hybrid parent in the future. 

The results of our study provide a favorable reference and basis for better utilization of pines 

germplasm resources in China, and this will be of great significance in the selection of parental lines in 

future breeding programs of pines and for the effective utilization of heterosis in the breeding work. 

 

5. CONCLUSIONS 

In this study, 38 pines were used as test samples, including PEE (Pinus elliottii), PTA (P. taeda), 

PEC (P. elliottii × P. caribaea) and PAC (P. taeda× P. elliottii). SNPs were captured by 51K liquid-

phase probes of slash pine and loblolly pine. The minor allele frequency, miss rate, PIC and 

heterozygous rate of SNPs were strictly screened, and 344 core SNPs that can initially identify pine 

elite strains were obtained. Subsequently, 28 SNPs were selected as the optimal loci’ combination, and 

they could identify all the materials used in this study. However, the identification and analysis effect 

of this set of SNPs on other exotic pine germplasm still need to be analyzed according to the actual test 

results. 
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