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Abstract: Knowledge on population diversity and structure is of fundamental importance for
conifer breeding programs. In this study, we concentrated on the development and application of
high-density single nucleotide polymorphism (SNP) markers through a high-throughput sequencing
technique termed as specific-locus amplified fragment sequencing (SLAF-seq) for the economically
important conifer tree species, Chinese fir (Cunninghamia lanceolata). Based on the SLAF-seq, we
successfully established a high-density SNP panel consisting of 108,753 genomic SNPs from Chinese
fir. This SNP panel facilitated us in gaining insight into the genetic base of the Chinese fir advance
breeding population with 221 genotypes for its genetic variation, relationship and diversity, and
population structure status. Overall, the present population appears to have considerable genetic
variability. Most (94.15%) of the variability was attributed to the genetic differentiation of genotypes,
very limited (5.85%) variation occurred on the population (sub-origin set) level. Correspondingly, low
FST (0.0285–0.0990) values were seen for the sub-origin sets. When viewing the genetic structure of
the population regardless of its sub-origin set feature, the present SNP data opened a new population
picture where the advanced Chinese fir breeding population could be divided into four genetic sets,
as evidenced by phylogenetic tree and population structure analysis results, albeit some difference in
membership of the corresponding set (cluster vs. group). It also suggested that all the genetic sets were
admixed clades revealing a complex relationship of the genotypes of this population. With a step wise
pruning procedure, we captured a core collection (core 0.650) harboring 143 genotypes that maintains
all the allele, diversity, and specific genetic structure of the whole population. This generalist core is
valuable for the Chinese fir advanced breeding program and further genetic/genomic studies.
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1. Introduction

Over the last seven decades, tree breeders have attained impressive genetic gains for the key
economic and ecological traits of their target tree species through conventional breeding schemes [1,2].
However, the breeding process has appeared to be slow and still in its infancy compared to many
commercial crop and animal species [3]. One major hurdle is the phenotyping need for capturing
genetic varieties from a large number of large size candidates at different sites with longtime intervals
(e.g., 15 years or more for conifers per breeding cycle) [4–6]. Phenotype-inferred causative genetic
variation knowledge will definitely continue to be used, but the situation seems to be changing.
Tree breeders have now turned their attentions to frontier molecular breeding approaches as an
alternative. Molecular marker technique is particularly promising because it offers an avenue to
rapidly identify the genome-wide variation underlying phenotype regardless of growth, differentiation,
development, or environmental effects [7]. Furthermore, it is stable and informative, allowing the
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breeder to address the population genetic architecture (genetic structure, diversity and relationship,
etc.) and facilitate the accurate mating designs with parental analysis to accelerate the breeding
progress [8]. The accessible molecular marker includes: (1) hybridization-based type such as restriction
fragment length polymorphism (RFLP) and its modified forms, (2) PCR and electrophoresis-based type
including random amplified polymorphic DNA (RAPD), amplified fragment length polymorphism
(AFLP), sequence-related amplified polymorphism (SRAP), inter simple sequence repeat (ISSR),
and simple sequence repeat (SSR) etc., and (3) sequencing-based type dominated by single nucleotide
polymorphism (SNP) [9–11]. Of these, SNPs have proved to be the most abundant form of variation
within a species at genome level that provides more detailed insights into the genetic base of a
population [10]. They have become more and more popular because they can be high-throughput
detected through next-generation sequencing (NGS) at a moderate cost. Notably, the NGS-based SNP
genotyping approach, common known as genotyping by sequencing (GBS), has been readily used in
the forestry tree species on population genetic studies, even for conifers that have very large (16–35 Gbp
or more) and complex genomes [12–17]. For conifers, an advantage of the application of GBS is that it
permits high-density SNP discovery and genotyping of a population without prior knowledge of their
giga-genomes and has a power to reduce the genome complexity typically by the elimination of large
set of repetitive sequences that greatly reduce the next analysis effect [12,16,18]. This feature makes it
more attractive for conifer tree breeders to adopt the high-throughput sequencing (HTS) platform as a
straightforward tool in their molecular breeding program.

Chinese fir (Cunninghamia lanceolata) is one of the major commercial conifer species in China. It
covers ~21.4% of man-made plantations and supplies up to 20%–30% of the total commercial timber
production of China [19,20]. Highly valued for timber and essential ecosystem services this conifer has
been used as a major breeding subject of the tree improvement programs of China for over 50 years [21].
Thanks to the great application of breeders, considerable genetic gain in growth and wood quality
traits for this species has been made through the advanced-generation scheme (conventional breeding
scheme). Recently, Chinese fir breeders have attempted to employ molecular marker techniques
to accelerate their breeding. PCR and electrophoresis-based molecular markers including RAPD,
AFLP, SRAP, ISSR, and SSR have been used for Chinese fir population genetic studies [18], while HTS
technologies (e.g., NGS) open up a new perspective for genome-wide screening of single nucleotide
variations (SNPs) for this species.

Previously, we reported a high-throughput GBS technique, named as specific-locus amplified
fragment sequencing (SLAF-seq), as being suitable for large-scale SNP exploitation in Chinese fir [18].
In this work, we extended the initial development of genome-wide SNPs in a Chinese fir advanced
breeding population with 221 genotypes by using SLAF-seq, and performed a genetic analysis on this
population based on the exploited SNP set. This enabled us to: (1) develop a qualified SNP resource
available for the Chinese fir advanced breeding program, (2) better understand the genetic diversity
and population structure of the breeding population, and (3) capture a represented core collection for
further breeding use and genetic/genomic studies.

2. Materials and Methods

2.1. Plant Materials

This study was based on an advanced breeding population of the third-cycle Chinese fir (C.
lanceolata) breeding program of Guangdong, China. The whole population comprised 221 elite
genotypes. According to breeding generation and pedigree, these genotypes were separated into three
categories: first (n = 161), second (n = 25; 2nd germplasm), and third generation germplasm (n = 35;
3rd germplasm). The first generation germplasms had divergent geographical origins covering the
main breeding regions of China, including Guangdong (n = 106; Guangdong 1st), Guizhou (n = 16;
Guizhou 1st), Guangxi (n = 13; Guangxi 1st), Fujian (n = 12; Fujian 1st), Hunan (n = 7; Hunan 1st),
and Jiangxi (n = 7; Jiangxi 1st). The genotypes were notable for their rapid growth rate, qualified wood
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(high density, red-heart wood, or long tracheid length) or other superior traits (high production of
female strobili, narrow tree crown, or thin-bark). They were grafted for the breeding program with
5–10 repeats (5–10 ramets per genotype) and a 4 × 4 m spacing since 2014 in Xiaokeng State Forest
Farm (Guangdong, China, 24◦42′ N, 113◦48′ E, 300–306 m above sea level). The trees were maintained
using standard commercial practices.

2.2. DNA Extraction, Genotyping-by-Sequencing and SNP Identification

Total genomic DNA was extracted from the leaf tissue of each genotype with a DNAsecure
Plant Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. The DNA quality
and concentration were assessed and evaluated by agarose gel electrophoresis (1%) and NanoDrop
(NanoDrop-2000 Spectrophotometer, Wilmington, DE, USA). The DNA panel was then subjected to
genotyping-by-sequencing (GBS) using the specific-locus amplified fragment sequencing (SLAF-seq)
strategy [18,22]. In brief, the accessible restriction enzymes and generated DNA sizes for SLAF-seq
were evaluated using Picea abies genomic sequence (http://congenie.org/) as training data because
P. abies represented a high-coverage draft genome assembly that could be used as a reference in
conifer [18]. Based on this, each DNA sample was digested with EcoR V (5′-GAT/ATC-3′) and Sca I
(5′-AGT/ACT-3′) to generate restriction fragments (digestion efficiency = 97.79%). These fragments
were used for the SLAF library construction according to the procedure described by Sun et al. [22].
DNA fragments (SLAFs) ranging from 264–294 bp (with indexes and adaptors) in size were selected
for pair-end sequencing (2 × 100 bp) using Illumina High-seqTM2500 system (Illumina, San Diego, CA,
USA) at Biomarker Technologies Corporation in Beijing. High-throughput sequencing reads were
processed according to Sun et al. [22]. Low quality reads (quality score <30) were definitely filtered out.
Quality reads with clear index information and over 90% identity were grouped in one SLAF locus.
Polymorphic SLAFs were identified by an aligning analysis across genotypes using the BLAST-like
alignment tool (BLAT) [23]. Meanwhile, all the parallel SLAF reads were aligned to the most authentic
reference sequence (the most depth read) using the Burrows– Wheeler Alignment tool (BWA) [24], and
then the SNPs were developed with the Genome Analysis Toolkit (GATK) [25] and SAM tools [26].
The identified SNP from both GATK and SAM tools was regarded as the authentic SNP.

2.3. Statistical Analyses

A total of 108,753 SNPs with an integrity >0.8 and minor allele frequency (MAF) >0.05 was finally
used for the genetic analysis in this study. Genetic diversity of the whole population was assessed
according to the mean value of the following parameters at each nucleotide site: MAF, observed allele
number, expected allele number, observed heterozygous number, expected heterozygous number, Nei
diversity index, Shannon–Wiener index, and polymorphic information content. These parameters
were calculated by the Perl programming-based method. AMOVA (analysis of molecular variance)
procedure and principal coordinate analysis (PCoA) were performed under R environment with
the poppr [27] and VEGAN [28] package respectively. To quantify the polymorphism levels (θπ,
pairwise nucleotide variation as a measure of variability) and genetic differentiation (FST) between
the different sub-origin sets of Chinese fir (3rd germplasm, 2nd germplasm, Guangdong 1st, Guizhou
1st, Guangxi 1st, Fujian 1st, Hunan 1st, and Jiangxi 1st), the PopGen module within Bioperl software
(Stajich J, Dept Molecular Genetics and Microbiology, Duke University) was employed. Linkage
disequilibrium analyses between SNPs were carried out using PLINK 1.9 software with an r2 cutoff

of <0.10 [29]. We applied MEGA5 to measure the pairwise genetic distance of the genotypes and
constructed the phylogenetic tree using the neighbor-joining method with 1000 bootstrap replicates [30].
Population structure assessment was conducted with the ADMIXTURE program by a predefined K
(group number) from 1 to 10 [31]. For core collection selection, a step wise pruning procedure was
implemented and evaluated by Core Hunter II [32]. Venn diagrams were generated by Venny 2.1
(http://bioinfogp.cnb.csic.es/tools/venny/index.html).

http://congenie.org/
http://bioinfogp.cnb.csic.es/tools/venny/index.html
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3. Results

3.1. Genome-Wide SNP Mining

As summarized in Table 1, over 261 million EcoR V-Sca I specific reads (each read approximately
200-bp in length) were generated from the Chinese fir breeding population genomes through
high-throughput paired-end SLAF-seq, with an average of 1,183,321 (~1.2 million) sequence reads per
genotype (average read depth 7.32×). These reads were finally assigned to 748,509 unique genomic
loci specified as EcoR V-Sca I specific-locus amplified fragment (SLAFs). Notably, 263,099 (35.15%)
SLAFs had SNP variation. This allowed an identification of 1,396,279 SNPs from the genotypes
(n = 221). Of these SNPs, 1,368,439 represented simple nucleotide substitution classified as transitions
(A/G and C/T) and transversions (A/C, A/T, C/G and G/T) respectively. Transitions dominated most
of the cases of substitution (75.89%). Only 24.11% of the variations were transversions. Overall,
the transition:transversion ratio (Ts:Tv) was 3.15. To establish an informative SNP panel, the identified
SNPs were then subjected to a filtering step with integrity >0.8 and MAF >0.05 as thresholds. As a
result, a total of 108,753 SNPs (7.79%) were retained and used for further genetic analysis. Linkage
disequilibrium (LD) analyses further revealed that 773,679,501 pairwise SNP comparisons had a
relatively high LD value (r2

≥ 0.10) (Figure 1). Most of the LD (98.00%) ranged from 0.10 to 0.50; only
2.00% (15,519,918) displayed very high values (0.51–1.00).

Table 1. Paired-end specific-locus amplified fragment sequencing (SLAF-seq) statistics in this study.

Feature Value

Number of reads 261,513,887
Average Q30 percentage 88.86%
Average GC percentage 38.12%

Average depth 7.32
Total number of SLAFs 748,509

Number of polymorphic SLAFs 263,099
Number of no polymorphic SLAFs 485,410

Total single nucleotide polymorphisms (SNPs) 1,396,279
The high-qualified SNPs (Integrity>0.8, minor allele frequency >0.05) 108,753

Transition

A/G 519,627 (37.97%)
C/T 518,869 (37.92%)

Transversion

A/C 99,065 (7.24%)
A/T 64,848 (4.74%)
C/G 66,144 (4.83%)
G/T 99,886 (7.30%)
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Figure 1. Distribution of different levels of linkage disequilibrium (r2) of the specific-locus amplified
fragment sequencing (SLAF-seq) based 108,753 single nucleotide polymorphism (SNP) markers in the
present Chinese fir breeding population with 221 genotypes. Only pairwise SNP comparisons with
r2
≥ 0.10 are included.
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3.2. Genetic Diversity Assessment

The present study included analysis of 221 Chinese fir genotypes from an advanced breeding
population that consisted of the first (n = 161), second (n = 25; 2nd germplasm) and third generation
germplasm (n = 35; 3rd germplasm) supposed to have a wide genetic basis in breeding status,
geographical origins, and morphological characteristics. Using the above SNP panel (108,753 SNPs),
we were able to assess the spectrum of genetic diversity of these genotypes at genomic level. Overall,
the average minor allele frequency (MAF), observed and expected allele number were 0.1669, 2.0000,
1.3791 respectively, and the observed and expected heterozygous number equaled 0.1629, 0.2495,
respectively. The average polymorphic information content, Nei diversity index and Shannon–Wiener
index presented as 0.2100, 0.2501, 0.4036 respectively. These estimations indicated that there is a
considerable amount of genetic variation among genotypes. When all sub-origin sets (3rd germplasm,
2nd germplasm, Guangdong 1st, Guizhou 1st, Guangxi 1st, Fujian 1st, Hunan 1st, and Jiangxi 1st)
were compared (Table 2), a low level of genetic differentiation was detected (FST < 0.1000). Analysis of
molecular variance (AMOVA) provided further evidence that 94.15% of the variance was due to the
genetic differentiation of the genotypes and only 5.85% of the variance was attributed to the differences
of sub-origin sets (Table 3).

Table 2. Genetic differentiation (FST) of the sub-origin sets in the Chinese fir breeding population.

Sub-Origin Set 3rd Germplasm 2nd Germplasm Guangdong 1st Guizhou 1st Guangxi 1st Fujian 1st Hunan 1st Jiangxi 1st

3rd germplasm -
2nd germplasm 0.0285 -
Guangdong 1st 0.0355 0.0305 -

Guizhou 1st 0.0539 0.0510 0.0461 -
Guangxi 1st 0.0621 0.0532 0.0396 0.0716 -

Fujian 1st 0.0633 0.0573 0.0420 0.0734 0.0688 -
Hunan 1st 0.0791 0.0770 0.0639 0.0958 0.0865 0.0946 -
Jiangxi 1st 0.0769 0.0717 0.0536 0.0913 0.0846 0.0861 0.0990 -

Table 3. Analysis of molecular variance (AMOVA) of the Chinese fir genotypes from the
breeding population.

Source of Variation df Sum of Square Difference Mean of Square Difference Components of Covariance (%)

Among sub-origin sets 7 0.0640 0.0091 5.85
Within genotypes 213 0.8083 0.0038 94.15

Total 220 0.8723 0.0040 100.00

Divergence and relatedness of the genotypes were then evaluated by the pairwise genetic distance
values (Figure 2A). Overall, the present 221 Chinese fir genotypes differed from each other with a genetic
distance ranging from 0.003 (cx27:cx60) to 0.179 (cx243:cx860). The average genetic distance equaled
0.145 and with most (68.65%) of the pairs of genotypes the genetic distance fell between 0.126–0.150;
28.60% (6961) of the pairs of genotypes had a genetic distance higher than 0.151. Based on the pairwise
distance matrix, a phylogenetic tree was constructed which directly shows the relationship (Figure 2B).
In general, the genotypes could be divided into four major clusters (Cluster I–IV). All clusters were
admixed clades. Cluster I harbors 23 genotypes from the 3rd germplasm (n = 11), 2nd germplasm
(n = 7), Guizhou 1st (n = 3), Guangxi 1st (n = 1), and Fujian 1st (n = 1) set respectively. Cluster II has the
largest number of members (n = 100) covering all the sub-origin sets and represents most (69.81%) of
the Guangdong 1st-derived genotypes. Cluster III comprises only 19 genotypes but has four sub-origin
components (3rd germplasm, 2nd germplasm, Guangdong 1st and Guizhou 1st). The rest genotypes
(n = 80) were consistently assigned to cluster IV also having a full spectrum origin.
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Figure 2. Genetic relationship of the Chinese fir genotypes (n = 221) based on 108,753 informative
SNPs from the SLAF-seq in the breeding population. (A) Distribution of pairwise genetic distance for
the Chinese fir genotypes; (B) Neighbor-joining tree showing genetic relationships among the Chinese
fir genotypes. The colors of branches indicate genotypes corresponding to different sub-origin sets.
Clusters are shown with a curved line and a Roman numeral. Core genotypes are marked with asterisks.

3.3. Population Structure Inferring

In the next step, we employed the ADMIXTURE program to estimate the Chinese fir genetic
structure (221 genotypes) with a testing K value of 1–10 (Figure 3A). As shown in Figure 3B, K = 4, 7 or
8 presented a relatively low cross-validation (CV) error and seemed to be the most feasible model for
the population structure. K = 7 or 8 may be overestimated because the population K values for the
step wise pruning core set (Core 0.900–Core 0.700) were consistently equal to 4 (Table 4). Therefore,
we excluded K of 7 and 8, and supposed K = 4 was the best model for our population. Strikingly,
this ADMIXTURE-inferred grouping result (group 1–4) largely overlapped with the clustering branch
(Cluster I–IV) of the phylogenetic tree (Figure 2B). Group 1 harbored all the members of Cluster I.
Group 2 occupied 62.00% of members of Cluster II. All the Group 3 genotypes could be found in
Cluster III. Group 4 and Cluster IV have an overlapping of >60.00% in genotypes (Figure 4).



Forests 2019, 10, 681 7 of 14

Forests 2019, 10, x FOR PEER REVIEW 7 of 14 

 
Figure 3. Population structure analysis of the Chinese fir breeding population (221 genotypes) by 
ADMIXTURE program using genome-wide SNP markers (n = 108,753). (A) Groups identified in the 
structure analysis by a predefined K (group number) from 1 to 10. The genotypes represented by 
vertical bars along the horizontal axis were grouped into K color blocks. (B) The estimated 
cross-validation errors for different grouping results (K value). The most possible K value is 
indicated with a red arrow. 

Table 4. Parameter measurements for different core collection of the Chinese fir breeding population 
using genome-wide SNP markers (n = 108,753). MR, mean Modified Rogers distance; MRmin, 
minimum MR distance; CE, Cavalli-Sforza and Edwards distances; CEmin, minimum CE distance; 
SH, Shannon’s diversity index; HE, the expected proportion of heterozygous loci; NE, the number of 
effective alleles; PN, the proportion of non-informative alleles; CV, allele coverage. The most feasible 
K value represents the number of groups inferred by ADMIXTURE in each core collection. 

Core 
Collection 

Size (n) MR MRmin CE CEmin SH HE NE PN CV The Most Feasible 
K Value 

Core 0.200 44 0.3819 0.2818 0.3945 0.2962 11.9985 0.2515 1.3855 0.0013 0.9987 1 
Core 0.300 66 0.3806 0.1186 0.3931 0.1257 11.9992 0.2513 1.3839 0.0002 0.9999 1 
Core 0.400 88 0.3796 0.1138 0.3921 0.1203 12.0002 0.2517 1.3845 0.0000 1.0000 2 
Core 0.500 110 0.3790 0.1138 0.3915 0.1203 12.0001 0.2513 1.3833 0.0000 1.0000 2 
Core 0.600 132 0.3784 0.0995 0.3909 0.1058 12.0002 0.2513 1.3829 0.0000 1.0000 3 
Core 0.625 138 0.3789 0.0995 0.3914 0.1058 12.0010 0.2518 1.3839 0.0000 1.0000 3 
Core 0.650 143 0.3788 0.0995 0.3913 0.1058 12.0009 0.2518 1.3837 0.0000 1.0000 4 
Core 0.675 149 0.3787 0.0995 0.3912 0.1058 12.0008 0.2516 1.3833 0.0000 1.0000 4 
Core 0.700 154 0.3780 0.1083 0.3904 0.1149 11.9999 0.2510 1.3820 0.0000 1.0000 4 
Core 0.800 176 0.3774 0.0995 0.3898 0.1058 11.9995 0.2505 1.3811 0.0000 1.0000 4 
Core 0.900 198 0.3771 0.0995 0.3894 0.1058 11.9989 0.2500 1.3801 0.0000 1.0000 4 

Entire 
collection 221 0.3760 0.0995 0.3883 0.1058 11.9982 0.2495 1.3791 0.0000 1.0000 4 

Figure 3. Population structure analysis of the Chinese fir breeding population (221 genotypes) by
ADMIXTURE program using genome-wide SNP markers (n = 108,753). (A) Groups identified in the
structure analysis by a predefined K (group number) from 1 to 10. The genotypes represented by vertical
bars along the horizontal axis were grouped into K color blocks. (B) The estimated cross-validation
errors for different grouping results (K value). The most possible K value is indicated with a red arrow.

Table 4. Parameter measurements for different core collection of the Chinese fir breeding population
using genome-wide SNP markers (n = 108,753). MR, mean Modified Rogers distance; MRmin, minimum
MR distance; CE, Cavalli-Sforza and Edwards distances; CEmin, minimum CE distance; SH, Shannon’s
diversity index; HE, the expected proportion of heterozygous loci; NE, the number of effective alleles;
PN, the proportion of non-informative alleles; CV, allele coverage. The most feasible K value represents
the number of groups inferred by ADMIXTURE in each core collection.

Core Collection Size (n) MR MRmin CE CEmin SH HE NE PN CV The Most Feasible K Value

Core 0.200 44 0.3819 0.2818 0.3945 0.2962 11.9985 0.2515 1.3855 0.0013 0.9987 1
Core 0.300 66 0.3806 0.1186 0.3931 0.1257 11.9992 0.2513 1.3839 0.0002 0.9999 1
Core 0.400 88 0.3796 0.1138 0.3921 0.1203 12.0002 0.2517 1.3845 0.0000 1.0000 2
Core 0.500 110 0.3790 0.1138 0.3915 0.1203 12.0001 0.2513 1.3833 0.0000 1.0000 2
Core 0.600 132 0.3784 0.0995 0.3909 0.1058 12.0002 0.2513 1.3829 0.0000 1.0000 3
Core 0.625 138 0.3789 0.0995 0.3914 0.1058 12.0010 0.2518 1.3839 0.0000 1.0000 3
Core 0.650 143 0.3788 0.0995 0.3913 0.1058 12.0009 0.2518 1.3837 0.0000 1.0000 4
Core 0.675 149 0.3787 0.0995 0.3912 0.1058 12.0008 0.2516 1.3833 0.0000 1.0000 4
Core 0.700 154 0.3780 0.1083 0.3904 0.1149 11.9999 0.2510 1.3820 0.0000 1.0000 4
Core 0.800 176 0.3774 0.0995 0.3898 0.1058 11.9995 0.2505 1.3811 0.0000 1.0000 4
Core 0.900 198 0.3771 0.0995 0.3894 0.1058 11.9989 0.2500 1.3801 0.0000 1.0000 4

Entire collection 221 0.3760 0.0995 0.3883 0.1058 11.9982 0.2495 1.3791 0.0000 1.0000 4
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3.4. Core Collection Development

To optimize the management and utilization of the genotypes we applied the above SNP panel
(108,753 SNPs) to develop a core collection representing the whole of the Chinese fir breeding population
with maximum diversity and minimum redundancy. Genetic parameters were calculated for each
pruning (10.00% interval) set and it was observed that core 0.400 (n = 88)–core 0.900 (n = 198) consistently
had 100.00% allele coverage (CV) on the entire collection and retained all the diversity (Table 4). When
referring to population structure, only core 0.7000 (n = 154)–core 0.900 (n = 198) displayed a parallel
structure (K = 4) to the whole. Further pruning (2.50% interval) revealed that core 0.650 (n = 143) is the
most possible core collection maintaining all the allele, diversity, and specific genetic structure of our
breeding population (Table 4 and Figure 2B). Notably, this core contained a genetic component from all
the sub-origin sets of the whole population (Figure 5A,B). Members of this core are also representative
of genotypes with different useful traits in our breeding population (data not shown). The comparison
of principal coordinate analysis results between the defined core (core 0.650) and the entire collection
further demonstrated that the present core collection is highly representative of the whole population
(Figure 5C).
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histogram). (C) Principal coordinates analysis of the Chinese fir entire collection and optimal core
collection based on genome-wide SNP markers (n = 108,753).

4. Discussion

Early studies largely depended on re-sequencing specific candidate genes for SNP discovery and
utilization, but rapid progress of HTS technologies has made SNP mining more accessible than ever
before, even at a genome-wide scale. With HTS, several economically and ecologically important
conifer tree species including Norway spruce (Picea abies (L.) Karst.) [33], white spruce (P. glauca
(Moench) Voss) [34], loblolly pine (Pinus taeda L.) [35,36], sugar pine (P. lambertiana Dougl.) [37],
Douglas-fir (Pseudotsuga menziesii var. menziesii (Mirb.) Franco) [38], and Siberian larch (Larix sibirica
Ledeb) [39] have had their giga-genomes sequenced. These genome sequences offer an opportunity to
identify millions of qualified SNPs through resequencing projects, and recently this has been initiated
in loblolly pine by resequencing 10 different individual genomes [40]. However, it was still hard to
implement resequencing projects for most of the conifers because of the lack of whole genome reference
sequences. Moreover, resequencing numerous conifer individuals with large and complex genomes
for population studies is still rather cost prohibitive and challenging. Herein, for an alternative,
we employed an HTS-based reduced representation method (SLAF-seq, an improved GBS technique) to
obtain genome-wide SNPs. A qualified SNP resource (108,753 SNPs) was developed, and its usefulness
was demonstrated by further genetic analysis results. Compared to the whole-genome resequencing
approach, the SLAF-seq may not be the ideal method for population genetic and genomic studies,
but it provided a rapid and affordable way to produce genome-wide SNPs making us able to decipher
the genetic architecture of the breeding population of non-model conifers (e.g., Chinese fir).
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In comparison to a previous EcoR V-based SLAF-seq experiment on Chinese fir, we captured
more SNPs (Total SNPs, 1,396,279 vs. 147,376; high-qualified SNPs, 108,753 vs. 48,406) herein [18].
This may be due to an increased samples size (221 vs. 18) while using a double digest strategy (EcoR V
and Sca I) that produced more reads allowing more variant estimation. However, notwithstanding
their differences, we consistently found that the Chinese fir genome tended to have more transition
substitutions than transversions on SNPs. This observation could be explained as transition bias [41].
Transition bias seems to be a common phenomenon in molecular evolution but is rarely mentioned
with conifers. Based on RAD-seq and RNA-seq, Karam et al. [13] unraveled a significant SNP transition
bias in conifer Cedrus atlantica with a Ts:Tv ratio of 1.52 and 1.60 respectively; while, for Cryptomeria
japonica, the Ts:Tv was presented as 2.56 and 1.59 respectively [17]. In this report, as inferred by
the genome-wide SNPs data, the estimated Ts:Tv ratio appeared to be high (3.15), reflecting a more
profound transition bias in Chinese fir.

Knowledge on population diversity and structure is of fundamental importance for conifer
breeding programs. Normal passport (geography and/or pedigree) and phenotype data, traditionally
used for the assessment of genetic architecture of the population, has been recently paralleled by
the use of molecular markers [7]. This is because the molecular markers allowed researchers to
distinguish closely related samples and give more precise variation information among genotypes.
In this investigation, the high-density SNP panel (108,753 SNPs) facilitated us to gain insight into the
genetic base of the Chinese fir breeding population for its genetic variation, relationship and diversity
and population structure status. Overall, the present advanced breeding population appeared to
have considerable genetic variability. Most (94.15%) of the variability was attributed to the genetic
differentiation of genotypes, very limited (5.85%) variation occurred on the population (sub-origin
set) level. Correspondingly, low FST (0.0285–0.0990) values were seen for the sub-origin sets. These
results agreed with the argument that outcrossing woody plants displayed profound diversity but
with less genetic differentiation among populations [42]. Taking the FST values into account we further
found that the advanced breeding scheme blurred the genetic stratification of the sub-origin sets with
generations, as shown by Guangdong 1st–2nd germplasms (FST = 0.0305) and 2nd–3rd germplasm
(FST = 0.0285). This is in accordance with the fact that the 2nd germplasms inherit a large set of genetic
component of the first germplasms (Guangdong 1st) and the case was the same for 3rd germplasms
with 2nd germplasms. When viewing the genetic structure of the population regardless of its sub-origin
set feature, the present SNP data opened a new population picture where the advanced Chinese fir
breeding population could be divided into four genetic sets, as shown by the phylogenetic tree and
population structure analysis result, albeit with some difference in membership of the corresponding
set (cluster vs. group) (Figure 4). It also suggested that all the genetic sets were admixed clades
revealing a complex relationship of the genotypes of this population. These results certainly help us to
clarify the relationships of the genotypes at the molecular level and permit us to make a more precise
crossing design regarding their genetic distance.

Constructing core collections to represent the genetic spectrum of the whole population with
maximum diversity and minimum redundancy appears to be an attractive choice for tree breeders and
basic science researchers because a large-size collection can thereby be handled more efficiently and
effectively for conservation and breeding purposes and other research objectives [43–46]. Many efforts
have been invested in constructing core collections from fruit trees, such as grape (Vitis vinifera L. subsp.
Sativa) [47], olive (Olea europaea L.) [48], apple (Malus × domestica Borkh) [49], and pear (Pyrus communis
L.) [50]. While very few studies have been carried out to construct a representative core collection for
forest species particularly the conifers. Using geographic and SSR-based genetic data, Miyamoto et
al. [51] successfully identified a representative core collection with 539 individuals from 3203 plus
trees in C. japonica, a dominant conifer in Japan. Recently, Duan et al. [44] combined SSR-based
genetic information with phenotypic descriptors to establish a Chinese fir core collection prior to
genome-wide association studies. In this work, core collections were built based on high-throughput
SNP data. The identified core collection defined as core 0.650 with 143 genotypes represented well
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the genetic variability of our breeding population containing all the allele, diversity, genetic structure,
and reprehensive components. However, the sampling percentage (~65.00%) is much higher than the
popular view (≤30.00%). Wang et al. [52] argued that there did not exist a perfect ratio or fixed size for
all core collections, and different plant or different constructing goals required a different sampling
percentage. The present sampling percentage was also acceptable because it ensured 100.00% variation
and equal population structure to the entire collection when the core was established. Such occupation
also reflected a low genetic redundancy within our breeding population. It should be mentioned that
core 0.650 can serve as a generalist core collection valuable for the Chinese fir advanced breeding
program and further genetic/genomic studies. On considering the operational breeding scheme,
clear goals and strictly objective criteria are required. Furthermore, additional phenotypic information
and expert knowledge (popularity, prestige, role in breeding history, or presence of phenotypic features
of interest) have to be taken into account [50]. In this sense, the generalist core collection (core 0.650)
can evolve into sets towards different breeding purposes with Chinese fir.

5. Conclusions

The present work concentrated on the development and application of high-density SNP markers
in Chinese fir. Using an HTS-based reduced representation method (SLAF-seq), we successfully
established a high-density SNP panel consisting of 108,753 genomic SNPs from Chinese fir. This SNP
panel permitted us to gain insight into the genetic diversity, population structure, and core collection
of the Chinese fir advanced breeding population and contributed to our knowledge about the genetic
basis of this population at the molecular level. The obtained results will certainly help us to promote
the advanced breeding program of Chinese fir in the near further.
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