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Abstract: Compared to angiosperms, conifers represent more complex genomes with larger giga-genome
size. To detect large-scale single nucleotide polymorphisms (SNPs), whole genome sequencing of a coni-
fer population is still unaffordable. In this work, we report the use of DNA specific-locus amplified frag-
ment sequencing (SLAF-seq) for large-scale SNP detection in Chinese fir (Cunninghamia lanceolata (Lamb.)
Hook), an ecological and economic important conifer in China. SLAF libraries of 18 parent clones of a
Chinese fir 2.5 generation seed orchard were sequenced and a total of 117,924 SLAFs were developed. We
detected 147,376 SNPs from these SLAFs; 146,231 of them represented simple nucleotide change in A/G,
C/T, A/C, A/T, C/G or G/T. The most frequent SNPs occurred in C/T (34.3%), while the majority of SNPs
(68.2%) belonged to transition events (A/G and C/T). Notably, all the sequenced samples had high portion
(78.2-80.9%) of common SNPs indicating that the Chinese fir genomes tended to change its nucleotides
at common loci. 48,406 informative SNPs were then successfully utilized to genotype the tested samples
(n = 18) followed by a phylogenetic tree to clarify their genetic relationship. Furthermore, a set of very
high linkage disequilibrium (0.51-1.00) were identified from these informative SNPs. In brief, our work
demonstrated that SLAF-seq is an alternative and cost-effectively high-throughput approach for large-scale
SNP exploitation in Chinese fir. While the obtained SNPs offer useful marker resource for further genetic
and genomic studies and will be helpful for Chinese fir breeding programs.
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Introduction tensively used for plant genetic and genomic studies

and the breeding programs. Owing to rapid devel-

Single nucleotide polymorphism (SNP) is the opment of high-throughput sequencing technologies
most abundant form of variation within a species at  (e.g. next generation sequencing, NGS) and sophisti-
DNA level (Mammadov et al., 2012). It has been ex-  cated computational methods, genome-wide mining
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of SNPs currently seems to be more accessible than
ever before, especially for the angiosperms with sim-
ple genomes that could be decoded by whole genome
sequencing (WGS) (Mammadov et al., 2012; Kumar
et al.,, 2012; He et al,, 2014). In contrast to angio-
sperms, conifers represent more complex genomes
that have genome sizes ranging from 18 Gbp to over
35 Gbp and accumulate very long introns and termi-
nal repeat retrotransposons (Murray et al., 2012; Pru-
nier et al., 2016). With NGS, several ecological and
economic important conifers, such as Norway spruce
(Picea abies (L.) Karst.) (Nystedt et al., 2013), white
spruce (P. glauca (Moench) Voss) (Birol et al., 2013)
and loblolly pine (Pinus taeda L.) (Neale et al., 2014),
have been sequenced for their giga-genomes. How-
ever, whole genome sequencing of a conifer popula-
tion is still unaffordable because of its dramatic cost
and analytical effort (Du et al., 2012; De La Torre et
al., 2014). Thus, alternative strategies for large-scale
SNP detection in conifer are highly required.
Restriction site associated DNA sequencing
(RAD-seq) represents a feasible and flexible strate-
gy for population SNP detection in plants (Miller et
al.,, 2007; Du et al., 2012; Sun et al., 2015). Quite
simply, the genome’s complexity could be reduced by
a represented reduced representation library (RRL)
that enriched numbers of RAD loci (or restriction
enzyme-based specific genomic fragments); in-par-
allel RRL sequencing of sample DNAs allowed ge-
nome-wide SNP detection for researchers. Recently,
an enhanced version of RAD-seq called as specif-
ic-locus amplified fragment sequencing (SLAF-seq)
was suggested by Sun et al. (2013). This version has
several attractive features: (1) no requirement of the
reference genome sequences, (2) pre-designed RRL
schemes avoiding large set of repetitive sequences,
(3) double barcode system couple with NGS tech-
nique amenable for high-throughput and accurate
SNP detection in large populations, and (4) cost-ef-
fective for researchers. Application of SLAF-seq for
de novo SNP discovery, genotyping and mapping has
been demonstrated in a variety of plant species in-
cluding rice (Oryza Sativa L.) (Xu et al., 2015), soy-
bean (Glycine max (L.) Merr.) (Han et al., 2015), mei
(Prunus mume Sieb. et Zucc) (Zhang et al., 2015), tree
peony (Paeonia Sect. Moutan) (Cai et al., 2015), and
tea plant (Camellia sinensis) (Ma et al., 2015).
Chinese fir (Cunninghamia lanceolata (Lamb.) Hook,
2n = 2x = 22 chromosomes) is the most important
conifer in southern China due to its great afforesta-
tion values in timbers and ecological contributions
(Zheng et al., 2015). Its estimated genome size was
approximately 26.9 Gbp (Murray et al., 2012), close
to 200%, 53x and 12X the genomes of Arabidopsis,
Populus and Zea mays L., respectively. Similar to some
advanced tree breeding programs, improvement of
Chinese fir recently tends to utilize DNA marker to

decipher genetic polymorphisms aiming to improve
the accuracy of selection and to shorten the breeding
cycles. The applied marker systems included RAPD
(random amplified polymorphic DNA), AFLP (am-
plified fragment length polymorphism), ISSR (inter
simple sequence repeat), SSR (simple sequence re-
peat) and SRAP (sequence-related amplified poly-
morphism) (Zheng et al., 2015), and they were con-
sistent PCR-based and medium-throughput methods
(Mammadov et al., 2012). To capture more variation,
high-throughput genome-wide SNP detection in
Chinese fir is required. In this work, we aim to: (1)
test the efficacy and efficiency of SLAF-seq for SNP
detection in Chinese fir, (2) utilize the high-through-
put SNP genotyping to elucidate the genetic distance
and relationship of 18 Chinese fir parent clones in
a commercial 2.5 generation seed orchard, and (3)
unravel notable SNP linkage disequilibrium in this
species.

Materials and methods

The study was carried out with 18 parent clones
(SPO1-SP18) of a Chinese fir 2.5 generation seed or-
chard in Lechang, Guangdong, China. The parents
included seven from Guangdong (hybrids from local
breeding program: SP02, SP04, SP05, SP08, SP15,
SP16 and SP18), seven from Guangxi (SPO1, SP03,
SP07, SP09, SP10, SP11, SP14), two from Fujian
(SP12 and SP13), one from Hunan (hybrid: SP06) and
one from Guizhou (SP17). These clones represented
different genotypes that had no pedigree relationship
with each other, except for SPO1 with SP09 and SP02
with SP14. They were selected for both gain and di-
versity in a Second-Cycle Chinese fir Breeding Pro-
gram of Guangdong with following criteria: (1) the
offspring should have a positive realized gain (>5%)
in height, diameter and stem volume compared to
that of the first generation seed orchard, (2) medi-
um to high numbers of male and female strobili, (3)
flowering synchronization of male and female strobi-
li, and (4) different origin as far as possible.

Total genomic DNA was extracted from each
clone leaves with a DNAsecure Plant Kit (TTANGEN,
Beijing, China), and evaluated by agarose gel elec-
trophoresis and spectrophotometric analysis. The
qualified DNA was then subjected to the specific-lo-
cus amplified fragment sequencing (SLAF-seq) as
described by Sun et al. (2013) with some modifica-
tions: (1) restriction enzyme and sizes prediction us-
ing P. abies genomic sequence (http://congenie.org/)
as training data, and this was because P. abies repre-
sented a high-coverage draft genome assembly that
could be used as a reference in conifer, (2) SLAF li-
brary construction targeted to EcoR V (5'-GAT/ATC-
3") specific loci, (3) pair-end sequencing (2x80bp)
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of the 314-344 bp SLAF fragments using Illumina
High-seq™ 2500 system (Illumina, San Diego, CA,
USA), and (4) read depth > 10x.

SLAF-seq reads were grouped and genotyped us-
ing the methods as described by Sun et al. (2013).
In brief, pair-end reads with clear index information
and over 90% identity were grouped together and
defined as a SLAE Single nucleotide polymorphisms
were identified by population (n = 18) SLAF align-
ing using BLAST-like alignment tool (BLAT) (Kent
2002). The BLAT was also used to analyze the se-
quence similarity of the SLAFs to current known
Chinese fir mRNA/genomic DNA sequence in NCBI
(http://www.ncbi.nlm.nih.gov/). SNP-based genetic
distance analyses were performed with a Maximum
Composite Likelihood model (Tamura et al., 2004).
All ambiguous positions were removed for each se-
quence pair. There were a total of 48,406 positions
(SNPs) in the final dataset. Phylogenetic tree con-
struction was conducted in MEGA5 (Tamura et al.,
2011). Linkage disequilibrium analyses between
SNPs were carried out using Haploview 4.2 (Barrett
et al., 2005) with an r? cutoff of 0.10.

Results and discussion

To improve SLAF-seq efficiency, we utilized coni-
fer P abies genomic sequence as a training data to
predict appropriate restriction enzyme suitable for
RRL construction in Chinese fir. During this process
three criteria were considered (Sun et al., 2013): (1)
the number of SLAFs must be more than 50,000
which could satisfy basis genetic analysis needs, (2)
genome-wide distribution of SLAFs, and (3) avoid-
ing repeated sequences as much as possible. Briefly,
this pre-design experiment in silico simulated a series

Table 1. Paired-end SLAF-seq statistics in this study

Feature Value
Number of reads 23,760,000
Average Q30 percentage 94.1%
Average GC percentage 37.0%
Total number of SLAFs 117,924
Average depth 13.85
Number of polymorphic SLAFs 58,437
Number of no polymorphic SLAFs 56,754
Number of SLAFs with repeats 2,733
Number of SNPs (MAF>0.05) 147,376

Transition

A/G 49,588 (33.9%)
C/T 50,106 (34.3%)
Transversion

A/C 19,083 (13.0%)
A/T 6,351 (4.3%)
C/G 6,655 (4.6%)
G/T 14,448 (9.9%)

of digestion assays, providing a reference number
and size of the restriction fragments generated from
different endonucleases, and therefore being useful
for endonuclease selection regarding the above crite-
ria. According to in silico analysis result EcoR V was
thought to be suitable for genome digestion during
SLAF preparation in Chinese fir. The tested DNA
samples (n = 18; SP01-SP18) were then subjected
to the EcoR V-specific SLAF-seq assays. In parallel
sequencing indicated that at least 23.76M high-qual-
ity reads (each read approximately 80-bp in length;
average read depth 13.85x) could be obtained from
the present 18-plex libraries with a high-quality bas-
es ratio (Q30) ranging from 92.6 to 95.0% (mean =
94.1%) (Table 1). The GC (guanine-cytosine) content
of the reads was about 37.0%, similar to that prevail-
ing in Norway spruce (37.9%) (Nystedt et al., 2013)
and loblolly pine (38.2%) (Neale et al., 2014), and
seemed to be higher than that (35.0%) for chloro-
plast (Zhu et al., 2016). Based on these genome-wide
reads, a total of 117,924 SLAFs were developed;
49.6% of them (58,437) present genetic variations
(single nucleotide polymorphism (SNP) and inser-
tion-deletions). Merely 2.3% of the SLAFs (2,733)
harbored repeat sequences. In general, conifer ge-
nomes comprised large amount of repeat sequenc-
es (approximately 58.0%) (Prunier et al., 2016). In
these repeat regions, the proportion of false discov-
ery and false negative SNPs would be rather high (Du
et al., 2012). Exclusion of repeat sequence as much
as possible definitely promotes the SNP discovery ac-
curacy in Chinese fir.

The SLAFs were then subjected to a BLAT query
against known Chinese fir mRNA/genomic DNA se-
quence in NCBI (http://www.ncbi.nlm.nih.gov/) (up
to Dec 31, 2015; supplementary table). 3,579 hits
were observed, covering 2.4% of the SLAFs (2,879)
corresponding to 604 mRNAs/unigenes, 6 microsat-
ellite and 4 SRAP markers respectively. 381 SLAFs
may be misleading as they had more than one target
hits. Of the matching SLAFs, 1,282 harbored SNPs,
representing the polymorphic SLAFs with annota-
tions; notably, some of them targeted to the wood
quality associated sequence, e.g. expansin-like pro-
tein mRNA, SRAP marker Me19/Em22-557, Mel0/
Em20-1629 and Me2/Em26-469. However, most of
the SLAFs (97.6%) targeted to unknown genome re-
gions and remained elusive.

Here, we concentrated on the single nucleotide
variations and collectively, detected 147,376 SNPs
in the tested samples (n = 18). Out Of these SNPs,
146,231 represented simple nucleotide change in
A/G, C/T, A/C, A/T, C/G or G/T; 68.2% of these
(99,694) were transitions (A/G and C/T), while the
other (46,537) were transversions (A/C, A/T, C/G
and G/T). The most frequent SNPs occurred in C/T
(34.3%) and A/T change represented the least type
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SNPs

Fig. 1. Composition of SNP types in 18 Chinese fir parent
clones. SNPs were grouped into three categories: rare
SNPs found in less than 6 clones (in grey), medium fre-
quency SNPs found in between 7-12 clones (in white)
and common SNPs (in black) found in more than 12
clones

of variations (4.3%). Overall, the transition:transver-
sion ratio (Ts/Tv) was 2.14, agreeing with common
observations that nucleotide transitions are favored
several-fold over transversions in molecular evolu-
tion (Stoltzfus & Norris, 2015). According to the
population (n = 18) SNP frequencies, we grouped
SNPs into three categories: rare SNPs (found in less
than 6 clones), medium frequency SNPs (found in
between 7-12 clones), and common SNPs (found
in more than 12 clones). As shown in Fig. 1, all the
clones have high portion (78.2-80.9%) of common
SNPs indicating that the Chinese fir genomes tend-
ed to change its nucleotides at common loci; mere-
ly 2.6-4.1% and 16.0-18.5% of the SNPs were rare
and medium frequency SNPs respectively. Kim and
Tai (2013) also employed a RRL sequencing method
(RESCAN) to simultaneously identify and genotype
SNPs in rice, but observed a limited common SNPs
ratio (approximately 4.5-35.0%) in cultivar (n = 45).

A

Pairwise clone comparisions (n)

0-0.110
0.111-0.130
0.131-0.150
0.151-0.170
0.171-0.190
0.191-0.210

MEGA genetic distance values

A set of informative SNPs (n = 48,406) were then
used to estimate the genetic distance and relation-
ship of the present 18 Chinese fir parent clone (Fig.
2). The results indicated that the genetic distance
varied from 0.006 (SP01:SP09) to 0.210 (SP01:SP03)
with an overall average distance of 0.180. 58.8% of
the pairs of clones fell the genetic distance between
0.171 and 0.190, while only three comparisons
(SP01:SPQ9, SP02:SP14, and SP02:SP08) present the
values lower than 0.110. The extremely close kin-
ship of SPO1with SP09 (0.006), and SP02 with SP14
(0.007) furthered our understanding of relationship
of the clones in addition to their traditional ped-
igree relationship. It should be bared in mind that
the range of the genetic distances of tested clones
seemed to be rather narrow (0.006-0.210), and this
was not expected because these clones were carefully
selected not only for their gains but also their diver-
sity in origins (different geographical genetic origins
from southern China). Genome-wide SNP-based
dendrogram analysis definitely provided an efficient
and accuracy tool to address the genetic relationship
of the germplasms and it will help us to select more
divergent parents to improve the diversity of the
seed orchard, as well as to better protect and man-
age them in the future. For conifer SNP genotyping,
whole genome sequencing remained unattainable,
but flexible methods such as population RNA-seq,
EST re-sequencing approach and specific SNP array
seemed to be rather feasible (Uchiyama et al., 2012;
Howe et al., 2013; Liu et al., 2014; Plomion et al.,
2014; Heer et al., 2016). In this study, we demon-
strated that SLAF-seq is also an efficient method for
the population SNP genotyping in conifer (Chinese
fir).

B SP06 SP07 SP10

SP04

SP08

SP03

Fig. 2. Phylogenetic analysis of the 18 Chinese fir parent clones (SP01-SP18) based on 48,406 informative SNPs from
SLAF-seq. (A) Distribution of pairwise MEGA genetic values for the parent clones; (B) Neighbor-joining tree showing
genetic relationships among the parent clones based on MEGA genetic distance
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Fig. 3. Distribution of different level of linkage disequilib-
rium (r?) calculated by pairwise comparison of 48,406
single nucleotide polymorphisms (SNPs) in Chinese fir.
Only pairwise SNP comparisons with r*> 0.10 are in-
cluded

In the next step, we aimed to track the possible
SNP linkage disequilibrium (LD) in Chinese fir. A
collection of 36,547,629 pairwise comparisons with
relatively high LD (r*> 0.10) were found among the
above mentioned 48,406 SNPs (Fig. 3). Majority of
the LD estimates (92.6%) presented a r? lower than
0.50 (0.10-0.50); only 7.4% (2,703,496) displayed
very high LD (0.51-1.00). In terms of other coni-
fer mean r? values (gene-based SNP pairwise com-
parisons) ranging from 0.19 (white spruce) to 0.38
(Douglas-fir (Pseudotsuga menziesii)) (Pavy et al.,
2012), 13.9% of the Chinese fir SNP LD showed sub-
stantial and above value (r*: 0.41-1.00). Although
their genetic distances are still unknown, SNP loci
with high LD may locate on the same chromosome
(Liu et al., 2014).

Conclusions

The results obtained by SLAF-seq analysis of the
collection (n = 18) of Chinese fir parent clones in
this study suggested that (1) SLAF-seq is an alter-
native and cost-effectively high-throughput approach
for large-scale SNP exploitation in conifer (Chinese
fir), and (2) at least of 147,376 SNPs could be de-
tected from the EcoR V-based DNA SLAF-seq, offer-
ing useful marker resource for further genetic and
genomic studies (e.g. genotyping, genetic diversity
analysis, population structure characterization and
association study). Notably, the identified LD value
allowed us to better understand the SNP LD patterns
of Chinese fir, and will be helpful for further breeding
programs.
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