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Abstract: Masson pine (Pinus massoniana) is an important species for resin tapping in China. Molecular as-
sisted selection (MAS) has been gradually introduced in to the selection and breeding of masson pine. Until 
now, the lack of connection between genome information and phenotypic data has hindered the breeding 
and selection of important chemical compounds of xylem resin.
In this study, gas chromatography mass spectrometer (GC-MS) was employed for qualitative and quanti-
tative analysis of chemical compounds of resin collected from 69 masson pine germplasm resources. Then, 
genome-wide association study (GWAS) was conducted for the terpenoids with higher heritability.
A total of 15 primary compounds, including six diterpenes and nine monoterpenes/sesquiterpenes, were 
detected from xylem resin. By using five GWAS methods, 42 associated SNPs were identified from these 
masson pines. The P. taeda genome database was used for detecting candidate genes related to the asso-
ciated SNPs. By using transcriptome data, several members of PKc_like super family, Cytochrome P450, 
AP2-ERF, F-box, and ABC transporter were found to be highly expressed in the masson pines with higher 
resin-yielding capacity.
The terpenoids associated SNPs can be directly used for MAS. These candidate genes, especially the two 
F-box members, will contribute to the study of terpenoid biosynthesis mechanisms in the future.
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Introduction

Oleoresin is a natural product that is stored in var-
ious plant tissues or organs, including stems, roots, 
needles, and cones, in conifer species (Trapp & Cro-
teau, 2001). Resin is naturally formed in response 
to insect and fungal pathogen invasion (Karanikas et 
al., 2010). The resin of coniferous trees is composed 

of turpentines (a mixture of monoterpenes and ses-
quiterpenes) and rosin (diterpene resin acids). In ad-
dition to the role in the natural defensing mechanism 
against pathogen invasion, terpenoids from resin are 
a renewable resources for industrial bioproducts, 
including solvents, flavors, coatings, adhesives, and 
inks (Bohlmann, 2011; Zerbe et al., 2012; Hall et al., 
2013).
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In China, masson pine (Pinus massoniana) is the 
most economically significant native resin producer 
(Wang et al., 2006). This species is distributed in 
dozens of provinces in southern China, which give 
rise to the high genetic diversity (Peng et al., 2003; 
Zhang et al., 2010). Some studies reported the qual-
itative and quantitative compositions of oleoresin in 
southern China, the highest concentration among 
the compounds in turpentine was α-pinene; palustric 
acid was the most concentrated compound in res-
in acid (An & Ding, 2012; Liu et al., 2016). Among 
the numerous kinds of terpenoids, several composi-
tions, including pimaric acid, neoabietic acid, cam-
phene, dipentene, and caryophyllene, were reported 
with high heritability (Liu et al., 2016). Moreover, 
the contents of chemical compounds showed diverse 
distributions among lines and families in the same 
tree species (Sjodin et al., 2000; Rezzi et al., 2005).

Due to the genetic stability of the chemical com-
ponents of rosin, some terpenoids can also be used 
as phytochemical markers (Manninen et al., 2002). 
The terpenoids usually have different functions in 
various aspects, for example, α-pinene can be used 
as an insecticide; β-pinene can be used as an alterna-
tive biofuel as compared to limited natural resources 
(Peralta-Yahya et al., 2012). The quality of oleores-
in is depended on the contents of different chemical 
compounds. Therefore, when certain components are 
required, the families which are abundant in those 
components should be selected and bred. Genetics is 
used to dissect phenotypes into their genetic compo-
nents (Stinchcombe & Hoekstra, 2008; Eckert et al., 
2012). And genetic studies have been conducted in 
many forestry species (Neale, 2007; Neale & Ingvars-
son, 2008; Neale & Kremer, 2011). Genome-wide 
association studies (GWAS) can provide favorable 
DNA loci for different phenotypes, especially in 
those complex quantitative traits (Bartholome et al., 
2017). Association analysis was conducted in loblolly 
pine to identify the favorable SNPs with metabolites 
(Eckert et al., 2012). Terpenoids also belong to the 
secondary metabolite. Therefore, GWAS of chemical 
compounds may also be feasible to provide us useful 
knowledge for masson pine.

Several reports on masson pine have focused on 
genetic relationships using random amplified pol-
ymorphic DNA (RAPD), sequence-related ampli-
fied polymorphism (SRAP), simple sequence repeat 
(SSR), and inter simple sequence repeat (ISSR) DNA 
markers; however, these were limited in scale (Peng 
et al., 2003; Zhang et al., 2010; Zhang et al., 2013; 
Bai et al., 2014; Chen et al., 2014; Feng et al., 2014). 
Conifer trees usually have large-scale genomes, 
whole-genome sequences are only available for a few 
conifer species (Neale et al., 2014). Next-generation 
sequencing (NGS) and the rapid advancement of DNA 
sequencing platforms have enabled the development 

of large-scale DNA markers in large populations of 
nonmodel species, which typically have very large 
genomes (Andolfatto et al., 2011; Pavy et al., 2017; 
Liu et al., 2019). Specific-locus amplified fragment se-
quencing (SLAF-seq) is one of the advanced technolo-
gies that has increased the capacity for SNP discovery 
and genotyping at a large scale (Sun et al., 2013). By 
using SLAF-seq, we developed a large number of SNP 
markers and understood the population structure and 
genetic relationships of the conserved masson pine 
germplasm resources (Bai et al., 2019).

Until now, the lack of relationship between genet-
ic information and chemical components lags behind 
the development of the resin industry. Germplasm re-
sources with abundant genetic diversity are essential 
to the breeding work. Hence, the discovery of favora-
ble molecular markers with chemical components 
is necessary to the marker-assisted selection (MAS) 
and collection of germplasm resources. In this study, 
qualitative and quantitative analyses of the chemical 
compounds in the xylem resin of 69 masson pines 
were carried out using gas chromatography mass 
spectrometry (GC-MS). The SNPs developed in our 
previous study were used for the favorable loci dis-
covery of chemical compounds with high heritabili-
ty using various GWAS methods (Bai et al., 2019). 
Several candidate genes were detected relating to the 
content of those chemical compounds. These favora-
ble SNPs would benefit the selection and improve-
ment of specific chemical compounds in masson 
pine. In addition, the candidate genes would provide 
us knowledge to better understand the mechanism of 
terpenoid biosynthesis.

Materials and Methods
Resin collection and chemical 
component analysis

A total of 69 masson pine germplasm resources 
were used for the collection of xylem resin (Table 
S1). Resin tapping was carried out using the narrow 
face system as described by Coppen and Hone (Cop-
pen & Hone, 1995). The resin from each accession 
was collected by removing a sliver of wood from the 
stem without the application of chemical stimulants. 
GC-MS analysis was used to perform qualitative and 
quantitative analyses of the terpenoids in the col-
lected resin according to the method described for 
P. halepensis (Karanikas et al., 2010). Turpentine and 
rosin were dissolved in methanol. Isobutylbenzene 
and heptadecanoic acid were used as the internal 
standards to quantify the contents of terpenoids in 
turpentine and rosin, respectively. For the process 
of gas chromatography (GC), the program of oven 
temperature was 60  °C for 2 min, increasing 2  °C/
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min to 80 °C, subsequent increase rate of 4 °C/min 
until 280 °C. Helium was used as the carrier gas at 
a 1 mL/min flowing rate, the injector temperature 
was set up at 260 °C. The injection volume was 1 μL 
with a split ratio of 1:50. Electron ionization mass 
spectrometry (EI-MS): the electron energy was 70 
eV. Ion source was 230 °C, and the connection part 
temperature was 280 °C. Chemical components were 
identified by comparing the experimental retention 
indices (RI) with those of reference compounds run 
under identical conditions and by matching the frag-
mentation of mass spectra with the libraries NIST98, 
Wiley 275, and CNRS. The quantitative measure-
ments were carried out under the same working con-
ditions by connecting to a FID detector. Percentage 
of the total amount of components was served as the 
content of each chemical component. Pearson’s cor-
relation coefficients (r2) were calculated to identify 
relationships among the different terpenoids. Statis-
tical analysis was carried out using SPSS 13.0 (SPSS 
Inc., Chicago, USA).

Genome-wide association study

SLAF-seq technology was used to develop SNPs, 
and a total of 476,264 SNPs with MAF ≥ 0.05 were 
identified from 69 masson pine accessions (Bai et al., 
2019). A phylogenetic tree was constructed based on 
Nei’s distance calculated by all the developed SNPs 
using neighbor-joining method in MEGA 6.0 (Ta-
mura et al., 2013). Principal Component Analysis 
(PCA) was conducted for all the samples using Clus-
ter software (de Hoon et al., 2004). The GWAS was 
performed using five methods, including EMMAX 
(Zhou & Stephens, 2012), FaST-LMM (Lippert et al., 
2011), mrMLM (Wang et al., 2016), FASTmrEMMA 
(Wen et al., 2018), and ISIS EM-BLASSO (Tamba et 

al., 2017). For the methods EMMAX and FaST-LMM, 
markers that met the criterion of –Log10 (P-value) ≥ 
6.68 were considered suggestively associated. Meth-
ods mrMLM, FASTmrEMMA, and ISIS EM-BLASSO 
were included in the mrMLM package (mrMLM.GUI 
v3.2, https://cran.r-project.org/web/packages/mrM-
LM.GUI/index.html), markers that met the criterion 
of LOD score ≥ 3 were considered significantly asso-
ciated with the traits. Default values were used for 
all parameters.

Candidate gene identification and 
transcriptomic analysis

The SNPs located in SLAFs were used as que-
ries, and a BLAST strategy was used to identify the 
genome region with the highest similarity to the P. 
taeda genome database (v1.0, http://congenie.org/) 
(Neale et al., 2014). Then, the genome region of 500 
kb surrounding each SNP was used to search for the 
putative genes. The annotated genes that were near 
to the favorable SNPs were identified as candidate 
genes (McLaren et al., 2010). Gene annotation infor-
mation from P. taeda genome database was also used 
to assign functions to the candidate genes.

Transcriptomic analysis was carried out in mas-
son pine secondary xylem. The phenotype data of 
trait resin-tapping capacity (RYC) was calculated 
by formula described in previous study (Zeng et al., 
2013; Bai et al., 2020). The masson pines carrying 
high (H), medium (M), and low (L) RYCs, three 
lines for each, were selected for RNA-seq. RNAprep 
Pure Plant Kit (Tiangen, China) was used to isolate 
the total RNA of each sample. After the assessment 
of RNA purity, concentration, and integrity, a to-
tal amount of 1.0 μg RNA per sample was used to 

Table 1. Summary statistics of different chemical compounds concentration in xylem resin of P. massoniana

Category Compounds Mean Minimum Maximum SD CV(%) h2

Oil percentage − 20.08 8.6 30.45 4.33 21.56 unknown
Diterpene Pimaric acid 8.81 3.3 11.4 1.46 16.56 0.47

Sandaracopimaric acid 2.01 1.2 3.4 0.30 14.95 0.18
Palustric acid 39.09 20.55 49.1 4.64 11.87 0.03
Dehydroabietic acid 4.98 1.1 11.7 1.99 39.98 0.18
Abietic acid 26.74 19.6 35.9 2.79 10.44 0.18
Neoabietic acid 17.72 13.2 22.4 1.90 10.74 0.53

Monoterpene α-pinene 74.97 54 86.6 6.99 9.33 0.18
Camphene 1.91 0.9 3.9 0.52 27.34 0.59
β-pinene 7.88 1.85 22.95 5.01 63.54 0.18
Geraniolene 1.11 0.3 2.8 0.38 34.24 0.06
Dipentene 1.85 0.8 3.55 0.55 29.55 0.47

Sesquiterpene α-cedrene 0.64 0.2 1.65 0.32 49.56 unknown
α-santalene 0.54 0.2 1.6 0.24 44.16 unknown
Longifolene 6.67 1.8 20.3 3.11 46.67 0.24
Caryophyllene 1.92 0.3 4.9 0.91 47.70 0.5

SD – standard deviation; CV – coefficient of variance; h2 – broad-sense heritability.
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prepare sequencing libraries by using the NEBNext® 
Ultra™ RNA Library Prep Kit for Illumina® (NEB, 
USA). Then, the library preparations were sequenced 
on an Illumina Hiseq 2500 platform. After removing 
the low quality reads, high quality clean reads were 
used for RNA de novo assembly. Five databases, in-
cluding the Non-redundant (NR), Nucleotide (NT), 
EuKaryotic Orthologous Groups (KOG), PFAM, and 
Gene Ontology (GO), were used to annotate the 
function of transcripts using BLAST. The fragments 
per kilobase of exon model per million mapped reads 
(FPKM) values were used to identify the differential-
ly expressed genes (DEGs). Differential expression 
analysis of the two groups was performed using the 
DESeq R package (1.10.1) (Wang et al., 2010).

Validation of expression levels of the 
putative genes

The method quantitative real-time PCR (qRT-
PCR) was carried out to validate the expression lev-
els of the candidate genes in the same materials used 
for transcriptomic analysis. Total RNAs were isolated 
from four tissues, including secondary xylem, mature 
needle leaves, one-year-old branches, and two-year-
old branches of masson pine with high, medium, and 
low RYCs using an RNAprep Pure Plant Kit (TIAN-
GEN, China). Primer 3 (version 4.1.0) was used to 
design the specific primers (Untergasser et al., 2012). 
Actin was used as reference gene to normalize the 
relative expression profiles (Liu et al., 2015; Liu et 
al., 2017; Bai et al., 2020). The primers of all genes 
were listed in Table S2. The amplification reactions 

performed for qRT-PCR were as below: 95 °C for 10 s, 
57–60 °C for 30 s, and 72 °C for 20 s. The experiments 
were repeated three times with the cDNA samples. 
The expression levels of candidate genes are calcu-
lated using 2-ΔΔCt method compared with L/H (Livak 
& Schmittgen, 2001). Fold changes were transformed 
and displayed by Tree View (Page, 1996).

Gene full-length cloning and 
phylogenetic analysis

The cDNA samples were used to clone the open 
reading frame (ORF) of selected candidate genes. 
Primer 3 (version4.1.0) was used to design the spe-
cific primers for gene clones (Untergasser et al., 
2012). The primers of all genes were listed in Table 
S2. The Mega 6.0 software was used to conduct the 
phylogenetic analysis with proteins from other spe-
cies (Tamura et al., 2013).

Results
Genetic relationship analysis of masson 
pine individuals

A phylogenetic tree of those masson pines was 
constructed using the neighbor-joining method (Fig. 
1A). As observed in our previous study, the mas-
son pines did not group together based on their ge-
ographical distribution. PCA also could not clearly 
divide the population (Fig. 1B), and all masson pine 
accessions clustered into one major group, except for 

Fig. 1. Phylogenetic tree and PCA of 69 masson pines. (A) The phylogenetic tree was constructed with 1,000 bootstrap 
replications using Neighbor-joining method in MEGA 6.0 software. (B) Principal component analysis (PCA) of 69 
masson pines. The two-dimensional PCA was built using the first principal component and the second principal 
component
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three accessions (GW32, GW26, and GW44) from 
XY that were separated from the main group. The 
average genetic distance of these masson pines was 
0.230, ranging from 0.009 to 0.289. GW32 had a 
high average genetic distance (0.249) in comparison 
to the other masson pines. The results indicated that 
there were no distinct genetic differentiations among 
these masson pines. A total of 476,264 SNPs with 
MAF ≥ 0.05 were used for GWAS analysis.

Qualitative and quantitative analysis of 
chemical compounds

The turpentine oil accounted for an average num-
ber of 20.08% of the total resin (Table 1). GC-MS was 
used for the chemical composition analysis of tur-
pentine oil and rosin. A total of 15 primary chemical 
compounds were detected from masson pine resin, 
including six diterpenes in rosin; five monoterpe-
nes and four sesquiterpenes in turpentine oil. For 
the quantitative analysis of compounds in rosin, the 
most concentrated component in rosin was palus-
tric acid, which accounted for approximately 39.09% 
of the total content. For the quantitative analysis of 
turpentine oil, monoterpenes and sesquiterpenes 
accounted for 87.73% and 9.71% of the total resin. 
The most abundant constituent in the turpentine oil 
was α-pinene, which accounted for 74.97% of the to-
tal resin. Correlations between these traits were also 
identified, and several chemical components obtained 
correlation values greater than 0.5. For instance, sig-
nificant positive correlations were detected in the 
chemical pairs of longifolene and α-santalene (0.799), 
α-santalene and α-cedrene (0.660), longifolene and 

α-cedrene (0.516), and geraniolene and camphene 
(0.510), while significant negative correlations exist-
ed in the chemical pairs of abietic acid and palustric 
acid (−0.689), β-pinene and α-pinene (−0.574), and 
longifolene and α-pinene (−0.566).

All chemical compound contents showed approx-
imately normal distribution, the distributions of pi-
maric acid, neoabietic acid, camphene, and dipentene 
were shown in Figure 2. Phenotypic evaluation re-
vealed a broad range in chemical variation among the 
69 masson pines. The coefficients of variation for the 
15 chemical compounds ranged from 9.33~63.54% 
(Table 1). Among the 15 chemical compounds, only 
pimaric acid, neoabietic acid, camphene, dipentene, 
and caryophyllene have been reported with high 
heritability (Liu et al., 2016). Therefore, these com-
pounds will be used for genome-wide associated SNP 
marker detection.

Association studies of five chemical 
compounds in masson pine resin

Five chemical compounds, pimaric acid, neoabietic 
acid, camphene, dipentene, and caryophyllene, were 
used to conduct GWAS. As a result, a total of 11, 7, 8, 
and 11 quantitative trait nucleotides (QTNs) across 
the masson pine genome were significantly associated 
with camphene, dipentene, neoabietic acid, and pimaric 
acid at the critical LOD ≥ 3 using multilocus GWAS 
methods (Table S3). In addition, five SNP markers 
were suggestively associated with four chemical com-
pounds, including camphene, caryophyllene, dipen-
tene, and pimaric acid (Table S4). The statistical anal-
ysis showed that several SNP markers were detected 

Fig. 2. Phenotypic analyses of five chemical compounds in masson pine xylem resin. (A) Frequency distribution of the 
content of pimaric acid, neoabietic acid, camphene, dipentene, and caryophyllene among 69 masson pine lines. (B) 
Quantile-quantile (Q-Q) plot of pimaric acid, neoabietic acid, camphene, dipentene, and caryophyllene
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by multiple GWAS methods, and Venn diagrams were 
used to show the relationships among these methods 
(Fig. 3A). Among the associated SNPs detected by 
mrMLM, FASTmrEMMA, and ISIS EM-BLASSO, one 
SNP were detected by three methods and two SNPs 
can be detected by methods FASTmrEMMA and ISIS 
EM-BLASSO (Fig. 3B). The neoabietic acid associ-
ated QTN Marker966639 was detected by mrMLM, 
FASTmrEMMA, and ISIS EM-BLASSO (Fig. 3C). The 
chemical compound pimaric acid associated QTNs 
Marker430961 and Marker612397 were detected by 
methods FASTmrEMMA and ISIS EM-BLASSO (Fig. 
3D). With respect to the five suggestive SNP mark-
ers detected by methods EMMAX and FaST-LMM, 

Marker312204, Marker399660, Marker835695, and 
Marker373310 were detected by two methods (Fig. 
S1). All associated SNP markers detected by EMMAX 
were also detected by FaST-LMM.

Identification and expression analysis of 
candidate genes

In this study, all associated SNP markers were used 
to identify putative functional genes. Totally, sever-
al categories of genes were identified from the SNP 
markers. The most enriched genes were used for sta-
tistical analysis. The result showed that the putative 

Fig. 3. Comparative analysis of five compound associated SNPs among five different GWAS methods. (A) Venn diagram of 
the number of five compounds associated SNPs among mrMLM, FASTmrEMMA, ISIS EM-BLASSO, EMMAX, and FaST-
LMM. (B) Venn diagram of the number of the five compounds associated SNPs among mrMLM, FASTmrEMMA, and ISIS 
EM-BLASSO. (C) Venn diagram of the pimaric acid associated SNPs between FASTmrEMMA and ISIS EM-BLASSO. (D) 
Venn diagram of the neoabietic acid associated SNPs among mrMLM, FASTmrEMMA, and ISIS EM-BLASSO
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genes can be classified into five groups, which includ-
ed PKc_like super family, Cytochrome P450, AP2-ERF, 
F-box, and ABC transporter. After gene expression 
analysis, the expression levels of several genes in the 
high (H) resin-yielding masson pines were significant-
ly higher than those in low (L) resin-yielding masson 
pines. After searching for this type of genes, a total of 
14, 4, 11, 11, and 11 members were identified from 
PKc_like super family, Cytochrome P450, AP2-ERF, 
F-box, and ABC transporter, respectively (Fig. 4).

Expression analyses, gene clone and 
phylogenetic analysis of candidate genes

Ten candidate genes were randomly selected from 
ABC-transporter, AP2-ERF, P450, F-box, and PKc_
like super families. The transcription levels of these 
genes were assessed by qRT-PCR using samples from 
the secondary xylem of masson pines with different 
RYCs (Fig. 5A). All putative genes were differen-
tially expressed among these samples with statisti-
cal significance from P<0.05 to P<0.0000001 and 
displayed similar expression patterns with FPKM 
values. All genes from five families were highly ex-
pressed in the samples H / M.

The full-length ORF sequences of Clus-
ter-40412.12602 (PmFBX1) and Cluster-40412.56520 
(PmFBX2) were cloned using the cDNA samples. In-
terestingly, the ORF lengths of PmFBX1 and PmFBX2 
were both 1,086 bp. Except for the secondary xylem, 
needle leaves, one-year-old branches, and two-year-
old branches were collected from masson pines with 
high, medium, and low RYCs and then used for qRT-
PCR. PmFBX1 was highly expressed in the needle 
leaves (OL) and one-year-old branches (OB) of mas-
son pine with medium and low RYC but lowly ex-
pressed in the two-year-old branches of masson pine 
with medium and low resin yield (Fig. 5B). The ex-
pression of PmFBX2 showed gradual declined trends 
from masson pine with high RYCs to low RYCs in all 
three tissues. Then, several F-box family members 
from Arabidopsis thaliana, Oryza sativa, and coniferous 
species Picea abies were used for multiple sequence 
alignment and phylogenetic evolution analysis with 
PmFBX1 and PmFBX2 in this study (Fig. 5C). PmF-
BX1 was clustered with MA 50439g0010, a protein 
from P. abies, and then clustered with another pro-
tein (MA 71913G0010) from P. abies. PmFBX2 was 
clustered with LOC Os01g07160.1, a protein from 
O. sativa.

Fig. 4. Heatmap of the upregulated genes using transcriptome FPKM values. Relative expression analysis was conducted 
in five categories of genes, including ABC-transporter, APS-ERF, P450, F-box, and PKc_like super family. Relative ex-
pression levels among samples H, M, and L were conducted using FPKM from transcriptome sequencing. The FPKM 
values of these genes were normalized between 1 and −1
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Discussion

The biochemical components determine the qual-
ity of the pine resin and the utility value of masson 
pine germplasm resources, including the economic 
benefits. Masson pine is the primary resin-tapping 
species in China and contains more rosin than other 
pine species (Karanikas et al., 2010; Liu et al., 2016). 
In the present study, 69 P. massoniana accessions dis-
tributed across Guangdong province were analyzed 
for the qualitative and quantitative composition of 
terpenoid types of stems. Previous analyses of resins 
from Fujian and Guangxi have reported that α-pinene 
is the most abundant compound in turpentine, 
palustric acid is the most abundant compound in ros-
in (An & Ding, 2012; Liu et al., 2016). By calculat-
ing the turpentine percentage of each accession, the 
content of turpentine in masson pine resin showed a 
higher level than the coniferous tree species in Eu-
rope and America regions (Karanikas et al., 2010; Li 
et al., 2012). A total of 15 primary compounds were 
identified from the resin. The compounds are com-
posed of five monoterpenes, four sesquiterpenes, 
and six diterpenes. In total, 13 out of 15 terpenoids 
were reported in the previous study of masson pine 
(Liu et al., 2016). In contrast, the terpenoids α-cedr-
ene and α-santalene were not yet described in xylem 
resin. Generally, the most abundant compounds in 
our study are palustric acid and abietic acid in rosin, 
α-pinene in turpentine. Most terpenoids were also 
reported in other coniferous trees, but showed dif-
ferent concentration levels (Karanikas et al., 2010). 
Our results indicated that the category and content 

of chemical compounds in masson pine in Guang-
dong were different from other regions and differs 
to the other Pinus species. The differences may be 
due to the provenance disparities and species differ-
ences, which indicated that abundant variations ex-
isted among masson pine families and pine species. 
No matter what, the masson pine in Guangdong can 
provide us different chemical quality of resin pro-
duction. Although there were a limited number of 
correlations among the chemical components in our 
study, the correlation distributions showed some 
similar characteristics with P. massoniana in Fujian 
and P. halepensis (Karanikas et al., 2010; Liu et al., 
2016).

The chemical type and quality have a significant 
influence on the industrial application of resin, the 
purposive selection of a certain chemical constit-
uents in resin is a meaningful work for coniferous 
tree breeding (Li et al., 2012; Liu et al., 2016). The 
randomness of traditional breeding methods, which 
have typically neglected genetic information, has led 
to blindness in genome selection. Therefore, the min-
ing of favorable SNP alleles is necessary for improv-
ing chemical selection in masson pine via molecular 
assisted selection (MAS). Due to their genome-wide 
abundance in genome DNA (Neale et al., 2014), SNP 
markers are playing an increasingly important role 
in plant research, such as in genetic map construc-
tion, novel gene discovery, evolutionary analysis, and 
MAS in breeding programs (Liu et al., 2012). As the 
availability of genomic DNA sequences has increased 
and the sequences have become more cost-effective 
to generate, the practicality of GWASs has increased 

Fig. 5. Relative expression analyses and phylogenetic analysis of candidate genes. (A) The relative expression levels of ten 
selected candidate genes from five families. The relative expression levels of these genes were presented using fold 
change values transformed to log2 format compared with L. Expression levels of each gene in sample L were unified 
to 1. T test was used to validate the significance among H, M, and L. English letters in the left side of heatmaps mean 
the grades of P-values. a: P<0.05; b: P<0.01; d: P<0.001; e: P<0.0001; f: P<0.00001; h: P<0.0000001. (B) Relative 
exrepssion levels of PmFBX1 and PmFBX2 in needle leaves, one-year-old branches and two-year-old branches. (C) 
Phylogenetic analysis of PmFBX1 and PmFBX2 with the F-box family members from other plant species
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in the contemporary era. GWASs based on large-
scale genome sequencing data provide a powerful 
platform for elucidating the genetic variants that 
underlie phenotypic diversity (Huang & Han, 2014). 
SLAF-seq is a recent and enhanced RRGS solution 
for large-scale SNP discovery and genotyping. This 
method has provided researchers with useful infor-
mation regarding various types of traits (Sun et al., 
2013; Su et al., 2016a; Su et al., 2016b). In our previ-
ous study, SLAF-seq identified 476,264 SNPs across 
69 masson pine genomes and could largely support 
the association studies (Bai et al., 2019). The pop-
ulation structure and linkage disequilibrium anal-
ysis indicated that the masson pine population in 
Guangdong could be used for GWASs. Among the 
15 primary chemical compounds in xylem resin, only 
pimaric acid, neoabietic acid, camphene, dipentene, 
and caryophyllene were reported with high herita-
bility (Liu et al., 2016). The formation of complex 
traits was usually resulted from the combination of 
genes and environmental factors, which can easi-
ly lead to loss of heritability (Mackay et al., 2009). 
Hence, only those traits with high heritability can 
be stably detected. Stable favorable markers of tar-
get traits would be useful for masson pine breeding. 
In this study, five methods were used for association 
studies and gave us different numbers of associated 
SNP markers. Several markers were identified by at 
least two methods, which indicated that these SNPs 
have important application values in MAS. Using ge-
netic data to guide breeding through MAS and ge-
nome selection has great potential for accelerating 
plant breeding while also improving its effectiveness 
(Varshney et al., 2014). The detected SNP markers 
can be PCR-amplified and are thus particularly use-
ful for MAS (Scheben et al., 2017). The compounds, 
especially pimaric acid and neoabietic acid, have ac-
counted 26% weight of the total resin acids. Hence, 
the pimaric acid and neoabietic acid associated SNPs 
may have important values in the future.

Except for discovering favorable SNP markers 
correlated with quantitative traits, excavating pu-
tative functional genes was also a general work for 
the breeding study. Many categories of genes, such 
as P450 and AP2, have been reported to be involved 
in the biosynthesis process of terpenoids (Bathe & 
Tissier, 2019; Chen et al., 2019; Zhang et al., 2019). 
Although the sequencing cost has been decreasing in 
recent years, it is still difficult in assembling the co-
niferous tree species which usually have large-scale 
genomes (Neale et al., 2014). Until now, the genome 
of P. massoniana has not been sequenced and P. taeda 
genome was used as the reference genome. In this 
study, a BLAST strategy was used to search for the 
related regions on P. taeda genome. After searching 
for 500 kb DNA information surrounding the SNP 
locations, several classifications of functional genes 

were identified from these genome regions. Five 
gene categories, including PKc_like super family, 
Cytochrome P450, AP2-ERF, F-box, and ABC trans-
porter, were obtained. Some differentially expressed 
genes were identified and treated as putative genes. 
The members of Cytochrome P450 gene family 
have been studied and reported in many model and 
no-model plants (Baek et al., 2019; Bathe & Tissier, 
2019; Chen et al., 2019; Stagnati et al., 2019). The 
functions of several genes like terpene synthases 
(TPS) and Cytochrome P450 have also been reported 
in some coniferous trees (Hall et al., 2013; Geisler 
et al., 2016). CYP720B subfamily plays a central role 
in the biosynthesis of diterpene resin acids in Sitka 
spruce, P. contorta and P. banksiana. It has been report-
ed that some members of the AP2 family are involved 
in the biosynthesis of various secondary metabolites 
including terpenoids (Udomsom et al., 2016; Paul et 
al., 2017; Zhang et al., 2019). ABC transporters are 
involved in the transportation of secondary metabo-
lites in plants (Yazaki, 2006; Crouzet et al., 2013; Fu 
et al., 2017; Mao et al., 2019). It has been reported 
that ABC transporter is one of the important differ-
entially expressed genes in P. massoniana (Liu et al., 
2015). Some members of F-box were also involved in 
the biosynthesis of terpenoids, while PKc_like super 
family genes may be involved in the resistance pro-
cess (Lee et al., 2010; Wu et al., 2018). Therefore, 
these genes identified in masson pine genome can be 
regarded as putative genes that may be involved in 
the biosynthesis of terpenoids. In this study, we ana-
lyzed the relative expression levels of five categories 
of genes. Several genes in each category were differ-
entially expressed in masson pines with different res-
in yield. The relative expression levels of these genes 
were validated using qRT-PCR, which indicated that 
these differentially expressed genes could be treated 
as candidate genes that may play critical roles in the 
biosynthesis of terpenoids. Acquisition of the full-
length of two F-box ORFs will be conducive to the 
molecular regulation mechanism study of terpenoids 
biosynthesis in P. massoniana.

Conclusions

The xylem resins of 69 masson pine germplasm 
resources were used for GC-MS analysis and 15 main 
terpenoids were detected from these masson pines. 
GWAS analyses were carried out on five chemical 
compounds, including pimaric acid, neoabietic acid, 
camphene, dipentene, and caryophyllene. A total of 
42 associated SNPs were detected in these pheno-
types using five GWAS methods. Five categories of 
candidate genes, including PKc_like super family, Cy-
tochrome P450, AP2-ERF, F-box, and ABC transport-
er, were identified from these favorable SNP markers. 
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Two F-box family genes were full-length cloned. Our 
findings and results provide useful information in 
the selection of germplasm resources and resolve the 
molecular mechanism of terpenoid biosynthesis in P. 
massoniana.
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