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Abstract

Simao pine (Pinus kesiya Royle ex Gordon var. langbianensis (A. Chev.) Gaussen) is an important oleoresin source in Yunnan Province,
China. However, the molecular mechanisms of high oleoresin yield from Simao pine remain unclear. In this study, RNA-Seq was used
to investigate the transcriptome of the species and compare the gene expression profiles of wounded bark from high and low
oleoresin-yielding individuals, and the expression levels of genes in the methyl-erythritol 4-phosphate (MEP) pathway were
detected by gPCR. A total of 1.41 billion reads were obtained and assembled into 68,881 unigenes from samples of the wounded
bark of Simao pine. The KEGG analysis of differentially expressed genes showed that MEP pathway genes were obviously
differentially expressed, while most genes in the mevalonate (MVA) pathway were not. The qPCR analysis showed that the MEP
pathway gene expression of wounded bark from high oleoresin-yielding genotypes was higher than that of low oleoresin-yielding
genotypes. The gene expression differences of 1-deoxy-bD-xylulose-5-phosphate synthase (DXS), 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (HDR), and geranylgeranyl pyrophosphate synthase (GGPPs) between high and low oleoresin-yielding
genotypes were significant. This implies that DXS, HDR, and GGPPs play important roles in high oleoresin production in Simao pine.
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Abbreviations: MEP_methyl-erythritol 4-phosphate; MVA_mevalonate; DXS_1-deoxy-D-xylulose-5-phosphate synthase; HDR_
4-hydroxy-3-methylbut-2-enyl diphosphate reductase; GGPPs_Geranylgeranyl pyrophosphate synthase; DXR_ 1-deoxy-D-xylulose-5-
phosphate reductoisomerase; CMS_ 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase; CMK_ 4-diphosphocytidyl-2C-methyl-
D-erythritol kinase; MCS_ 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS_ 4-hydroxy-3-methylbut-2-en-1-yl
diphosphate synthase; IDI_ isopentenyl diphosphate isomerase; GGPPS_ geranylgeranyl diphosphate synthase; GPPS_ geranyl
diphosphate synthase; TPS_ terpenoid synthase.

Introduction (Lieutier et al., 2004; Meylemans et al., 2012). In addition to

its many important applications, oleoresin production is part
Simao pine (Pinus kesiya Royle ex Gordon var. langbianensis (A. of the conifer’s defense systems against physical wounding,
Chev.) Gaussen) is an important oleoresin source in Yunnan bark-feeding insects, and pathogenic fungi (Trapp and Croteau,
Province, China. The annual output of pine oleoresin from 2001; Kolosova and Bohlmann, 2012). Pine oleoresin has
Simao pine is 179,100,000 kg (Dong et al., 2009), and 90% of typically been obtained from living trees by the repeated
gum turpentine output in Yunnan comes from Simao pine (Yin wounding or barks chipping methods (Rodrigues-Corréa et al.,
et al., 2005). The forestland area of Simao pine is 0.56 million 2013). As is well-known, pine oleoresin is synthesized by two
hm? (Li et al., 2009). However, individual variation in oleoresin separate pathways in conifers: the methyl-erythritol
yield is rather higher, ranging from 3 kg to 140 kg annually (Xu 4-phosphate (MEP) pathway and the mevalonate (MVA)
et al., 2012). Variation in oleoresin yield was also found in pathway. Monoterpenes and diterpenes are biosynthesized by
Pinus massoniana and Pinus elliottii (Liu et al., 2013; Zhang et the MEP pathway, while the biosynthesis of sesquiterpenes is
al., 2016). Molecular breeding can be used to increase completed by the MVA pathway (Vranova et al.,, 2013).
oleoresin yields of Simao pine. However, the physiological Monoterpenes and diterpenes are the main components of
mechanism of achieving high oleoresin yields in Simao pine oleoresin in Simao pine (Song et al., 1995). Therefore, the MEP
remains unclear. Oleoresin is an important non-wood forestry pathway plays an important role in oleoresin biosynthesis in
product, and its derivatives have applications across different Simao pine. The enzymes in the MEP pathway include
industries, including pharmaceutical, cosmetic, and food 1-deoxy-D-xylulose-5-phosphate synthase (DXS), 1-deoxy-D-
industries as well as the chemical industry in the xylulose-5-phosphate reductoisomerase (DXR), 4-(cytidine
manufacturing of various products, such as paint, varnishes, 5'-diphospho)-2-C-methyl-p-erythritol kinase (CMS), 4-diphos-
adhesives, insecticides, and disinfectants (Rodrigues-Corréa et phocytidyl-2C-methyl-p-erythritol kinase (CMK), 2-C-methyl-p-
al., 2012; Silva et al.,, 2012; Rodrigues-Corréa et al., 2013). erythritol 2,4-cyclodiphosphate synthase (MCS), 4-hydroxy-3-
Oleoresin may also become a competitive liquid biofuel methylbut-2-en-1-yl  diphosphate synthase (HDS), and
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4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR;
Fig 1). The MEP pathway within plastids produces isopentenyl
diphosphate like the MAV pathway. The isopentenyl
diphosphate from the MEP pathway was transformed into
different terpenes by a series of post-modification enzymes,
such as isopentenyl diphosphate isomerase (IDI),
geranylgeranyl diphosphate synthase (GGPPS), geranyl
diphosphate synthase (GPPS), terpenoid synthase (TPS), and
cytochrome P450-dependent monooxygenase. Although
several papers have reported the roles of DXS, DXR, HDR, and
TPS in oleoresin biosynthesis (Phillips et al., 2003; Byun-Mckay
et al., 2006; Kim et al., 2009; Liu et al., 2015), there have been
no reports about the influence of the MEP pathway and
expression the MEP enzyme on high and low oleoresin yields
in Simao pine. In this study, the transcriptomes of high and low
oleoresin-yielding individuals of Simao pine were analyzed,
and the genes involved in the MEP pathway were identified
and their functions were characterized.

Results
and assembly of wounded bark

Sequence analysis
transcriptomes

To examine the molecular basis of oleoresin biosynthesis in
Simao pine, wounded bark from high and low
oleoresin-yielding Simao pines were used to construct two
libraries for high-throughput sequencing using an Illumina
Hiseq2000 sequencer (lllumina, Inc., San Diego, CA, USA). The
high and low yield libraries produced 72.57 million and 68.65
million reads of raw data, respectively, as paired-end reads
with single read lengths of ~126 bp. After removal of adaptor
sequences, ambiguous reads, and low-quality reads (Q20<20),
6,169,184,280 nucleotides (7.25 Gb) and 5,822,084,160
nucleotides (7.43 Gb) of high-quality clean reads were
obtained from the high and low vyield libraries, respectively.
After all high-quality reads were assembled, 68,881 unigenes
were obtained from wounded bark with high and low
oleoresin yields, and the N50 was 1,402

Functional annotation of transcriptome

Unigenes from transcriptome were annotated using several
databases: National Center for Biotechnology Information

(http://www.ncbi.nlm.nih.gov/), Ensembl plant
(http://plants.ensembl.org/index.html), KEGG
(http://www.genome.jp/kegg/), and eggNO

(http://eggnogdb.embl.de/). Unigene sequences were first
aligned to protein databases like NR, Swiss-Prot, KEGG, and
COG (E-value < 0.00001) by blastx, and nucleotide database NT
(E-value < 0.00001) by blastn, retrieving proteins with the
highest sequence similarity with the given unigenes along with
their protein function annotations. In total, 48,035 unigenes
were annotated using all databases, and only 13,528 unigenes
were annotated in Cluster of Orthologous Groups (COG) of
proteins databases. These unigenes were distributed among
25 functional categories (Fig 3).
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Transcriptome-based analysis of differentially expressed
genes

A rigorous algorithm was used to identify genes that were
differentially =~ expressed between high and low
oleoresin-yielding Simao pines. The genes were classified into
one of three classes. Red genes were up-regulated such that
gene expression in the low-yield individual exceeded that of
the high-yield individual. Green genes were down-regulated
such that gene expression in the high-yield individual exceeded
that of the low-yield individual. Blue genes were not
differentially expressed (Fig 4).

Differentially expressed genes were also analyzed for
pathway enrichment. The main biochemical pathways and
signal transduction pathways were analyzed to determine
which pathways differentially expressed genes take part in. The
terpenoid backbone biosynthesis pathway of differentially
expressed genes showed that all genes involved in the MEP
pathway are differentially expressed (Fig 5). According to the
pathway enrichment analysis of differentially expressed genes
in the MEP pathway, the expression of genes in the high-yield
individual was higher than their expression in the low-yield
individual. In contrast, most genes in the MVA pathway were
not differentially expressed; only acetyl-CoA C-acetyl-
transferase and hydroxymethylglutaryl-CoA reductase genes
exhibited obvious differential expression between high and
low oleoresin-yielding bark samples.

Gene expression profile of the MEP pathway

To confirm the transcriptome analysis of differentially
expressed genes, gene expression profiles of nine genes
involved in MEP pathway were assayed by qRT-PCR (Fig 6). The
gRT-PCR analysis showed that nine genes (DXS, DXR, MCT,
CMK, MDS, HDS, HDR, APS, and GGPPs) were strongly
expressed in wounded bark from high oleoresin-yielding Simao
pines. Moreover, these genes were more highly expressed in
high  oleoresin-yielding  individuals relative to low
oleoresin-yielding individuals. In particular, gene expression of
GGPPs in high oleoresin-yielding individuals was 24 times that
of low oleoresin-yielding individuals. Geranylgeranyl
diphosphate synthase (GGPPs) catalyzes the biosynthesis of
geranylgeranyl diphosphate, a key precursor for diterpene,
tetraterpene, and poly-terpene (Liang et al., 2015) . GGPPs
play important role in diterpenes biosynthesis and rosin
(diterpenes) is main component of oleoresin. This means that
GGPPs play an important role in oleoresin biosynthesis of
high-yielding individuals in Simao pine. 1-Deoxy-D-xylulose-
5-phosphate synthase (DXS) catalyzes the first committed step
of the 2C-methyl-D-erythritol-4-phosphate (MEP) pathway,
DXS is the first key enzyme in the MEP pathway (Kirby et al.,
2016). And  4-hydroxy-3-methylbut-2-enyl  diphosphate
reductase (HDR) catalyzes the last step of the MEP pathway to
synthesize isopentenyl diphosphate and its allyl isomer
dimethylallyl diphosphate, which are common precursors for
the synthesis of plastid isoprenoids (Lv et al., 2015). Oleoresin
including turpentine (monoterpenes and sesquiterpenes) and
rosin (diterpenes) is mainly synthesized by MEP pathway. The
level of gene expression of DXS and HDR in high and low
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Table 1. Primers used in qRT-PCR.

Primer name

Sequence (5'-3') Detected gene name

tDXSF
tDXSR
tDXRF
tDXRR
tMCTF
tMCTR
tCMKF
tCMKR
tMDSF
tMDSR
tHDSF
tHDSR
tHDRF
tHDRT
tAPSF
tAPSR
tGGPPsF
tGGPPSR
EFla-F
EFla-R

AGAAGTATTGTGAATCCATA 1-deoxy-D-xylulose-5-phosphate synthase
GTATCAGTAGTAGTCATTGT yEy phosphate sy
GAAGAGCAGTTGTAGATGAAG .
CCGATTGAGCCTGTAGAA 1-deoxy-D-xylulose 5-phosphate reductoisomerase
CAGTATCTTCCATTATTAGG . .
TATACCGTCACACTATTC 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
CCTGATTCTGTTGGTGTA . . . .
ATTACTTGCTGGTGCTTA 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
GGAAGAGGCAACATAACG . .
AAGAAGTGAGGAACAAGGA 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase
AGAAGTATTGTGAATCCATA .
GTATCAGTAGTAGTCATTGT 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase
GCAGTTGTTAAGTGAGAA .
ATGAATGATGGAGGTGTA 4-hydroxy-3-methylbut-2-enyl diphosphate reductase
TTCGTCCGTATCGTGTTA alpha-pinene svnthase
AGTTCCTTGGTTAAGTTATCG pha-p ¥
CACTTGCTCAGACATCTT Geranylgeranyl pyrophosphate synthase
CTATCCTCAACCGTTCAG vigeranyl pyrophosphate sy
CAACAGACTTAACTTCAG .

elongation factor 1-alpha
TTACAAGATTGGTGGTAT

Pyruvate +D-Glyceraldehyde-3-phosphate

1-deoxy-D-xylulose-5-phosphate synthase
DXS

1-Deoxy-D-xylulose-5-phosphate

1-deoxy-D-xylulose 5-phosphate reductoisomerase
DXR

2C-methyl-D-erythritol-4-phosphate

2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
MCT

4-diphosphocytidyl-2C-methyl-D-erythritol

4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
CMK

4-diphosphocytidyl-2C-methylDerythritol-2-phosphate

2-C-methyl-D-erythritol 2.4-cyclodiphosphate synthase
MDS

2C-methyl-D-erythritol-2,4-cyclodiphosphate

4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase
HDS

4-hydroxy-3-methybutenyl-4-diphosphate

4-hydroxy-3-methylbut-2-enyl dipt reductase

HDR

Isopentenyl diphosphate(IPP) <= Dimethylallyl diphosphate

Fig 1. MEP pathway in P. kesiya var. langbianensis adapted from Liu et al., (2015).
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Fig 6. qRT-PCR analysis of MEP pathway-related candidate unigenes in high and low oleoresin yield of P. kesiya var. langbianensis.

DXS:  1-deoxy-D-xylulose-5-phosphate
2-C-methyl-D-erythritol 4-phosphate

synthase, DXR:

1-deoxy-D-xylulose
cytidylyltransferase, CMK:

reductoisomerase, MCT:
kinase, MDS:

5-phosphate
4-diphosphocytidyl-2-C-methyl-D-erythritol

2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, HDS: 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase, HDR:
4-hydroxy-3-methylbut-2-enyl diphosphate reductase, GGPPs: Geranylgeranyl pyrophosphate synthase, APS: (+)-alpha-pinene

synthase.

oleoresin-yielding individual is stronger than in low oleoresin
yield individual. This suggests that DXS and HDR also play
important roles in oleoresin biosynthesis of high
oleoresin-yielding Simao pine.

Discussion

RNA-Seq is a straightforward and efficient method for
obtaining genome-wide information on gene expression, gene
regulation, and amino acid content of proteins (Wang et al.,
2009; Ozsolak and Milos, 2011). Thus, a comparison of
traditional expression assay methods with RNA sequencing
provides comprehensive information revealing plant
metabolites and physiological processes. In non-model
organism’s studies in particular, de novo transcriptome
sequencing is powerful and cost-effective. Many metabolic
pathways, physiological processes, and growth and
development mechanisms of non-model plant have been
revealed by de novo transcriptome sequencing (Wu et al., 2014;
Lang et al.,, 2015). The analysis of differentially expressed
genes based on transcriptomic data from several samples is a
powerful tool for revealing the biological mechanisms
underlying differences among individuals (Lou et al., 2014; Liu
et al.,, 2015; Shi et al., 2015). In particular, differential gene
expression analyses showed that GGPS and (-)-alpha/
beta-pinene synthase were up-regulated in the high
oleoresin-yielding genotype of Pinus massoniana (Liu et al.,
2015). In this study, the differential gene expression analysis
showed that nine genes in the MEP pathway were
up-regulated in the high oleoresin-yielding Simao pine
individual. The gene expression profile also supported the
result of the differential gene expression analysis. These
findings strongly suggest that the stimulation mechanisms
associated with physical wounding differs between high and
low oleoresin-yielding genotypes.

So far, several techniques have been developed to improve
oleoresin vyields of conifers, including different tapping
techniques, chemical and physical induction methods, and the
selection of the optimal season for tapping (Wang et al., 2006;
Rodriguez-Garcia et al.,, 2015; Filler et al., 2016;
Rodriguez-Garcia et al., 2016;). Recently, research has focused
on the molecular mechanism of oleoresin yields and attempts
have been made to develop genetic markers for molecular
breeding (Liu et al., 2013; Westbrook et al., 2013; Westbrook
et al., 2015; Cai et al., 2017). However, there is no effective
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genetic marker for breeding high oleoresin-yielding pines. As is
well known, oleoresin yield is a quantitative trait, and a major
current challenge in biology understands the genetic basis of
variation in quantitative traits (Mackay et al.,, 2009).
Quantitative trait loci (QTLs) are genetic loci for which
functionally different alleles segregate and have significant
effects on quantitative traits. Comparing traditional molecular
marker development methods, candidate gene validation is
likely to accelerate the pace of discovering the genes
underlying QTLs (Salvi and Tuberosa, 2005). Accordingly, this is
the first key step in discovering high oleoresin-yielding QTLs in
order to find candidate genes related to high oleoresin-yielding
genotypes. In this study, nine candidate gene related to high
oleoresin yields in Simao pine were confirmed by differential
gene expression analyses based on transcriptomes and real
time PCR. This is also the first report demonstrating that all
genes in the MEP pathway are upregulated in a high
oleoresin-yielding Simao pine genotype. In particular, the gene
expression differences in DXS, HDR, and GGPPs in high and low
oleoresin-yielding genotypes were significant. In future work,
the sequence variation of these candidate genes at different
genotypes will be focused on, and new molecular markers for
high oleoresin-yielding Simao pines will be developed based
on sequence variation of these candidate genes.

Materials and methods
Plant materials

A population of half-sib progeny of high-resin-yielding Pinus
kesiya var. langbianensis was constructed in the forest farm of
BanPo Xiang, which is located in Jing Gu County, Puer, Yunnan
Province, China (Li et al., 2008). A seed from a superior
high-resin-yielding Simao pine was planted into flat ground
composed of latosolic red soil in 2002. Another Simao pine
seed from a normal resin-yielding Simao pine was also planted
in the same environment. The resin-producing capacity was
detected using the V-drop crossing method in Yunnan Province,
China. The V-drop crossing method is a traditional tap resin
collection method that involves wounding bark to induce resin
production from Simao pine. Collected resin from all samples
was weighed, and the resin weight determined the
resin-producing  capacity (Miao et al., 2016). The
resin-producing capacities were detected in 2002 and 2016,
respectively. After the high and low resin-yielding individuals



were confirmed, RNA extraction was conducted using bark
samples from 14-year-old Simao pines; samples were frozen in
liquid nitrogen immediately in July 2016.

RNA extraction, library construction, and RNA-Seq

The bark samples from high and low oleoresin-yielding
individuals were ground into powder in liquid nitrogen. Total
RNA was isolated using the RNeasy Plant Kit (Qiagen, Hilden,
Germany). The concentration and quality was examined using
a NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA) and 0.8% agarose gel electrophoresis. The
construction of the libraries and the RNA-Seq were performed
by the Beijing Genomics Institute (BGI), Beijing, China. The
TruSeq RNA Sample Prep Kit (lllumina) was used for
purification and fragmentation of mRNA. The first-strand cDNA
was synthesized by reverse transcriptase using the cleaved
RNA as a template, and the second-strand cDNA was
generated using DNA polymerase |. The ends of the DNA
fragments were modified and ligated with adapter sequences,
and the cleaned ligation products were used as PCR templates
for amplifying the fragments. cDNA libraries were obtained,
and the quality was examined with a PicoGreen assay kit by
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA). The constructed cDNA libraries were sequenced on the
Illumina Hiseq2000 instrument by BGI.

De novo transcriptome assembly and annotation

Following the sequencing of the cDNA library, the high-quality
clean reads were generated by trimming the raw reads to
remove adapter sequences, low-quality reads with Q-values <
20 or ambiguous bases (‘N’). The clean reads were then
assembled de novo using the Trinity platform
(http://trinityrnaseq.sf.net.). All unigenes were used as queries
in searching Nr, eggNOG, GO, KO, and Swissprot databases
(E-value < 10'5) and functionally annotated by GO analysis with
Blast2GO software (E-value < 10'5). Metabolic pathways were
predicted by KEGG mapping.

GO C(Classification of Differentially Expressed Unigene and
Pathway Analysis

To compare the expression abundance between the high and
low oleoresin-yielding individuals, unigene expression was
calculated using the fragments per kb per million reads (FPKM)
method. All high-quality reads were aligned to the assembled
transcripts, and their tags were normalized into reads per
kilobase of transcript per million mapped reads (RPKM) values.
The differentially expressed genes between the two samples
were identified by a rigorous algorithm based on the Audic and
Claverie (1997) method. All differentially expressed genes
were mapped to each term of the Gene Ontology (GO)
database (http://www.geneontology.org/), and the number of
genes associated with each GO term was determined. The
names and numbers of genes for each GO term were listed,
and then the hypergeometric test was used to find
significantly enriched GO terms in differentially expressed
genes compared to the genomic background. All differentially
expressed genes were also mapped onto the KEGG pathway,
with Q-value < 0.05 considered to be significantly enriched in
differentially expressed genes.
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Real-time quantitative PCR analysis (RT-PCR)

Nine genes involved in MEP pathways were identified from the
transcriptome of Simao pine databases. They included
1-deoxy-D-xylulose-5-phosphate synthase (DXS, accession
number  AIY22671.1), 1-deoxy-D-xylulose  5-phosphate
reductoisomerase (DXR, accession number: MG764427),
2-C-methyl-p-erythritol 4-phosphate cytidylyltransferase (MCT,

accession number: MG764429),
4-diphosphocytidyl-2-C-methyl-p-erythritol ~ kinase  (CMK,
accession number: MG764426), 2-C-methyl-p-erythritol
2,4-cyclodiphosphate synthase (MDS, accession number:
MG764425), 4-hydroxy-3-methylbut-2-en-1-yl diphosphate
synthase (HDS, accession number: MG764428),

4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR,
accession number: AlY22672.1), geranylgeranyl pyrophosphate
synthase (GGPPs, accession number MG764424), and
(+)-alpha-pinene  synthase  (APS, accession number:
AIY22674.1). The expression profiles were assayed using real
time PCR. First, special serial primers were designed for the
nine genes (Table 1). cDNA synthesis was performed with 1 pg
of total RNA from wounded bark of high and low
oleoresin-yielding individuals using a reverse transcriptase kit
(TakaRa Super RT Kit; Dalian, China) according to the
manufacturer's instruction. SYBR Green was used for detecting
PCR products using the StepOnePlus real-time PCR system
(Applied Biosystems, Foster City, CA, USA). The elongation
factor 1-alpha (EFla) gene was used as the internal control for
normalization of gene expression. At least two independent
biological replicates and three technical replicates of each
biological replicate for each sample were analyzed by g-PCR to
ensure reproducibility and reliability.

Conclusion

In this study, a comprehensive transcriptomic analysis of
wounded bark samples from Simao pine was conducted, which
provides a valuable resource for genetic and genomic study in
the future. Differentially expressed gene analyses of
transcriptomes and qPCR analyses of wounded bark from high
and low oleoresin-yielding individuals showed that the genes
in the MEP pathway were obviously differentially expressed.
The gene expression differences of DXS, HDR, and GGPPs in
high and low oleoresin-yielding genotypes were especially
significant. This implies that DXS, HDR, and GGPP play
important roles in high oleoresin-yielding Simao pines. Overall,
our work provides new information for the molecular
mechanisms of high oleoresin yields in Simao pine, which will
provide a solid foundation for molecular breeding of this
species.
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