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ARTICLE INFO ABSTRACT

Keywords: Conifer oleoresin is a highly precious raw material for industrial sectors and a precursor for biofuels. Diterpenoid,
Masson pine (Pinus massoniana L.) particularly diterpenoid resin acids (DRAs), is one of the most abundant oleoresin components. Masson pine
Transcriptome

(Pinus massoniana L.) is one of the most important native species for oleoresin yield in China. To better under-
stand the biosynthesis of diterpenoid in high oleoresin-yield masson pine and develop methods for its production
in needle and trunk xylem, we used the combination of SMRT full-length transcriptome and Illumina RNA
sequencing technologies to establish a transcriptome dataset. Approximately 20,560 and 17,950 full-length non-
redundant transcripts were assembled in trunk xylem and needle, respectively. Of those, 29 and 20 DEGs were
identified involving in the Terpenoid Backbone Biosynthesis pathway (TBB) (KO 00900) and the Diterpenoid
Biosynthesis pathway (DB) (KO 00904) in trunk xylem, as well as 35 and 12 DEGs in the TBB and the DB in the
needle, respectively. Compared with the low oleoresin-yield germplasm, 13 up-regulated DEGs with complete
open reading frame (ORF) sequence were obtained by Venn analysis in trunk xylem and needle of a high
oleoresin-yield clone. Subsequently, the expression patterns of the 16 diterpenoid biosynthesis-related genes
(including three types of DXS genes) were validated by quantitative real-time PCR in both 12-year-old and 1-
year-old high and low oleoresin-yield masson pine clones. The results showed that the 13 genes in the higher
yield oleoresin trees were proved to be higher expression in comparison with the lower ones irrespectively of the
tree age; as well as MCS (2-C-methyl-p-erythritol 2, 4-cyclodiphosphate synthase), HDS (1-hydroxy-2-methyl-2-
(E)-butenyl4-diphosphate synthase), and IDI (Isopentenyl-diphosphate Delta-isomerase) of the methylerythritol
4-phosphate (MEP) pathway demonstrated a higher expression compared to that of other TBB genes. Both
cytosol-localized MVA and plastid-localized MEP pathways gave significant contributions to diterpenoid accu-
mulation, and the latter played a more dominant role. To clarify the potential relationships between oleoresin
yield and the expression patterns of 16 genes from the TBB and DB pathways, the Pearson correlation analysis
was performed using three tissues (young needle, old needle, and trunk xylem) from the 60-year-old tree.
Remarkably, HMGR (Hydroxy methylglutaryl-CoA reductase) and ent-CDS (Ent-copalyl diphosphate synthase)
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were positive correlation with oleoresin yield in the new needle, whereas FPPS (Farnesyl pyrophosphate syn-
thase) was a negative correlation with that in the old needle; furthermore, HMGS (Hydroxy methylglutaryl-CoA
synthase), IDI and CDS (Copalyl diphosphate synthase) were positively correlated with oleoresin synthesis in the
trunk xylem. Moreover, the Pearson correlation analysis was also carried out to determine the potential re-
lationships between the 13 genes of the TBB pathways and ent-CDS, CDS, and LDS ((13E)-labda-7 13-dien-15-ol
synthase) from DB pathways within three tissues of the 60-year-old masson pine. Furthermore, the diterpenoid
and diterpene resin acids (DRAs) demonstrated highly positive correlations with oleoresin yield, and DRAs were
detected as the most abundant diterpenoids in oleoresin. Promisingly, HMGR, MCS, HDS, IDI, ent-CDS, and CDS
may be used as the key target genes of the molecular-assisted selection for high-oleoresin-yielding germplasm in

this species.

1. Introduction

Conifer oleoresin is a promising natural resource and rich in various
terpenes compounds that are used as raw material in medicine, cos-
metics and food industry (Kelkar et al., 2006; Neis et al., 2019), as well
as is also an advanced liquid biofuel (Rodrigues-Correa et al., 2012a).
These terpenes mainly consisting of volatile monoterpenoid, sesqui-
terpenoid and nonvolatile diterpenoid components. Resin ducts are a
complex network that produces, store and translocate the oleoresin in
pine trees, and stored oleoresin will physically flow out when the resin
ducts are mechanical damaged (Vazquez-Gonzalez et al., 2020). Co-
nifers have a complex suite of resistance mechanisms that defend against
insects and pathogens, including mechanical and chemical mechanisms
that can be present constitutively or induced upon attack (Keeling and
Bohlmann, 2006; Huang et al., 2020). Once exposed to pressure, the
trees may proactively generate a rational defence strategy through
distributing storage reasonably to the growth and emersion of consti-
tutive metabolites, while also retaining storage to induced metabolites
when required (Ziist and Agrawal, 2017). The above features that
oleoresin plays in conifer defence against insects and disease may be
considered as a significant origin for the universal distribution and
evolutionary success of this species (Phillips et al., 2006). Previous re-
ports were concentrated mainly in induced regulation of oleoresin by
wounding or chemical stimulants (Moreira et al., 2014; Huang et al.,
2020; Ott et al., 2021). Although several research pieces associated with
constitutive defence have been performed in coniferous trees, little in-
formation is still insufficient to explain the mechanisms.

Some researchers put forward that the oleoresin yield is an advanced
heritable trait, such as several investigations in loblolly pine, maritime
pine (Pinus pinaster), and slash pine (Pinus elliottii) have illustrated that
genetic factors mightily affect oleoresin yield (Lombardero et al., 2000;
Tadesse et al., 2002; Roberds et al., 2003). Extensive genetic gains can
be acquired from the selection of high oleoresin yielders through con-
ventional breeding methods. For example, Westbrook et al. (2013) and
Zeng et al. (2013) simultaneously proposed that oleoresin yield was
heritable and could be raised in loblolly pine (P. taeda) by a selection.
Processing a long gradual development and got prosper, Allen et al.
(2015) actualized PCR markers of terpene synthase genes for assisted
selection of high resin yielders in Pinus roxburghii Sarg. High-yield
oleoresin germplasms have been bred successfully at the provenance
and family level in pine trees, but little achievements were obtained at
the molecular level (Liu et al., 2015; Junkes et al., 2019). Meanwhile,
the key candidate genes involved in potential oleoresin yield are chiefly
revealed by transcriptome analyses (Wen et al., 2018). However,
another research also demonstrated that pine oleoresin productivity was
positively or negatively correlated with tree morphological factors, for
instance, height, diameter, tracheid length, and branching angle (Knebel
et al., 2008). And the oleoresin yield was also related to tree dendr-
ometry, stand density, and tapping-induced activities (Rodriguez-Garcia
et al., 2014). Although the selection of high-yield trees has been widely
used, research and application are relatively backward so far in pine
production.

Oleoresin is a complicated admixture mainly composed of terpenes,
and some researchers have proposed that the diterpenoids occupied a

vital position in the yield and quality of oleoresin (Liu et al., 2015a). For
example, especially the abietane-type diterpene resin acids (DRAs),
labdane-type DRAs, and other pimarane-type DRAs were considerable
ingredients of the oleoresin defence system in species of fir (Abies), pine
(Pinus) and spruce (Picea) (Whitehill et al., 2019). Diterpenoids are
derived from terpenes and are also known as isoprenoids, and are syn-
thesized from C5 isopentenyl diphosphate (IPP) and its isomer dime-
thylallyl diphosphate (DMAPP) by the MEP and MVA pathways
localized to the plasmids and cytoplasm, respectively (Tholl, 2015). The
diversity of diterpenoids were generated by diterpene synthases
(diTPSs), which catalyze the biosynthesis of the central precursor ger-
anylgeranyl diphosphate (GGPP); the GGPP structure was cyclized and
rearranged to produce a series of scaffolds with different stereochem-
istry (Peters, 2010). Recently, it was proposed that diTPSs shared a
typical ypo structure domain and were defined as three pivotal diTPS
types: monofunctional class-I diTPSs, monofunctional class-II diTPSs, as
well as bifunctional class-I/II diTPSs (Zerbe and Bohlmann, 2015).
Ent-copalyl-PP was proposed as a possible precursor to the gibberellin
family, and ent-copalyl diphosphate synthase was reported to be
involved in the first step of gibberellin cyclization. Copalyl-PP was
presented as a possible precursor to the DRAs family, and miltiradiene
synthase/ copalyl diphosphate synthase might be an essential regulatory
enzyme of the DRAs biosynthesis. Some reports demonstrated that the
expression level of terpenoid biosynthesis-related genes probably par-
allels terpenoid productivity, for example, the 12-Deoxyphorbol-13-phe-
nylacetate in Euphorbia resinifera (Zhang et al., 2019). Several studies
isolated the downstream diTPS genes from pines, while the upstream TB
gene information is also relatively straightforward. And it remains fuzzy
whether there are some correlations between oleoresin and gene
expression patterns in the terpenoids metabolic pathway so far.

Masson pine (Pinus massoniana L.) is the primary native pine species
tapped in China; it occupies a vast scale in oleoresin total yields of the
country annually, and the proportion even reached 90 % in a period (Liu
et al., 2015a). Remarkable genetic variations of oleoresin yield have
been found at different masson pine families, ranging from 14.12-50.55
g per day (Liu et al., 2020). With the development of molecular biology,
genetic identity and functional genomics had been exploited for mo-
lecular assistance in breeding work (Burdon and Wilcox, 2007). To date,
there have been no reports involved in the complete genome sequences
to study the DRAs biosynthetic pathway of masson pine. Only fractional
germplasms have been explored by Next-generation sequencing tech-
nologies, such as RNA-Seq analysis of gene expression, which has
contribute significantly in the achievements of basic plant science (Liu
et al., 2015; Mao et al., 2019). Also, the downstream information about
diterpenoid biosynthesis still is very insufficient in masson pine so far.
The application of single-molecule long-read isoform sequencing
(SMRT-Seq) technology by Pacific Biosciences (PacBio) has enabled
researchers to gain long-read or full-length transcriptomes with com-
plete coding sequences (Hoang et al., 2017). The scheme of combining
Illumina RNA-Seq and SMRT-Seq has been used to produce more
comprehensive knowledge at the transcriptional level. In the future, the
global knowledge of the diterpenoid biosynthesis pathway in masson
pine will be fully characterized.

The present study reveals the essential genes of a diterpenoid
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biosynthetic pathway in a high oleoresin yielder and unravels the cor-
relation between the expression levels and oleoresin yield in masson
pine. The transcriptome data of high- and low-oleoresin yield samples of
masson pine were conducted using the SMRT-Seq and Illumina RNA-Seq
technology, and the differentially expressed genes (DEGs) were identi-
fied using enrichment analyses in needle and trunk xylem. And the
expression status of the 13 DEGs and three types of DXS genes were
validated using quantitative real-time PCR (qQRT-PCR) in both 12-year-
old and 1-year-old high and low oleoresin-yield clones. Subsequently,
we performed the Pearson correlation analysis in 60-year-old trees with
different oleoresin productivities, and the expression levels of the 16
genes varied among the new needle, old needle, and trunk xylem.
Moreover, the Pearson correlation analysis was also performed to
ascertain the potential relationships between the 13 upstream genes of
the TBB pathways and three downstream genes from DB pathways
within the three tissues in 60-year-old masson pine. Parallel to this, the
oleoresin compositions of 60-year-old germplasms were committed to
metabolite profile via GC-MS analysis. We found a correlation between
oleoresin yield and gene expression level, which would supply reference
of masson pine high-oleoresin-yielding germplasm for molecular-
assisted selection.

2. Materials and methods
2.1. Plant material

The 12-year-old clones were cultivated in a seed orchard of the
Nanning Forestry Research Institute, Guangxi, China. According to the
yield of oleoresin, all samples were divided into two groups. One group
was a high-oleoresin clone (three trees as three biological replicated
trees) with oleoresin yields more than 15.0 g-d_1 crn_l, another was a
low yielder (another three trees as three biological replicated trees) with
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oleoresin yields less than 5 g-d ! cm™!. A total of six trees were gathered
in the same environmental and management conditions for further
investigation. The trunk xylem of six trees was collected in August 2018
for PacBio SMRT transcriptome sequencing. And 12 samples were used
for Illumina RNA sequencing, i.e., two clones (high-yield and low-yield)
X two tissues (trunk xylem and needle) x three replicated trees. The
xylem samples were harvested from the trunk one meter above the
ground. An equal volume of needles was obtained from four orientations
at the same height in each tree.

The high and low oleoresin-yield clones of 1-year-old seedlings were
cultivated from the seeds of 12-year-old high and low oleoresin-yield
mature masson pine, respectively. When the seeds germinate and
grow to a height of 10 cm, the seedlings were grown under natural
conditions at the Guizhou University. The stem and needle were
collected for qRT-PCR in August 2020, and three biological replicates
were included in the qRT-PCR assays.

The 60-year-old masson pine was grown outdoor and had no shade
with the same environmental conditions of the Guizhou University,
Guizhou, China. A total of nine trees have the same appearance, for
example, tree height and breast diameter. The oleoresin yield was gain
using the bark streak method of wounding for oleoresin tapping from the
trunk one meter above the ground (Rodrigues-Correa et al., 2012b). The
new needle (current year), old needle, and trunk xylem (from the trunk
one meter above the ground) were collected for qRT-PCR in October
2020. All the above samples were placed into liquid nitrogen immedi-
ately and then stored at -80 °C until further processing. An opening
schematic with a diagrammatic depiction of sample collection details is
shown in Fig. 1.

2.2. Total RNA preparation and cDNA synthesis

The total RNA was extracted from the needle, stem, and trunk xylem
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Fig. 1. Scheme of plant sample collection for the manuscript. (a) Geographical distribution of all masson pine in this study; (b) The morphological character of 12-
year-old (from Guangxi Province) and 60-year-old (from Guizhou Province) mature masson pine; (c) The high and low oleoresin-yield clones of 1-year-old seedlings
and the location of sampling tissues. (d) The location of sampling tissues in two types of mature masson pine. The 1-year-old seedlings were cultivated from the seeds
of 12-year-old high and low oleoresin-yield mature masson pine. The red circle indicates the location of sampling tissues. After removing the bark and phloem at the
sample trees about one meter from the ground, the trunk xylem was obtained that length was 60 mm, the width was 50 mm, and 2 mm of thickness.
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by polysaccharide polyphenol plant total RNA extraction kit (SENO,
Zhangjiajie, China). The microplate spectrophotometer (Thermo Fisher
Scientific, USA) was used to detect RNA purity, concentration, and
integrity. According to the manual, the cDNA was first synthesized using
a PrimeScript TMRT reagent kit with gDNA Eraser (TaKaRa, Dalian,
China).

2.3. RNA sequencing, assembly, and annotation

The total cDNA library was isolated and constructed on an Illumina
HiSeq Xten platform (Illumina Inc., CA, USA) at Biomarker Technologies
Corporation (Beijing, China) according to the method described by
Barrero et al. (2011). After removing raw reads that included adaptor
sequences, empty reads, or low-quality sequences, the clean reads were
mapped to the non-redundant SMRT reference through RSEM software
and STAR software (Li and Dewey, 2014). Gene function classifications
with gene ontology (GO) annotations of all the unigenes were deter-
mined by Blast2GO software (Conesa and Gotz, 2008) and with WEGO
software to display GO functional classification (Ye et al., 2018). The
relative expression levels were normalized by FPKMs (Fragments per
kilobase of transcript per million mapped reads). The differential
expression based on the read counts values among sample groups was
analyzed by DESeq2 (Anders and Huber, 2010). Both the absolute values
of the FDR (false discovery rate) <0.01 and |log2 (fold change) | > 1
were chosen as thresholds to detect differential significance. The sta-
tistical analysis and data visualization of DEGs were implemented using
ggplot2 R Package (Yu et al., 2012).

2.4. Quantitative real-time PCR (qRT-PCR) assay

Unigenes related to terpenoid metabolic pathways were selected for
validation by qRT-PCR. The Maxima® SYBR Green/ROX qPCR Master
Mix (2X) (Thermo Fisher Scientific, USA) was used to detect the target
sequence on a CFX96 Real-Time PCR Manager 3.1 (BioRad, United
States). Each PCR mixture (10 pL) contained 1 pL of synthesized cDNA, 5
pL of SYBR Green Real-time PCR Master Mix, 0.3 pL of each primer (10
mM), and 3.4 pL of ddH;O. Specific primers used in qRT-PCR were
designed using Primer Premier 5 according to the open reading frame
(ORF) sequence of target unigenes. The UBI gene was selected as the
reference gene. The information of primer sequences was listed in
Supplementary Table S1. Water was used to replace the cDNA template
as a negative control in the same qRT-PCR reaction for each primer pair.
Three technical and three biological replicates with similar results were
performed in the qRT-PCR assays. The CT values of the 16 genes in a
needle and trunk xylem were used to evaluate the FPKM results of
transcriptome in 12-year-old clones. The qPCR experiment data was
analyzed using the 272¢T and 2724€T methods (Livak and Schmittgen,
2001).

2.5. Oleoresin terpenes extraction and GC-MS analysis

Oleoresin terpenes were obtained from the trunk xylem in 60 years
old masson pines. The oleoresin from the trunk xylem was gained by
cutting the tree without the use of chemical stimulants. On each selected
tree, one wound was made that length was 80 mm and width was 20
mm, 5 mm of deep fresh secondary xylem tissues adjoining the cambium
layer were wounded at the sample trees after removing the bark and
phloem. Each wound was made at the same height (breast height); on
the same level, the right end of the wound facing the sun has a slight
upwards slope (30°). Just below the damage, a tightly fitting end of tin
foil (100 x 100 mm) was pasted in the tree bark, the other end of the tin
foil was rolled into a tube with a diameter of 20 mm, and the tube was
inserted into the collection tube and left from 12 h to fill with oleoresin.
Collection tubes were hermetically closed and refrigerated until
required for analysis. Samples were taken on August 30, 2020.

For qualitative analysis, the terpenoids in xylem from 1 g of oleoresin
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were extracted using 0.5 mL of ethanol for 12 h, and 50 pL of tetrame-
thylammonium hydroxide was added as methylation reagent. The hep-
tadecanoic acid was used as internal standards of diterpenes, and the
isobutylbenzene was used as internal standards of monoterpene and
sesquiterpene as previously described Livak et al. (2001). Quantitative
analyses of terpenoid extractions were determined on an Agilent 7890B
gas chromatograph equipped with an Agilent 7000D mass spectrometer
(Agilent J&W Scientific, USA) and an HP-5MS column (60 m x 0.25 mm
x0.25 pm; Agilent Technologies, USA). Helium was used as a carrier gas
at 1.0 mL min . The oven program temperature was started at 50 °C for
2 min, increased to 80 °C at a rate of 3 °C min~! and held for 4 min,
followed by an increase at a rate of 5 °C min~! to 180 °C (6 min hold),
and then at a rate of 10 °C min~! (6 min hold) reached to 230 °C, a final
step to 250 °C at a rate of 20 °C min~! (6 min hold). MS conditions were
performed in EI mode, and electron energy was 70 eV, ion source was
230 °C; GC-MS interface zone was 250 °C, and a scan range of 50-500
mass units. Terpenoids were validated by comparison of mass spectra
with corresponding compounds in the NIST Mass Spectral Library, and
specific standard substances from Sigma-Aldrich were used as references
of the retention time.

2.6. Statistical analysis

The statistical analyses were carried out using ANOVA and Pearson’s
simple correlation using SPSS software (version 9.2). Least significance
differences (LSDs) were calculated at P < 0.05 and P < 0.01.

3. Results

3.1. Functional annotation and classification of transcriptomes in trunk
xylem and needle

Sequencing of the cDNA libraries from the trunk xylem of the high
oleoresin yielder on the PacBio Sequel platform generated 25.70 Gb of
nucleotides, the low-yield clone generated 23 Gb of nucleotides. Sum-
mary of SMRT full-length transcriptome and RNA-Seq data have been
published by Mei et al. (2020), including clean reads, mapped reads,
number of full-length reads, full-length percentage, quality (%), etc.
Based on GO annotation, a total of 20,560 and 17,915 unigenes in trunk
xylem and needle were classified into 48 subcategories belonging to
three main categories (Fig. 2, Supplementary Table S2). In the biological
process category, “metabolic process” (7336/ 6362 Note: the former was
in trunk xylem, the latter was in the needle, the following same format
was the same commentary) and “cellular process” (6361/ 5681) were
included a significantly larger number of unigenes compared with other
subcategories, and were followed by “single-organism process” (5210/
4465), “response to stimulus” (2719/ 2343), “biological regulation”
(2252/ 1938), and “localization” (1701/ 1477), and so on. The sub-
categories “cell part” (5328/ 4955), “cell” (5328/ 4955) and “organelle”
(3920/ 3760) in the cellular component category as well as “catalytic
activity” (7029/ 5800) and “binding” (6883/ 5776) in the molecular
function category contained the largest number of unigenes. However,
few genes were clustered to subcategories of “nutrient reservoir activity”
(1/ 0), “metallochaperone activity” (3/ 2), “extracellular region part”
(4/ 4), and “cell killing” (4/ 3).

A total of 8361/ 7477 unigenes were successfully assigned to 125
KEGG pathways in trunk xylem and needle, respectively (Fig. 3, Sup-
plementary Table S3). Among them, the four most frequently repre-
sented pathways that more than 270 unigenes, including “Spliceosome”
(388/ 328), “Protein processing in endoplasmic reticulum” (381/ 323),
“Carbon metabolism” (304/ 309), “Biosynthesis of amino acids” (296/
277). Some crucial pathways involved in terpenoids synthesis were also
identified, including “Terpenoid backbone biosynthesis” (43/ 52) and
“diterpenoids biosynthesis” (22/ 13). Moreover, 121/ 93 unigenes were
clustered into the “Flavonoid biosynthesis” pathway, and 129/ 76
unigenes were assigned to the “Phenylpropanoid biosynthesis” pathway.
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Fig. 3. KEGG classifications of unigenes in trunk xylem and needle. Gray histogram represented the trunk xylem, and green histogram represented the needle. The y-

axis represented the number of unigenes.

Compared with the needle, the “ABC transporters”, “Phenylpropanoid
biosynthesis”, “Pentose and glucuronate interconversions”, “Diterpe-
noid biosynthesis” and “Terpenoid backbone biosynthesis” were only
found in the trunk xylem. While the “Porphyrin and chlorophyll meta-
bolism”, “Photosynthesis” and “Tyrosine metabolism” were only
discovered in the needle (Fig. 3).

3.2. KEGG enrichment pathways of DEGs between high and low
oleoresin-yield masson pine

KEGG enrichment pathways showed that 1909 DEGs in trunk xylem
were enriched in 20 KEGG pathways, the followed pathways were
significantly enriched, including “ABC transporters”, “Spliceosome”,
“Phenylpropanoid biosynthesis”, “Glutathione metabolism”, “Plant-
pathogen interaction”, “Flavonoid biosynthesis”, “Cyanoamino acid
metabolism”, and “Diterpenoid biosynthesis” (Fig. 4a). In contrast, a
total of 1994 DEGs in the needle were enriched in 20 KEGG pathways, of
which the “Photosynthesis-antenna proteins”, “Photosynthesis”,

“Regulation of autophagy”, “Glutathione metabolism”, and “Circadian
rhythm-plant” were significantly enriched pathways (Fig. 4b). Addi-
tionally, to clearly present the number of differential expression genes,
the Venn diagrams were implemented. Compared with low-yielder, a
total of 11,198 up-regulated and 10,757 down-regulated DEGs in the
high-yielder xylem; 9353 up-regulated and 8562 down-regulated DEGs
in the high-yielder needle (Fig. 4c).

3.3. Candidate DEGs of the diterpenoid biosynthesis pathway in 12-year-
old masson pines

An annotation found the characterization of the potential candidate
genes involved in diterpenoid biosynthesis in the masson pine tran-
scriptome. Totally, 172 unigenes were found in the Terpenoid Backbone
Biosynthesis (TBB) pathway (KEGG map00900), the Diterpenoid
Biosynthesis (DB) pathway (KEGG map00904) found 52 unigenes.
Eighteen genes of the TBB pathway were matched with 1-16 unigenes
(Mei et al., 2020). Here, 29 and 20 DEGs were identified involving the
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Fig. 4. KEGG enrichment pathways of DEGs and Venn analysis between high-yielder and low-yielder in the xylem and needle. (a) KEGG enrichment pathways in
high yielder vs. low yielder trunk xylem; (b) KEGG enrichment pathways in high yielder vs. low yielder needles. (c) The total of differential expression genes between
high-yielder and low-yielder in the xylem and needle by Venn diagram. (d) The differential expression TBB and DB genes between high-yielder and low-yielder in the

xylem and needle by Venn diagram.

TBB pathway and the DB pathway in the trunk xylem, 35 and 12 DEGs in
the TBB and the DB in the needle. Compared with low-yielder, a total of
26 up-regulated and 23 down-regulated DEGs in the high-yielder xylem;
27 up-regulated and 20 down-regulated DEGs in the high-yielder needle
(Fig. 4d, Fig. 5).

Compared with the low oleoresin-yield masson pine, 13 up-regulated
expression DEGs with complete ORF sequence were obtained by Venn
analysis in trunk xylem and needle of high oleoresin-yield masson pine,
simultaneously. As the first key enzyme in the MEP pathway, three types
of DXS genes by KEGG annotation also were used to be regarded as the
candidate genes at the subsequent qRT-PCR analysis. The expression
levels of the diterpenoid biosynthesis genes were analyzed by the FPKM
values of the transcriptome (Fig. 6). The results showed that the
expression level of AACT7, which had a relatively higher expression
level compared with other genes of the MVA pathway in the combina-
tion of HM-LM. The MCS4, IDI7, and ent-CDS9 had somewhat higher
expression levels than other genes in HZ-LZ. Conversely, the PMK11 and
CDS had relatively lower expression levels among the 16 tested genes in
xylem and needle. Compared with the MVA genes, the expression levels
of MEP biosynthesis gene were visibly higher, except for AACT7. In the
trunk xylem, the expression level of DXS6 is the highest, but the dif-
ference was not significant between the high- and low-yielder trunk
xylem. In the needle, the DXS3 had a relatively higher expression level
than DXS6 and DXS8.

3.4. Expression profile of target genes in 12-year-old masson pines

The accuracy of RNA-Seq was validated by qRT-PCR. High re-
semblances were observed, except for DXS6 and DXR2, which had

relatively lower expression levels in high-yielders than other genes
(Fig. 7). Moreover, the expression of MCS, HDS, and IDI, which catalyzed
the essential conversion step from IPP to DMAPP in the MVA and MEP
pathways, was significantly higher than that of other MEP pathway
genes in high-yield masson pine. Combined with the FPKM and qRT-PCR
values, the results indicated that the MEP pathway genes had a higher
expression content than other MVA pathway genes, except for three DXS
genes. Additionally, the comparison with the upstream genes revealed
that the expression levels of ent-CDS9 involved in diterpenoid biosyn-
thesis were visibly higher in the needle, while the expression level of
CDS1 was visibly lower in two tissues.

3.5. Expression profile of terpenoid biosynthesis-related genes in 1-year-
old tree

In the present study, the expression profile of terpenoid biosynthesis-
related genes was analyzed in the needle and trunk xylem of 1-year-old
masson pine (Fig. 8). It was emphasized that all 1-year-old masson pine
was cultivated from the seeds of 12-year-old. The results showed that
most genes significantly different expression in the two tissues of high-
yield-oleoresin masson pine compared with low-yield. However, it was
distinct that the HMGR7, HMGS7, and DXR2 were up-regulated in the
low-yield needle compared with the 12-year-old masson pine. Addi-
tionally, the fold change of most genes from the MEP pathway, including
DXS3, DXS6, DXR2, MCS4, HDS4, but not DXS8, and PMK11, were
higher in high-yield trunk stems than in the MVA pathway. Notably, the
PMK11 of MVA pathway, ent-CDS9 related to the gibberellin biosyn-
thesis and CDS1 of DRA biosynthesis, were exceptionally significantly
up-regulated expression in high-yield masson pine compared with low-
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Fig. 5. The KEGG pathways of diterpenoid biosynthesis as well as the expression patterns of related DEGs in trunk xylem and needle. (a) KEGG pathways and
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Fig. 6. The expression levels of target genes
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pathway, DB was the diterpenoid biosynthesis pathway. The full name of genes was listed in Fig. 5.

yield one. 3.6. Correlations between terpenoid gene-expression and oleoresin yield in
60-year-old tree

We obtained nine diverse oleoresin-yield germplasms in 60-year-old
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Fig. 7. The expression levels of target genes in
the trunk xylem and the needle of 12-year-old
masson pine detected by qRT-PCR. (a) Gene
expression levels in high yielder vs. low yielder
trunk xylem, (b) Gene expression levels in high
yielder vs. low yielder needles. “H” was the high
oleoresin yielder; “L” represented the low
oleoresin yielder; “M” was the trunk xylem; “Z”
was the needle. MVA was the mevalonic acid
pathway, MEP was the methylerythritol 4-phos-
phate pathway. TBB was the terpenoid back-
bone biosynthesis pathway, DB was the
diterpenoid biosynthesis pathway. The red his-
togram meant a high-yield oleoresin clone, the
blue histogram represented a low-yield one.
Error bars refer to the standard deviation (SD)
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Fig. 8. The fold change of target genes in 1-year-old high-yield compared with the low-yield masson pine detected by qRT-PCR. (a) and (b) indicates that four genes
belong to the MVA pathway of the TBB pathway. (c) and (d) indicated that the eight genes originate from the MEP pathway of the TBB pathway. (e), (f) and (g)
indicated that the four genes belong to the DB pathway. “H” was the high oleoresin yielder; “L” represented the low oleoresin yielder; “M” was the trunk xylem; “Z”
was the needle. The red histogram represented a high-yield oleoresin clone, and the blue histogram was a low-yield oleoresin clone. MVA was the mevalonic acid
pathway, MEP was the methylerythritol 4-phosphate pathway. TBB was the terpenoid backbone biosynthesis pathway, DB was the diterpenoid biosynthesis pathway.
Error bars refer to the standard deviation (SD) of three biological repeats. According to two-tailed analysis, symbol ** and * showed statistically significant dif-
ferences between high and low yielder samples at the levels of p < 0.01 and p < 0.05. The full name of genes was listed in Fig. 5.

masson pine, and we also investigated the expression patterns of
candidate genes in new foliage, old foliage, and trunk xylem (Fig. 9). The
results found that all 15 genes were expressed in the three tissues,
exclude the expression of ent-CDS9 in the trunk xylem. Four genes from
the MEP pathway, including DXS3, DXS6, DXS8, and DXR2, were at a
lower expression in the trunk xylem than the needle. The DXS3, DXS6,
and DXS8 had identical expression patterns in new foliage. Subse-
quently, MCS4, HDS4, and IDI7 of the MEP pathway had a higher
expression than other genes of TBB, whereas the expression levels of
genes involved in the MVA pathway were relatively lower. Compared
with the young needle, the MCS4 and HDS4 had analogous expression
patterns between the old needle and trunk xylem. Moreover, the PMK11

and CDS1 had similar expression patterns between the three tissues,
respectively. The expression of ent-CDS9 showed extremely significant
tissue differences, and it had a higher expression in a new needle.
Compared with the trunk xylem, the ent-KO3 had similar expression
patterns between the new and old needles.

We performed correlation analysis to determine the potential re-
lationships between oleoresin yield and relative expression values of the
TBB and DB pathways genes within the three tissues, as shown in
Table 1. In new needle, ent-CDS9 (r = 0.9394; p < 0.01) and HMGR7 (r =
0.9579; p < 0.01) had obviously positive correlations with oleoresin
yield, but HMGS7 (r=-0.8142; p < 0.01) had significantly negative
correlation with oleoresin yield; in old needle, only FPPS2 (r=-0.832; p
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Fig. 9. The expression levels of target genes in 60-year-old masson pine with different yields. (a) The four genes belong to the MVA pathway of the TBB pathway; (b)
The eight genes belong to the MEP pathway of the TBB pathway; (c) The four genes from the DB pathway. The number of 1 to 9 on the X-axis represented nine trees
with different yields from high to low. Error bars refer to the standard deviation (SD) of three biological repeats. MVA was the mevalonic acid pathway, MEP was the
methylerythritol 4-phosphate pathway. TBB was the terpenoid backbone biosynthesis pathway, DB was the diterpenoid biosynthesis pathway. The full name of genes

was listed in Fig. 5.
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Pearson correlation analysis between the expression trends of 16 genes and oleoresin yield.

Tissues

MCSs4 PMK11 FPPS2

ent-KO3 ent-CDS9 AACT7 DXR2 HDS4
New foliage Pearson correlation —0.2155 0.3475 —0.2025 —0.1724 0.9394** —0.1491 0.4352 —0.0465
Sig. (2-tailed) 0.5775 0.3595 0.6014 0.6574 0.0002 0.7019 0.2417 0.9054
Old foliage Pearson correlation —0.024 0.171 —.832%* —0.366 0.279 —0.372 0.25 -0.179
Sig. (2-tailed) 0.95 0.659 0.005 0.333 0.467 0.325 0.516 0.646
Trunk xylem Pearson correlation 0.149 0.56 0.422 0.42 - 0.299 0.126 —0.585
Sig. (2-tailed) 0.702 0.117 0.258 0.26 - 0.434 0.747 0.098
Tissues HMGR7 LDS10 DXS3 DXS8 HMGS7 DXS6 CDS1 D17
New foliage Pearson correlation 0.9579** 0.2763 0.281 0.2999 —0.8142** 0.3319 0.3987 —0.296
Sig. (2-tailed) 0 0.4716 0.4639 0.433 0.0075 0.3829 0.2878 0.4392
Old foliage Pearson correlation 0.114 —0.015 0.035 —0.197 —0.262 -0.113 0.383 —0.203
Sig. (2-tailed) 0.771 0.97 0.928 0.612 0.495 0.772 0.309 0.601
Pearson correlation 0.108 —0.308 —0.553 —0.437 .821%** —0.545 .806%* .902**
Trunk xylem . R
Sig. (2-tailed) 0.783 0.42 0.122 0.239 0.007 0.129 0.009 0.001

Note: Symbol ** and * showed significant correlations at the levels of p < 0.05 and p < 0.01, respectively, according to two-tailed analysis. The full name of genes was

listed in Fig. 5.

< 0.01) had remarkably negative correlation with oleoresin yield.
Additionally, HMGS7 (r = 0.821; p < 0.01), CDS1 (r = 0.806; p < 0.01)
and IDI7 (r = 0.902; p < 0.01) had highly positive correlation with
oleoresin yield in trunk xylem.

We also performed correlation analysis to detect the potential re-
lationships between downstream genes and upstream genes within the
three tissues, as shown in Supplementary Table S4, S5, S6. Remarkably,
AACT7 (r = 0.9634; p < 0.01) had obviously positive correlation with
FPPS2 in young foliage; HMGR7 (r = 0.9150; p < 0.01) had highly
positive correlation with ent-CDS9. In old foliage, HMGR7 (r = 0.820; p
< 0.01) and ent-CDS9 (r = 0.900; p < 0.01) had extremely positive
correlations with LDS10; ent-CDS9 (r = 0.744; p < 0.05) had significant
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correlations with CDS1. In trunk xylem, MCS4 (r = 0.707; p < 0.05),
AACT7 (r=0.840; p < 0.01) and FPPS2 (r = 0.888; p < 0.01) had clearly
correlations with ent-KO3; IDI7 (r = 0.685; p < 0.05) had distinctly
correlations with CDS1.

3.7. Correlations between DRAs and oleoresin yield in 60-year-old tree

The pimaric acid, sandaracopimaric acid, isopimaric acid, palustric
acid, levopimaric acid, dehydroabetic acid, abietate acid, and neoabietic
acid were the primary components of DRAs in the present study. Similar
to the trend of oleoresin yield in nine trees, the accumulation of oleo-
resin and diterpenoid were highest in No.1 (54.00 g and 414.09 mg g~ *

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9
Oleoresin yield (g)

No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9
DRAs (mg/g FW)

Fig. 10. Content of oleoresin compounds was detected through GC-MS among different-yield of masson pine. (a) The change of breast diameter in nine trees. (b) The
oleoresin yield of nine trees within 12 h. (c) The range of diterpenoid content in just 12 h. (d) The relative content of diterpene resin acids (DRAs) in just 12 h. “FW”
indicated the fresh weight. Error bars refer to the standard deviation (SD) of three biological repeats.
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fresh weight (FW)), the lowest abundance of oleoresin and diterpenoid
were observed in No.9 (6.99 g and 121.57 mg g~ FW). Furthermore,
DRAs concentrations ranging from 61.50 mg g~ ! FW in the lowest-yield
sample (No.9) to 333.04 mg g~* FW in the highest-yield sample (No.1).
The results of correlation showed that the diterpenoid (r = 0.752; p <
0.05) and DRAs (r = 0.819; p < 0.01) had significant positive correla-
tions with oleoresin yield. In contrast, the monoterpenes and sesqui-
terpenes had no significant correlation with oleoresin yield.
Additionally, DRAs (r = 0.942, p < 0.01) had obvious positive correla-
tions with diterpenoid ((Fig. 10, Table 2).

4. Discussion

The yield of oleoresin is a highly heritable trait, and substantial ge-
netic gains can be obtained from the selection of high oleoresin yielders
by conventional breeding styles (Allen et al., 2015). However, the pro-
cess of breeding for high yielders only through the traditional breeding
method was so slow. The molecular-assisted selection for the
high-oleoresin yield germplasm will give a great future.
High-throughput screening (HTS) technology offers new opportunities
for discovering and studying the biosynthesis mechanisms of oleoresin
compounds in plants. Subsequently, the Illumina RNA-Seq and
SMRT-Seq were successfully applied in many Pinus species, which will
offer a scientific basis for molecular breeding (Niu et al., 2013; Zimin
et al., 2014). In the present study, some essential pathways involved in
terpenoid biosynthesis were identified, including “Terpenoid backbone
biosynthesis” (43 unigenes were obtained in trunk xylem / 52 unigenes
in needle) and “Diterpenoids biosynthesis” (22 unigenes in trunk xylem
/ 13 unigenes in needle). Previous studies illustrated that the diterpe-
noid was one of the obviously different components between high and
low yielder, mostly was the DRAs (Liu et al., 2015). The current results
were consistent with the findings of previous studies at the transcrip-
tional level. Furthermore, a total of 13 DEGs including four genes
(AACT, HMGS, HMGR, PMK) in the MVA pathway, four genes (DXR,
MCS, HDS, IDI) from MEP pathway, FPPS, and four genes (ent-CDS, CDS,
LDS and ent-KO3) from down-stream diterpenoid biosynthesis pathway
were identified as the candidate genes for screening higher oleoresin
yield of masson pine. The ultimate product was IPP, which could be
isomerized to DMAPP by the effection of IDI (Pankratov et al., 2016).
The function and role of ent-CDS9 and ent-KO3 are related to the
gibberellin biosynthesis. While the CDS1 is a rate-limiting enzyme of
DRAs biosynthesis, and LDS is the crucial enzyme of (13E)-Labda-7,
13-dien-15-ol biosynthesis (Alicandri et al., 2020). In short, we obtained
several key genes which regulating the diterpenoid metabolic process in
high-yield oleoresin masson pine.

Previous reports illustrated that the MVA pathway manufactures
cytosolic IPP to synthesize brassinosteroids, sesquiterpenes, sterols, and
triterpenes in plants (Sauret-Giieto et al., 2006). In contrast, IPP and
DMAPP for the photosynthesis-related isoprenoids biosynthesis were
synthesized simultaneously in the MEP pathway, such as mono-
terpenoids and diterpenoids (Rodriguez-Concepcion et al.,, 2004).
Combined with the FPKM and qRT-PCR values in 12-year-old masson
pine, the MEP pathway genes had higher expression contents than other

Table 2
Pearson correlation analysis between the diterpenoid or DRAs content and
oleoresin yield.

Types Oleoresin yield Diterpenoid
Diterpenoid Pearson Correlation 0.752* 1
P Sig. (2-tailed) 0.019
Pearson Correlation 0.819** 0.942%**
DRAs . .
Sig. (2-tailed) 0.007 0.000

Note: Symbol ** and * showed significant correlations at the levels of p < 0.05
and p < 0.01, respectively, according to two-tailed analysis. The DRAs repre-
sented diterpene resin acids.
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MVA pathway genes, including DXS3, DXS6, DXR2, MCS4, HDS4, but
not DXS8 and PMK11. Similarly, the expression patterns in 12-year-old
masson pine, especially MCS4 and HDS4, also had higher expression
than other genes of precursor biosynthesis in 1-year-old and 60-year-old
germplasm. The previous study illustrated that the expression levels of
some genes from the MEP pathway, for example, MCS and HDS, were
predominantly up-regulated under high light (Liang et al., 2016).
Conversely, when exposed to light, the expression of the MVA pathway
genes was down-regulated, and the yield of sterols was reduced
(Rodriguez-Concepcion, 2006); while up-regulates the expression of
MEP pathway genes as well as genes in carotenoid and chlorophyll
biosynthesis (Cordoba et al., 2009; Mongélard et al., 2011). Therefore,
the MEP pathway plays a more critical role than the MVA pathway in
regulating diterpenoid biosynthesis.

Oleoresin productivities can be forecasted using the essential object
gene related to the terpenoid biosynthesis as an index; molecular-
assisted breeding can provide a valuable backup to conventional
direct measurement methods (Chen et al., 2018). Presently, many re-
searchers have been appraised the potential relationships between the
transcript expression profiles of secondary metabolites-biosynthesis
genes and its accumulation, for example, tanshinone (Yang et al.,
2019). However, scarcely efforts about the relations between the gene
expression involved in oleoresin biosynthesis pathways and accumula-
tion have been available so far. In this regard, we tried to set up a
connection between the expression level of diterpenoids biosynthesis
genes and oleoresin yield at a molecular biological level, and the po-
tential relationships between downstream genes and upstream genes of
precursor biosynthesis within the three tissues also were performed. We
found a significant positive correlation between the expression levels of
ent-CDS9 and HMGR7 and oleoresin yield in the young needle, and
HMGR?7 had an extremely significant positive correlation with ent-CDS9.
In the old needle, only FPPS2 had a remarkably negative correlation
with oleoresin yield, the expressions of HMGR7 and ent-CDS9 had
extremely substantial positive correlations with LDS10, ent-CDS9 had
obviously correlations with CDSI. In trunk xylem, HMGS7, CDS1, and
IDI7 had significant positive correlations with oleoresin yield; MCS4 and
AACTY7 had substantial correlations with ent-KO3, IDI7 had a significant
correlation with CDS1. Amazingly, no significant relation between DXR
or DXS expression level and oleoresin yield was found in the present
study. DXR and DXS were the critical enzymes regulating metabolic flux
in the MEP pathway, some reports showed that the expression levels of
the two genes were positive related to the accumulation of isoprenoid
(Munoz-Bertomeu et al., 2006; Kim et al., 2009). Some studies also
showed that the regulatory role of DXS and DXR presents
species-specific in plants. For instance, the DXR enzyme does not play a
critical status or presents a deficiency of direct correlation with carot-
enoid accumulation in Lycopersicon esculentum (Rodriguez-Concepcion
et al.,, 2001) or the stock of volatile terpenoids in Antirrhinum majus
(Dudareva et al., 2005).

Some genes annotated in the diterpenoid biosynthesis pathway were
related to gibberellins (GAs) biosynthesis in our research. Especially, the
ent-CDS was the critical rate-limiting terpene synthesis enzyme that
controlling metabolic flux in the gibberellin biosynthesis (Zi et al., 2014;
Bathe and Tissier, 2019). Remarkably, the expression level of ent-CDS9
in high yielder was significantly higher than in low yielder, and an
apparent positive correlation was determined between ent-CDS9
expression and the oleoresin yield in the young needle. The ent-CDS9
had strong tissue specificity, and it had a higher expression level in
young tissue. The result was consistent with the function and role of
GAs. Namely, GAs are conserved diterpenoid compositions, exist in all
higher plants as a class of hormones that function in many develop-
mental processes, such as germination, cell elongation and differentia-
tion, and flower and fruit development (Sun and Kamiya, 1994).
Additionally, we also obtained the ent-CDS9 protein by Prokaryotic
expression, and in vitro enzyme activity test showed that the ent-CDS9
protein was active and could react with the substrate (GGPP, GPP,
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FPP) to form some terpenoid products (unpublished data). Ent-CDS9 had
significant positive correlations with HMGR?7 that an upstream pathway
gene in the young needle, and HMGR? also had a significant positive
correlation with oleoresin yield. The conversion of 3-Hydroxy-3-me-
thyl-glutaryl-coenzyme A to mevalonate was catalyzed by HMGR, a
key rate-limiting enzyme related to the isoprenoid biosynthesis in the
MVA pathway (Enfissi et al., 2005). Research showed a marked increase
of monoterpenoids such as 1,8-cineole and camphor by overexpressing
HMGR in Lavandula latifolia (Mendoza-Poudereux et al., 2015). Simi-
larly, overexpression of HMGR in Salvia miltiorrhiza also accelerated the
accumulation of tanshinones, a kind of diterpenoid compound that is
supposed to be originated from the MEP pathway (Kai et al., 2011). A
reasonable commentary is that the cross-talk between the MVA and MEP
pathways has been a reality. For example, reports showed that more IPP
synthesized in the plastid is shifted to the cytoplasm to action as a
precursor to the MVA pathway (Gutensohn et al., 2013), and the reverse
held true as well (Mendoza-Poudereux et al., 2015). Our results also
suggested that although GAs shared the upstream biosynthesis pathway,
and there was a significant correlation between the ent-CDS9 gene and
the key genes related to another diterpenoid biosynthesis (for example,
DRAs), such as CDS1 and LDS10. Nevertheless, the correlation between
GAs and DRAs should be further investigated to acquire a better com-
mentary of the metabolic control in different coniferous tissues.

Previous research illustrated that DRAs were detected as the most
abundant diterpenoids in oleoresin, and it was a complex mixture by
mankind naming (Wang et al., 2013; Whitehill et al., 2019). Generally,
the DRAs were mainly composed of abietate acid, dehydroabetic acid,
isopimaric acid, levopimaric acid, neoabietic acid, palustric acid,
pimaric acid, and sandaracopimaric acid (Hall et al., 2013; Ma et al.,
2019; Chen et al., 2021). According to the location in the KEGG
pathway, CDS1 is the key rate-limiting enzyme of DRAs biosynthesis.
The current results indicated a significant correlation between the CDS1
expression and the oleoresin yields only in the trunk xylem. In masson
pine, the trunk xylem is the central tissue involved in the oleoresin
storage, and the needle produces metabolites more relevant to photo-
synthesis. The upstream gene, IDI7, had a significant correlation with
CDS1. As mentioned previously, diterpenoids are mainly synthesized via
the MEP pathway in plastids. IDI is used to guarantee an optimal
IPP/DMAPP proportion that the muster of the C5 units producing
terpenoid precursors (Alicandri et al., 2020). Shortage of IDI1 decreased
the accumulation of carotenoids in cotyledons, flowers, and fruits, but
not in ripe foliages in tomato (Pankratov et al., 2016). The diterpenoids
and DRAs showed significant positive correlations with oleoresin yield
by GC-MS, but monoterpenoids and sesquiterpenoids had no significant
correlation with oleoresin yield. However, the expression level of CDS1
in the 12-year-old high yielder was lower than in the low yielder trees,
the gene expression trend in the high yielder of 1-year-old and 60-year--
old masson pine was higher. Previously, Liu et al. (2015) reported that
the high oleoresin yielder had a more accumulation of sesquiterpene and
fewer diterpene content than in low yielder. The oleoresin biosynthesis
is a too complicated process affected by some exogenous and endoge-
nous factors, such as different plant tissues, tree age, environmental
perturbations, etc. Therefore, performing molecular-assisted selection
for screening the high-oleoresin yield germplasm, suggesting that the
above factors should be considered in the future, as well as further study
about these key genes should be paid attention to gain a better inter-
pretation of the metabolic control at gene and protein levels.

5. Conclusions

The combination of transcriptome and metabolism analysis illus-
trated that the diterpenoid and diterpenoid biosynthesis pathways were
the key differences between the high- and low-yield oleoresin germ-
plasm. MEP pathway plays a more pivotal role than the MVA pathway in
oleoresin biosynthesis, particularly MCS and HDS, demonstrating
significantly high expression levels in the high-yield ones. Promisingly,
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oleoresin yield may be possibly evaluated using the expression levels of
target genes HMGR and ent-CDS in the young needle as the candidate
indicators instead of only a conventional direct measurement. In the
trunk xylem, the IDI and CDS may also be as the indexes. The above four
genes may reliably facilitate the selection for high oleoresin productivity
germplasms of masson pine.
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