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Abstract: Slash pine (Pinus elliottii Engelmann) is a pine species widely cultivated for its high oleoresin
production capacity. However, little is known about the underlying molecular mechanism of oleoresin
biosynthesis between high and low oleoresin-yielding slash pines. In this study, the terpenoid
compositions of oleoresin harvested from high- and low-yielding slash pines were identified using
gas chromatography/mass spectrometry (GC-MS) analysis. The monoterpenes and diterpenes are the
major constituents, of which the «- and 3-pinenes are the overwhelming majority of turpentines, and
abietic acid, levopimaric acid, and neoabietic acid are the most abundant in rosin. The transcriptomic
analysis was also performed with secondary xylem tissues of high- and low-yielding slash pines.
After functional annotation, the DEGs of RNA-seq data between high- and low-yielding pines in
April, July, and October were screened, and many key enzyme genes were found to be implicated in
terpenoid backbone biosynthesis. Moreover, weighted gene correlation network analysis (WGCNA)
was carried out to uncover the gene modules highly related to - and 3-pinene biosynthesis in slash
pine. Twenty-three modules were attained in this study. Focusing on the total oleoresin yield, the
MEblue module exhibited the highest positive correlation, while the MEgreen module exhibited the
highest negative correlation. A total of 20 TFs were identified in gene modules. Among these genes,
the ¢215396.graph_c0 encoding an MYB TF is the key differentially expressed gene (DEG) between
high- and low-yielding pines. The subsequent one-hybrid yeast assay verified that c215396.graph_c0
can activate the transcription of Apetala 2 (AP2) and 1-deoxy-D-xylulose 5-phosphate synthase (dxs),
which are also two DEGs between high- and low-yielding pines. Thus, our study identified a set of
key enzymes and TFs that are involved in regulating oleoresin and composition between high- and
low-yielding slash pines and provided us a deep insight into oleoresin biosynthesis.

Keywords: Pinus elliottii Engelmann; comparative transcriptomic analysis; resin yield; oleoresin
biosynthesis; WGCNA

1. Introduction

Pine oleoresin, derived from the Pinus species, is a complex viscous mixture of ter-
penes that includes two major portions: the volatile turpentine and the nonvolatile rosin.
Turpentine consists of mono-(Cyo) and sesquiterpene (Ci5), while diterpene (Cp) is the ma-
jor component of rosin. In conifers, terpenes primarily function as the insect and microbial
toxins to defend plants against the invasion of aggressive pests or pathogenic fungi [1-3].
Moreover, monoterpenes emitted by vegetation exhibit antioxidant properties and are
implicated in the oxidative stress accommodation and thermotolerance of plants [4,5].
Nowadays, pine oleoresin is one of the most important nonwood forestry products, of
which the derivatives are widely used in numerous industrial productions, such as daily
chemicals, building materials, food additives, pharmaceuticals, and insecticides, among
others [6].

Forests 2022, 13, 1337. https:/ /doi.org/10.3390/£13081337

https://www.mdpi.com/journal/forests


https://doi.org/10.3390/f13081337
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-7644-4447
https://orcid.org/0000-0003-2168-0546
https://orcid.org/0000-0002-7101-3891
https://doi.org/10.3390/f13081337
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13081337?type=check_update&version=1

Forests 2022, 13, 1337

20f17

As the foremost source of terpenoids, natural vegetation provides over 30,000 terpenes
with enormous structural diversities and complexities [1,7,8]. The biosynthesis of terpenes
initiates with the formation of two substrates, the simple Cs-unit isopentenyl diphosphate
(IPP) and its isomer dimethylallyl diphosphate (DMAPP). Two separate metabolic path-
ways, the mevalonate (MVA) and methyl-erythritol 4-phosphate (MEP) pathways, are
responsible for the formation of Cs-unit IPP and DMAPP in cytosol and plastids, respec-
tively [9]. The synthesized DMAPP and IPP are the building blocks that undergo further
condensation reactions to form the direct precursors of terpenes, including the C;p-unit
liner prenyl diphosphpates geranyl diphosphate (GPP), C15-unit farnesyl diphosphate
(FPP), and Cpp-unit geranylgeranyl diphosphate (GGPP) [10]. These condensation reactions
are catalyzed by the short-chain isoprenyl diphosphate synthases (IDSs) that belong to a
large enzyme class, also known as prenytransferases [11,12]. In the MEP pathway, geranyl
diphosphate synthase (GPP synthase) condenses one molecular DMAPP with two IPP
molecules to produce GPP, while the formation of GGPP needs one molecular DMAPP
and three IPP molecules under the catalyzation of geranylgeranyl diphosphate synthase
(GGPP synthase) in plastids [10,13,14]. In contrast, the biosynthesis of FPP from DMAPP
and one molecular of IPP is primarily mediated by farnesyl pyrophosphate synthases (FPP
synthase) that function downstream of the MVA pathway occurring in cytosol [10,14]. As
the final step, these short-chain prenyl diphosphate intermediates, such as GPP, FPP and
GGPP, are catalyzed by specific terpene synthases (TPS) to synthesize diverse terpenes [10].
Sesquiterpene synthase catalyzes FPP to form sesquiterpenes, while monoterpene and
diterpene synthases catalyze the formation of monoterpenes and diterpenes from GPP
and GGPP, respectively [10]. After the formation of these basic terpene units, monoter-
penes, diterpenes, and sesquiterpenes can be subject to further modifications, including
reduction, fusion, hydroxylation, glycosylation, cyclization, and prenylation reactions
to transform into other metabolites [1,10,15,16]. Many key genes in the MEP pathway
are highly associated with oleoresin production, including 4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (HDR), DXS, and geranylgeranyl pyrophosphate synthase(GGPS) [17].
Moreover, (-)-a/ 3-pinene synthase and ethylene-responsive transcription factors (ERFs)
are implicated in regulating the yield of oleoresin in Masson pine [18,19]. Additionally,
previous studies demonstrated that the biosynthesis of terpenoid in conifers is also affected
by diverse biotic and abiotic stresses, such as senescence, wounding, hormones, pathogens,
and pests [20].

Slash pine is an important timber resource and resin-producing species are native to
southeastern United States. With the characterization of fast growth, strong adaptability,
long fiber, and high yield of secondary metabolites, such as oleoresin via the ducts, slash
pine is widely planted in many countries for its economic value [21-24]. In Brazil and
China, slash pine is the major conifer species for the production of pine resin [25]. Generally,
the oleoresin of slash pine is annually tapped through the bark-chipping method. Although
it is labor intensive, this traditional manual harvesting way is still the common method to
harvest resin [26]. Over the last two decades, numerous studies were conducted to explore
the possibilities in increasing the resin yield from slash pine, such as developing new resin
tapping methods [26,27], exploring efficient resin stimulant paste during resinosis [28],
as well as screening for high resin-yielding pine individuals [29]. However, the lack of
knowledge about the genetic regulation network of oleoresin biosynthesis in slash pine
severely impedes us in developing new breeding method.

In the present study, the overall aim was to explore the terpenoid composition of oleoresin
produced by high- or low-yielding slash pines, and through transcriptomic analysis and
WCGNA analysis to identify the key genes and gene modules in relation to the terpenoid
biosynthesis of high and low resin-yielding slash pines. The ultimate goal was to establish a
gene regulation network controlling the terpenoid biosynthesis of slash pine.
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2. Materials and Methods
2.1. Plant Materials and Tissue Sampling for RNA-Seq

In 2016, resin yields (RY) of 1257 healthy slash pines located in BaiYun Shan Forest,
Jian city, Jiangxi Province, southern China (27.22° N, 115.13° E) were measured once
a month from April to October by bark streak wounding method [25]. Among them,
16 individuals of high RY (yielding > 10.43 kg/year) and 16 individuals with low RY
(vielding < 2.51 kg/year) were selected. The samples were segregated into two groups
(high and low) and four individuals were pooled, producing four biological repeats for
each group. Moreover, their secondary xylem tissues were collected on April, July, and
October. For sampling, a square of 10 cm long by 12 cm wide from the trunk approximately
1 m-1.3 m above the ground was selected, and the bark, phloem, and cambium were
sequentially removed. Finally, twenty-four 5 mm deep secondary xylem tissues were
harvested. The samples were immediately placed in liquid nitrogen and then stored at
—80 °C for RNA-seq.

2.2. GC-MS Analysis of Oleoresin Compositions

The fresh oleoresin collected from slash pines was separately transferred into micro-
centrifuge tubes and sealed with Parafilm (USA). Subsequently, the sealed tubes were
placed in dry ice and stored at —80 °C. Finally, the terpenoid compositions of each sample
were identified by GC-MS analysis, according to the method by Lai [30].

2.3. cDNA Library Construction

The RNA samples were assembled by 1 ng RNA input from each specimen. With the
suggestion of the manufacturer, sequencing libraries were initiated by using the NEBNext®
Ultra™ RNA Library Prep Kit for Illumina® (NEB, Ipswich, MA, USA). The poly-T oligo-
attached magnetic beads were employed to extract the mRNA from total RNA. The NEB-
Next First Strand Synthesis Reaction Buffer (5x) was used to bring out fragmentations.
The synthesis of the first strand cDNA was performed by using random hexamer primer
and M-MuLV Reverse Transcriptase, while the second strand cDNA was subsequently
synthesized by using DNA Polymerase I and RNase H. The desired cDNA pieces of 240 bp
in length were purposefully harvested using AMPure XP system (Beckman Coulter, Beverly,
Brea, CA, USA) from the library bits. Subsequently, the standardized cDNA specimens
were mixed with 3 uL USER Enzyme (NEB, Ipswich, MA, USA) under 37 °C for 15 min
and then 95 °C for 5 min. Thereafter, PCR was completed by using the Index (x) Primer,
Phusion High-Fidelity DNA polymerase, and Universal PCR primers. Finally, the PCR
products were purified (AMPure XP system) and the libraries were analyzed using the
Agilent Bioanalyzer 2100 system.

2.4. Clustering and Sequencing

The clustering of the index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumia, Bologna, Italy) according to
the manufacturer’s instructions. After cluster generation, the library preparations were
sequenced on an Illumina Hiseq 2000 platform and paired-end reads were generated.

2.5. Sequence Data Analysis and Annotation

Raw data (raw reads) of fastq format were firstly processed through in-house perl
scripts. In this step, clean data (clean reads) were obtained by removing reads containing
adapter, reads containing ploy-N and low-quality reads from raw data. At the same time,
20, Q30, GC-content, and sequence duplication level of the clean data were calculated. All
the downstream analyses were based on clean data of high quality. The left files (read1 files)
from all libraries/samples were pooled into one big left.fq file, and right files (read2 files)
into one big right.fq file. Transcriptome assembly was accomplished based on the left.fq and
right.fq using Trinity [31] with min_kmer_cov set to 2 by default and all other parameters
set to default. Gene function was annotated based on the following databases: NCBI
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non-redundant protein sequences (NR), Protein family (Pfam), Clusters of Orthologous
Groups of proteins (KOG/COG/eggNOG), A manually annotated and reviewed protein
sequence database (Swiss-Prot), Kyoto Encyclopedia of Genes and Genomes(KEGG), and
Gene Ontology (GO).

2.6. Differential Expression Analysis

The expression abundance of the corresponding Unigenes were represented by the
fragments per kilobase of transcript per million mapped reads (FPKM) value. The DESeq2 R
package (1.16.1) was utilized to perform differential expression analysis targeting 6 groups
with four biological replicates per condition. This study compared the specific expression
genes of the high- and low-yielding varieties in April (P4), July (P7), and October (P10).
DESeq2 used a model based on the negative binomial dispersal to deliver a statistical
routine for the resolution of differential expression in digital gene expression data. False
discovery rate was prevented by the derived p-values refined with the Benjamini and
Hochberg’s approach. The adapted p-values < 0.05 manufactured by DESeq?2 screened
the differentially expressed genes. The DEGs were adopted according to the FDR <0.001
together with the absolute value of Log? (relative expression level) >1. For clustering, we
used hierarchical clustering method, and heat maps were produced from the “heatmap”
function in R.

2.7. GO and KEGG Enrichment ANALYSIS

GO enrichment analysis of the DEGs was implemented by the topGO R packages
based on Kolmogorov-Smirnov test. KOBAS [32] software was used to test the statistical
enrichment of DEGs in KEGG pathways. KEGG pathways with a corrected p value < 0.05
were considered statistically significant.

2.8. Plant RNA Extraction and Real-Time RT-PCR

The Trizol reagent (TAKARA, Kyoto, Japan) was used for extraction of the total RNA.
Then, 500 ng of total RNA was employed for the reverse transcription reactions using the
Transcriptor First Strand cDNA Synthesis Kit (TAKARA, Kyoto, Japan). The cDNA was
diminished 10 times, then deployed as a template for the real-time PCR (RT-PCR). The
RT-PCR reaction system (Thermofisher 7500) was composed of the PCR Forward Primer
(10 uM) 0.2 uL, SYBR® Premix Ex TaqTM (2x) 5 uL, cDNA template 1 uL, PCR Reverse
Primer (10 uM) 0.2 pL accompanied by distilled and deionized water, up to 10 pL. Primers
used for the RT-PCR are listed in the Supplementary Materials Table S1.

2.9. WGCNA Analysis

The OmicShare tools (accessed on 20 November 2020, www.omicshare.com/tools)
were used to generate the hierarchical cluster regarding the PC genes (mean
FPKM > 1). The transcript expression matrix [33] provided the foundation for constructing
the unintended co-expression networks with the aid of WGCNA (v1.47). The network
formation and module detection were achieved through the application of ‘cutreeDynamic’
and ‘mergeCloseModules’ with settings power as 14, the minModuleSize as 30, and the
cutHeight as 0.25. The relationships between the gene modules and samples were examined.
The result revealed a significant correlation between modules and the subject of «-pinene,
-pinene, myrcene, diterpene, camphene, isopimaric acid, abietic acid, levopimaric acid,
etc. The genes in the modules were further categorized through GO enrichment analysis.

2.10. Yeast One-Hybrid Assay

The genomic DNA of vascular cambium material was extracted using CTAB method [34].
The binding capacity of the MYB TF (¢215396.graph_c0) to the 5" UTR of c183227.graph_c0
and c193143.graph_c1 was assessed through one-hybrid system in the YM4271 yeast strain,
and 5 UTR fragments were exploited as correspondents to be constructed into pLacZi
plasmids [35]. The gene sequence of ¢215396.graph_c0 was constructed in pGADT7-AD
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plasmids. The sequences are listed in the Supplementary Materials Data S1, and the primers
used are listed in the Supplementary Materials Table S1.

3. Results
3.1. Compositions of Oleoresin Compounds in High- and Low-Yielding Slash Pine

In order to analyze the terpenoid composition of the oleoresin produced by slash pine,
GC-MS analysis was carried out. The oleoresin of 16 slash pines with the highest oleoresin
yields (yields > 10.43 kg/year) and of 16 slash pines with the lowest oleoresin yields
(yields < 2.51 kg /year) were analyzed. In total, 20 oleoresin terpenoids with the content
higher than 0.1% were identified in the oleoresin of both high- and low-yielding slash
pines, including 5 monoterpenes and 15 diterpenes (Supplementary Materials Table 52).
The percentages of 20 oleoresin terpenoids in total oleoresin of high- or low-yielding slash
pine harvested in April, July, and October are listed in Supplementary Materials Table S2.
The x- and B-pinenes are the most abundant terpenoids, which account for at least 40% of
total oleoresin from high- or low-yielding slash pine. In regarding to diterpenes, abietic
acid, levopimaric acid, and neoabietic acid are the most abundant terpenoids in oleoresin
from high- or low-yielding slash pine.

In the oleoresin of high- and low-yielding slash pine, diterpenes account for more
than 50%, while monoterpenes occupy a lower proportion than diterpenes. Additionally,
the low-yielding slash pine has more o-pinene in the percentage of total oleoresin than
high-yielding slash pine.

3.2. RNA-Seq Analysis

Xylem tissues of the four highest and four lowest oleoresin-yielding slash pines
from three different oleoresin-secreting stages (April, July, and October) were sampled
(Figure 1A), of which the total RNA was isolated and further proceeded to undergo
direct RNA-sequencing. After data qualifying and screening, a total of 196.47 Gb of clean
data were generated from the RNA-seq data of 24 samples. The average GC contents of
sequencing data from 24 libraries were approximately 45%, and the Q30 value of all samples
was >93%. Moreover, the mapping ratio of each sample ranged from 68.59% to 81.53%.
Following this, a total number of 91,140 transcripts and 42,413 unigenes were assembled
from the short-read sequences by using the Trinity assembly program. The total length of
transcript is 142,747,613 bp, and the unigene has a total length of 60,728,789 bp. Additionally,
N50 lengths of the transcripts and unigenes were 2217 bp and 2138 bp, respectively. Of all
42,413 unigenes, 20,935 unigenes (49.36%) are shorter than 1000 nt, whereas 21,478 unigenes
(50.64%) are longer than 1000 nt. The total unigenes have a mean length of 1431.84 nt. In
summary, these results indicated that the RNA-seq yielded a high quality data that showed
high assembly integrity. Additionally, the principal component analysis (PCA) and the
correlation analysis suggested the high reproducibility of the RN A-seq data (Figure 1B).
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Figure 1. The overall DEGs between the high- and low-yielding slash pines. (A) Detailed sampling
sites of high- and low-yielding slash pines for RNA-seq. White bar = 10 cm. (B) Principal component
analysis (PCA) of 24 samples based on the DEGs (Log2 > 1 or <—1). (C) Venn diagram and histogram.
The venn diagram shows the number and distribution of DEGs between high- and low-yielding slash
pines in April, July, and October, and the histogram indicates DEGs numbers. The blue stands for
the total DEGs, red means the up-expressed DEGs, and green is the repressed DEGs. (D) Heat map
exhibits the congregation of relative expression levels in different groups.

3.3. Functional Annotation

Functional annotation of the assembled unigenes was performed to classify their
potential functions in slash pine. To this end, sequence alignment based on similarity was
carried out with the several public databases, including NR, Swiss-Prot, GO, COG, KOG,
KEGG, and Pfam using BLAST software with E-value <1 x 10~>. As a result, a total of
30,330 unigenes were annotated, with 9782; 16,225; 11,170; 17,782; 22,178; 18,980; 27,598;
and 27,405 genes distributed in the NR, Swiss-Prot, GO, COG, KOG, KEGG, and Pfam
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databases, respectively. In addition, 11,417 unigenes were identified with 300 nt < lengths
< 1000 nt, and 18,913 unigenes exhibited the length >1000 nt.

To investigate the DEGs in relation to oleoresin yield of slash pine, the RNA-seq data
of 24 samples were classified into six sequencing libraries based on high- or low-yielding
slash pine. The changes in the transcriptome between high- and low-yielding slash pines at
different oleoresin-yielding stages (April, July, and October) were analyzed. Three compar-
isons of P4-L vs. P4-H, P7-L vs. P7-H, and P10-L vs. P10-H (H or L refer to high or low
oleoresin-yielding slash pine) were conducted (Supplementary Materials Tables S3-S5). In
P4-L vs. P4-H, a total of 39 DEGs were identified with 23 upregulated and 16 downreg-
ulated genes. In P7-L vs. P7-H, there were 39 DEGs identified with 17 upregulated and
22 downregulated genes. Significantly, 291 DEGs were identified between P10-L and P10-H,
with 102 upregulated and 189 downregulated genes. In Figure 1C, the Venn diagram
shows that there are 30, 26, and 274 unique DEGs in P4-L vs. P4-H, P7-L vs. P7-H, and
P10-L vs. P10-H groups, respectively. Only three DEGs are commonly expressed across all
three compared groups. The list of all DEGs of P4-L vs. P4-H, P7-L vs. P7-H, and P10-L
vs. P10-H is presented in Supplementary Materials Table S4.

The functions of these DEGs were further annotated by aligning their sequences
with public databases. According to GO enrichment analysis, all of the DEGs between
high and low oleoresin-yielding slash pines were enriched to three classes, including
biological process, cellular components, and molecular function. In the biological process,
the significant two enriched GO terms are “metabolic process” and “cellular process”. In
cell component, the primary term is “cell and cell part”, and the largest proportion in
molecular function is “catalytic activity and binding”.

In KEGG enrichment analysis, a total of 20, 9, and 111 DEGs in P4-L vs. P4-H, P7-L
vs. P7-H, and P10-L vs. P10-H were annotated, respectively. The DEGs of P4-L vs. P4-H
and P7-L vs. P7-H were significantly enriched in the “galactose metabolism” pathway. In
regard to the terpenoid biosynthesis (Supplementary Materials Table S6), DEGs of P4-L
vs. P4-H were also enriched in “diterpenoid biosynthesis” and “carotenoid biosynthesis”
pathways, while DEGs of P10-L vs. P10-H were significantly enriched in “ubiquinone
and other terpenoid biosynthesis” pathway. However, DEGs of P7-L vs. P7-H were not
enriched in any known terpenoid biosynthesis-related pathways.

3.4. DEGs Related to Terpenoids Biosynthesis

In the present study, there were a total of 34 DEGs between high and low oleoresin-
yielding slash pines identified to function in the MEP and MVA pathways that are as-
sociated with the biosynthesis of terpenoids (Figure 2A). Annotated DEGs associated
with 1-deoxy-D-xylulose 5-phosphate synthases (dxs), 1-deoxy-D-xylulose-5-phosphate
reductoisomerase (DXR), 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (ispD), 4-
diphosphocytidyl-2-C-methyl-D-erythritol ~ kinase, 2-C-methyl-D-erythritol ~ 2,4-
cyclodiphosphate synthases (ispF), and (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate
synthase (ispG) in the MEP pathway, and mevalonate kinase, phosphomevalonate kinase,
as well as diphosphomevalonate decarboxylase in the MVA pathway encode enzymes
that are involved in the biosynthesis of IPP and its isomer DMAPP. In addition, there
were also DEGs encoding (2Z,6Z)-farnesyl diphosphate synthase (ZFPS) (c213774.graph_c0),
geranylgeranyl diphosphate synthases (idsA) (c228743.graph_c0 and c216266.graph_c1), and
all-trans-nonaprenyl-diphosphate synthase (SPS) (c206960.graph_c0) that catalyze the con-
densation reactions to form GPP, FPP, and GGPP. There were also nine DEGs associated
with TPS, including six isoprene synthases (ispS), two (+)-x-pinene synthases (PT30), and
one (—)-B-pinene synthase(QH6) encoding genes(Figure 2A). Intriguingly, not all these
abovementioned DEGs were upregulated in high-yield slash pine. For instance, QH6
(C204351.graph_c1), idsA (c216266.graph_c1), and ZFPS (c213774.graph_c0) were significantly
downregulated in high-yielding slash pine at different stages. Moreover, the DEGs in
relation to MEP pathway had dramatically higher expression levels in high-yielding slash
pine than in low-yielding slash pine, whereas this penomenon was not observed in the
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expression profile of DEGs related to the MVP pathway. These results indicate that the
high oleoresin yield of high-yielding slash pine is attributed to the enhanced terpenoid
biosynthesis mediated by the MEP pathway.
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Figure 2. DEGs associated with the biosynthesis of terpenoids and steroids. (A) Typical DEGs in
the biosynthesis of terpenoids and steroids pathway. The boxes colored red and green represent
upregulated and downregulated genes, respectively. H or L refer to high or low oleoresin-yielding
slash pine. (B) Results of RT-PCR of 7 selected DEGs between high- and low-yielding slash. All
exhibitions were standardized by the expression level of Actin (c2171751.graph_c0). (C) The content
of a- and B-pinenes in the vascular cambium of high- and low-yielding slash pines at P4, P7, and
P10. All bars represent means =+ s.d and those columns in histograms labeled with different letters
are significantly different with p value < 0.05 by Duncan’s test. Four biological replications in the
experiment were carried out.

To confirm the reliability of the results of DEGs from RNA-seq, seven representative
DEGs were selected for qRT-PCR analysis (Figure 2B). The relative expression levels of
c204351.graph_c1 and ¢223139.graph_c0 in the low-yielding slash pine were lower than
high-yielding slash pine, while the other five genes, c214654.graph_c1, c193143.graph_c1,
€220531.graph_c1, c206960.graph_c0, and c213744.graph_c0, were highly expressed in the
high-yielding slash pine. Moreover, the percentage proportion of x-pinene in the oleoresin
produced by the high-yielding slash pine is remarkably lower than low-yielding slash
pines, while the -pinene found in the high-yielding slash pine is rather notably higher
than in low-yielding slash pines (Figure 2C). Collectively, the data of the qRT-PCR and
pinene content measuring results were consistent with the RNA-seq results, indicating the
high level of reliability of the RNA-seq data used in this study.
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3.5. Co-Expressed Modules Related to the Total Oleoresin Biosynthesis

The WGCNA is an efficient bioinformatics method that can be used to describe the
correlation patterns among genes across microarray data, to find gene modules with
similar expression pattern, and to identify hub genes in connecting gene modules to one
another [33]. A total of 30,330 unigenes were selected from the RN A-seq datasets of high
and low oleoresin-yielding samples at three different oleoresin-producing periods in this
study. The WGCNA analysis was carried out to identify hub genes and gene modules
that are highly correlated to oleoresin yields. As indicated in Figure 3A, 23 modules were
subgrouped, of which genes had similar co-expression patterns. The number of hub genes
within each candidate module ranged from 35 (steel blue) to 550 (blue) (Supplementary
Materials Table S7). The hierarchical clustering of 1000 randomly selected genes by using
the topological overlap matrix (TOM) indicates a relative high level of independence
among these modules (Figure S2). Furthermore, the module—trait associations were also
analyzed. The relationships of 23 functional modules and resin constitutive terpenoids
were depicted in heat maps with corresponding correlation and p values (Figure 3B and
Table S8). Focusing on the total oleoresin yield, the MEblue module exhibited the highest
positive correlation (r = 0.71; p < 0.001), while the MEgreen module exhibited the highest
negative correlation (r = —0.67; p < 0.001) (Figure 3B). As shown in Figure S3, the percentage
of genes of the MEblue module and all genes were categorized into three GO pathways
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3.6. Screening of Genes Related to Monoterpene Synthesis in High and Low Oleoresin-Yielding
Slash Pine

The - and 3-pinene are two representatives of monoterpenes in pine resin and account
for more than 40% of total oleoresin produced by high- and low-yielding slash pines. As
indicated in Figure 3B, the MEtan, MEdarkgreen, and MEblue modules were the highest
clusters that were positively correlated with a-pinene content, while the MEsteelblue
and MElightgreen modules exhibited the highest positive correlation with the (3-pinene
content. Moreover, the eigengene adjacency heatmap indicated that there are high positive
correlations among x-pinene content-related modules (MEtan, MEdarkgreen, and MEblue
modules) and between MEsteelblue and MElightgreen modules in relation to 3-pinene
content (Figure 4A). Furthermore, the GO classification results of DEG exhibited that the
genes of a- or 3-pinene content-related modules were enriched in the “lipid transport and
metabolism” and “transcription factor activity” pathways (Figure 4B). These outcomes
suggest that transcription factors are of great importance in regulating the synthesis of
x-pinene and (-pinene and their proportions in total oleoresin.
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Figure 4. The DEGs associated with the biosynthetic and metabolic processes of «- and 3-pinenes.
(A) The eigengene adjacency heatmap of 23 modules. The dotted red or green frames represent
co-expression modules associated with «- or 3-pinenes contents, respectively. (B) GO enrichment
analysis of genes in MEblue, MEdarkgreen, and MEtan modules associated with x-pinene, and
MElightgreen, MEsteelblue associated with (3-pinene. (C) Relative expression profiles of all genes
in MEblue, MEdarkgreen, MEtan, MElightgreen, MEsteelblue modules. (D) Expression profiles of
DEGs genes in MEblue, MEdarkgreen, MEtan, MElightgreen modules based on the RNA-seq data.

The relative genetic displays of the five modules are presented in Figure 4C using con-
gregated analysis. Genes exhibiting different relative expressions at P4, P7, and P10 between
high and low oleoresin-yielding slash pines were identified in these five modules, including
one short-chain dehydrogenase gene (c197830.graph_c0) in the “MElightgreen” module;
four genes (c222355.graph_c0, c226539.graph_c0, c222844.graph_c0, ¢219835.graph_c0) in the
“MEtan” module; two a-pinene synthase genes (c200986.graph_c0, c214654.graph_c1) in the
“MEdarkgreen” module; and 12 genes (c135601.graph_c0, c209791.graph_c0, c204664.graph_c0,
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€203231.graph_c1, ¢224943.graph_c0, c215298.graph_c0, c215396.graph_c0, ¢2221867.graph_c2,
€221867.graph_c1, c218568.graph_c0, c223567.graph_c0, c224412.graph_c1) in the “MEblue”
module (Figure 4D).

3.7. Transcription Factors Involved in the Regulation of Pine Oleoresin Biosynthesis

In this study, functional annotation of unigenes identified a large number of transcrip-
tion factors that are catagorized to diverse gene families, such as C2H2, basic helix-loop-
helix (tHLH), AP2, MYB-related, and basic leucine zipper (bZIP) gene families, among
others (Figure 5A). There were 20 transcription factors (TFs) annotated in the o-pinene
content related modules (MEblue, MEdarkgreen, and MEtan), including four bHLH TFs,
eight AP2 TFs, five MYB TFs, one bZIP TFs and two WRKY TFs (Figure 5A,B). The relative
expression levels of the 20 TFs in low and high oleoresin-yielding slash pines at P4, P7, and
P10 are exhibited in Figure 5B. Furthermore, seven TFs with significant relative expression
differences were validated by qRT-PCR assays (Figure 5B,C). The results of gRT-PCR in-
dicated that the bHLH TF (c211309.graph_c0) and the WRKY TF (c225743.graph_c0) had
lower expression levels in low-yielding slash pine than in high-yielding slash pine, while
the other five TFs, including two AP2 TFs (c183227.graph_c0; ¢202525.graph_c0), one bHLH
TF (c205514.graph_c0), and two MYB TFs (c212980.graph_c0; ¢215396.graph_c0), had higher
expression levels in low-yielding slash pine than in high-yielding ones (Figure 5C). These
results were coincident with the findings that high-yielding slash pine has lower a-pinene
content than low-yielding slash pine at P4, P7, and P10 (Figure 2C). In summary, TFs play
a key role in regulating oleoresin biosynthesis, especially x-pinene biosynthesis in slash
pine. Additionally, the differences in x-pinene content between high- and low-yielding
slash pines are attributed to the variation in transcriptional levels of TFs.
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Figure 5. Transcript factors associated with - and B-pinene biosynthesis. (A) Histogram of tran-
scription factor family members annotated based on the unreferenced transcriptome data and 3
co-expression modules (MEblue, MEdarkgreen, MEtan) related to pinene content. (B) Expression
profiles of AP2, bZIP, MYB and WRKY transcription factors as per the RNA-seq data. (C) Results
of RT-PCR about the selected AP2, bZIP, MYB and WRKY transcription factors. The expression
levels were standardized by the expression level of Actin (c217151.graph_c0). Four biological du-
plicates were showed in the experiment. (D) The 5’ UTR fragments of AP2 (c183227.graph_c0) and
dxs (c193143.graph_c1) were constructed in the pLacZi plasmid, which were co-transformed with
GALA4-AD-MYB (c215396.graph_c0) plasmid into YM4271 strain. The implementation of X-gal staining
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according to Duncan’s test.
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3.8. Identification of the Candidate Genes Targeted by ¢215396.Graph_c0

According to the WGCNA analysis and relative expression analysis of TFs, the MYB
TF, ¢215396.graph_c0 is the most significant DEG between low- and high-yielding slash
pines (Figure 5B,C). This finding suggested that c215396.graph_c0 is one of the hub genes
in regulating oleoresin biosynthesis. To further explore the downstream target genes
of ¢215396.graph_c0, 5 UTR sequences were extracted based on the RNA-seq data. The
upstream sequences of AP2 (c183227.graph_c0, —191 bp to ATG) and dxs (c193143.graph_c1,
—59 bp to ATG) were successfully assembled. According to cis-acting element (CRE)
analysis, the 5 UTR sequences have the corresponding elements that can be recognized by
MYB TFs (Figure 5D). Finally, the yeast one-hybrid (Y1H) assay was performed to explore
the transcriptional activation activity of ¢215396.graph_c0O on AP2 and dxs (Figure 5D). The
DNA sequence of ¢215396.graph_c0 was constructed into a pGADT7-AD vector, and the
5" UTR sequences of AP2 and dxs were constructed into pLacZi vectors. The results of
the yeast-one hybrid assay indicated that the MYB TF ¢215396.graph_c0 can activate the
transcription of AP2 and dxs.

4. Discussion

Oleoresin yield is a highly heritable trait that is genetically controlled by quantitative
trait loci (QTLs) [36,37]. To date, little is known about the underlying genetic mechanism
of oleoresin biosynthesis in slash pine. In the present study, 20 terpenoids were identified
in the oleoresin of slash pine using GC-MS, and the major terpenoid compositions are
exclusively composed of monoterpenes and diterpenes. Among monoterpenes, «- and
[3-pinene account for the majority, while myrcene, dipentene, and camphene make up less
than 0.1% of the total monoterpenes. The diterpenes are mainly composed of isopimaric
acid, abietic acid, levopimaric acid, dehydroabietic acid, and neoabietic acid. Intriguingly,
there are no sesquiterpenes (more than 0.1%) identified in oleoresin of slash pine, whereas
sesquiterpenes are one kind of major constituent of turpentine oil in oleoresin from other
pine species, such as Masson pine and Aleppo pine [38,39]. The proportions of x-pinene, 3-
pinene, abietic acid, levopimaric acid, and dehydroabietic acid of oleoresin from slash pine
exhibited significant variation at P4, P7, and P10. The proportion of x-pinene reached the
highest level in oleoresin produced in July, while 3-pinene, abietic acid, levopimaric acid,
and dehydroabietic acid occupied greater percentages in oleoresin harvested in October
than in any other months. Moreover, the proportion of these five terpenoids in oleoresin of
high- and low-yielding slash pines showed remarkable differences.

The KEGG enrichment results showed that a total of 34 DEGs of L vs. H were enriched
in pathways related to terpenoid backbone biosynthesis, including diterpenoid biosynthesis,
carotenoid biosynthesis, and ubiquinone and other terpenoid biosynthesis pathways. In
the MEP pathway, the chloroplast-located dxs and ispF/G are rate-limiting enzymes play
pivotal roles in synthesizing 1-hydroxy-2-methyl-2-butenyl 4-diphosphate [40—43]. The
homologues of dxs and ispF/G in slash pine were significantly highly induced in the
high-yielding trees compared with the low-yielding trees. However, enzymes in the
mevalonate pathway, including the cytoplasm-located mevalonate kinase, peroxisome-
located phosphomevalonate kinase, and diphosphomevalonate decarboxylase [44-46],
showed nuanced differences between high- and low-yielding slash pines. The intermediate
monoprenyl diphosphate is a crucial substrate for the biosynthesis of isoprene under the
catalyzation of ispS [47]. The upregulated expression of ispS in low-yielding pine was
consistent with the fact that oleoresin of low-yielding pine had more isoprene. As for
TPS, the homologous proteins of PT30 and QH6 in slash pine catalyzed the synthesis of
«- and P-pinene, respectively. Moreover, homologous proteins of SPS, ZFPS, and idsA are
responsible for the synthesis of ubiquinone, sesquiterpenoid, and diterpenoid, respectively.
According to the previous studies, the homology of PT30 in Loblolly pine produces both (+)-
a-pinene and (—)-a-pinene in a 97:3 ratio [48], and QH6 can convert GPP to (—)-f3-pinene
and (—)-a-pinene in a 94:6 ratio in Abies grandis and Artemisia annua [49,50]. Therefore,
homologies of PT30 and QH6 in slash pine are also implicated in controlling not only the
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content of but also the ratio between - and 3-pinenes. The expression levels of PT30 and
QH6 in high- and low-yielding pines coincided with the content of «- and 3-pinenes in the
slash pine. Orthologs of plastid-located SPS in Arabidopsis are involved in the biosynthesis
of plastoquinone-9 (PQ-9) [51] and can improve the tolerance of these plants to excess light
energy [52]. Multiple sesquiterpenes in Solanum lycopersicum and Solanum habrochaites
have been found to be associated with ZFPS [53,54]. Although the homology of ZFPS
had differential expression level between high- and low-yielding slash pines, terpenoids
of sesquiterpenes were hardly detected in oleoresin of slash pine according to the data
from GC-MS. GGPP, as an intermediate product of the terpenoid backbone biosynthesis
pathway;, is precursor of gibberellin (GAs) [55] and diterpenes such as the side chain of
chlorophylls [56]. The lower expression of idsA in high-yielding pines suggested that the
content of GAs and chlorophyll in these plants may be lower than that of low-yielding pines,
which is consistent with the results in Pinus massoniana [57]. Intriguingly, low-yielding slash
pine had a lower growth rate than the high-yielding pines, as the average heights of the
high- and low-yielding slash pines were 14.32 + 1.12 m and 11.71 £ 1.23 m, respectively.

Previous studies in Arabidopsis thaliana have provided a comprehensive and sys-
tematic overview of various terpenoid biosynthesis pathways. In order to identify the
core gene modules and hub genes in «- and 3-pinene biosynthesis, WGCNA analysis was
performed. After GO enrichment analysis, modules of transcription factor activity and lipid
transport and metabolism exhibited closed correlations with biosynthesis of monoterpenes.
Therefore, TFs were verified to be crucial for the biosynthetic process of «- and 3-pinene.
According to the annotation, 20 TFs of 5 TF families were identified in “MEdarkgreen” and
the related “MEdarkgreen” and “MEtan” modules that are associated with «- and 3-pinene
biosynthesis. The MYB TF gene (c215396.graph_c0). is most differentially expressed between
high- and low-yielding slash pines. We postulated that the downstream targets should
be DEGs of L vs. H. According to the homologous gene sequences in Arabidopsis and
the potential cis-acting element analysis based on the online PlantCARE webserver [58],
only two DEGs (AP2 and dxs) were identified with their 5 'UTR regions harboring MYB TF
recognition sites and CAAT-boxes (RNA polymerase binding sites) [59]. The subsequent
one-hybrid yeast assay verified that c215396.graph_c0 can recognise the ATG upstream
sequences of AP2 and dxs. The homologous gene of AP2 (c183227.graph_c0) in Catharanthus
roseus is ORCA3, which has been reported to regulate the biosynthetic process of terpenoid
indole alkaloids (TIAs) [60-62]. In general, the MYB TF (c215396.graph_c0) directly regulates
transcription of dxs in the MEP pathway and indirectly affects TIA synthesis via the AP2
(Figure 6).
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Figure 6. The proposed model of oleoresin biosynthesis in slash pine.
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5. Conclusions

In the present study, the terpenoid compositions of oleoresin in high and low resin-
yielding slash pines were explored, and monoterpenes and diterpenes were identified to
be the major components. The «- and 3-pinenes make up the majority of monoterpenes
and abietic acid, levopimaric acid, and neoabietic acid are most abundant in diterpenes.
However, these terpenoids occupy different proportions in oleoresin produced by high-
and low-yielding slash pine. Moreover, the RNA-seq analysis, depending on the secondary
xylems of high- and low-yielding pines, provides a comprehensive transcriptional profile
for future research. In RNA-seq data, a series of DEGs associated with terpenoid backbone
biosynthesis were characterized, including ispF/G/S, dxs, SPS, PT30, idsA, ZFPS, QH6, etc.,
which are widely implicated in the MEP pathway and downstream terpenoid biosynthesis
processes. Furthermore, the WGCNA analysis and subsequent one-hybrid yeast assay
identified a MYB TF gene (c215396.graph_c0). c215396.graph_c0 is a key gene that functions
as a transcriptional activator regulating the expression of dxs and AP2 (Figure 6). These
genes contribute to the differential x-pinene content in high- and low-yielding pines. In
summary, our work identified and characterized the crucial genes and gene modules
involving in terpenoid biosynthesis that constitute a complicated gene regulation network
differentially controlling the oleoresin yield and composition in high- and low-yielding
slash pines.
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