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Abstract: Ginkgo biloba L. has attracted much attention due to its medicinal properties, particularly
those of its terpenoid and flavonoid contents. However, the content and utilization efficiency of
terpenoids remain low. The enzyme 3-hydroxy-3-methylglutaryl CoA synthase (HMGS) is a major
rate-limiting factor, and RNA-seq has revealed that the mRNA expression of this enzyme is differen-
tially expressed during terpenoid biosynthesis. Here, we investigated the function of the G"PHMGS1
gene and its overexpression in Populus. We compared the metabolite contents of nontransgenic (CK)
Populus with those of transgenic Populus lines through metabolomics analysis. Our results indicate
that the GbHMGSI protein is localized in the cytoplasm. Significant differences in chemical charac-
teristics were found between the transgenic and CK plants, and a total of 31 differentially expressed
metabolites were upregulated in the transgenic plants. We also found higher contents of lanosterol
(triterpenoid), dehydroabietic acid (diterpenoid), and phytol (diterpenoid) in the transgenic Populus
plants than in their CK counterparts. We thus speculate that GbHMGS1 might regulate plant-related
product formation and increase metabolite contents. This study revealed the molecular mechanism
governing metabolite synthesis and suggested that one triterpenoid and two diterpenoids with
significant upregulation can be used as markers for the breeding of plants with specific terpenoid
metabolism-related characteristics.

Keywords: biosynthesis; differentially expressed metabolites; HMGS

1. Introduction

Ginkgo biloba L. (ginkgo) is an ancient plant, the only extant species of the Ginkgoaceae
family, and it is considered a “living fossil” [1]. Due to its high ornamental value and
immense environmental adaptability, ginkgo has been introduced to many countries
worldwide [2], and the medicinal properties of this plant have recently attracted particular
attention due to the high contents of bioactive compounds, such as flavonoids, terpenoids,
and proanthocyanidins, in its leaves [3]. Ginkgo leaf extract (GBE761) is among the
best-selling herbal remedies, and it helps prevent early-stage cancer and Alzheimer’s
disease [4,5]. The components and major medicinal ingredients of GBE761 are flavonoids
and terpenoids (including ginkgolides and bilobalide).

Terpenoids play roles in many physiological and ecological functions of plants, such
as regulating plant growth and development, attracting pollinators, and directly or indi-
rectly protecting against insects and disease [6]. Terpenoids are also considered important
secondary metabolites in plants. For example, paclitaxel and oleuropein are lactones that
can be used to treat tumors and cancer [7]. In terms of plant secondary metabolism, the
good market prospects of terpenoids have gradually led to increased research interest in
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their biosynthesis pathways [8]. The biosynthesis pathway of terpenoids mainly consists
of three stages: (i) generation of the isopentenyl diphosphate (IPP) and its double-bond
dimethylallyl diphosphate (DMAPP C5) precursors; (ii) formation of farnesyl diphosphate
(FPP), geranyl diphosphate (GPP), geranylgeranyl diphosphate (GGPP), and other direct
precursors; and (iii) generation and modification of terpenes. The third stage of terpene syn-
thesis contains many different terpene synthases and modifying enzymes, which determine
the structural diversity of terpenes [9]. In recent years, several particularities or differences
have been described in gymnosperms compared to angiosperms that are relevant in the
field and add new layers of complexity into the study of terpenoid biosynthesis. This is
the case for the enzyme HDR (responsible for the synthesis of IPP and DMAPP in the last
step of the MEP pathway) in Ginko bilboa. In this gymnosperm, HDR has been described to
produce an exceptionally high ratio of IPP and DMAPP compared to what up to now was
commonly accepted as a general 5:1 ratio based mostly on studies done on microorganisms
and angiosperms [10]. Moreover, Bongers et al. [11] reported the existence of two isoforms
of HDR in the coniferous gymnosperm Picea Sitchensis showing opposite IPP:DMAPP ratio
production in in vitro assays and suggesting the existence of two paralogs with functional
specialization. To generally improve accumulation of terpenoid end-products, the pool
of the universal building blocks IPP and DMAPP plays a key role whereas for increasing
specific compounds, specific terpene synthases (and mostly at the branching points of the
pathways) are also required [12].

Terpenoid compounds have various structures and functions but are synthesized
from common structural precursors. In higher plants, the plastidic 2-C-methyl-D-erythritol
4-phosphate (MEP) and cytosolic mevalonic acid (MVA) pathways provide precursors for
terpenoid biosynthesis [13]. The genes and enzymes involved in these two pathways are
different. The enzyme 3-hydroxy-3-methylglutaryl-coenzyme A synthase (HMGS) is a
rate-limiting factor in the mevalonate biosynthesis pathway because it catalyzes the con-
densation of acetyl-CoA with acetoacetyl-CoA to form HMG-CoA [9]. HMGS genes have
been isolated from a variety of plants, such as Arabidopsis thaliana [14], Brassica juncea [15],
Camptotheca acuminata [16], and Ganoderma lucidum [17]. HMGS plays an important role in
the synthesis of terpenoids, and studies have shown that HMGS gene overexpression in
Arabidopsis thaliana can improve the sterol contents in transgenic plants [18]. Ren et al. [17]
reported that the overexpression of the GIHMGS gene significantly enhances the ganoderic
acid content in Ganoderma lucidum. In medicinal plants, HMGS is an important enzyme in
the terpenoid synthesis pathway, and the activity and amount of this enzyme determine
the yield of many effective components. Different methods for using HMGS expression
to increase the amount of effective medicinally active ingredients in plants constitute an
effective strategy for improving the quality of medicinal materials.

Meng et al. [13,19] investigated ginkgo HMGS genes through prokaryotic expression
and yeast complementation assays. The main objectives of this study were to further
investigate the function of GbHMGS1 and reveal the role of GbPHMGS1 participating in
increasing the related terpenoid content. Although two studies on ginkgo transforma-
tion [20,21] have been published, complete tissue culture and transgenic systems for ginkgo
remain unavailable. To achieve this goal, we overexpressed the GPHMGS1 gene in Populus
davidiana x Populus bolleana (a model woody plant species) and assessed the resulting trans-
genic lines. The metabolite differences between the leaves of nontransgenic (CK) and those
of transgenic plants were detected by nontargeted gas chromatography-mass spectrometry
(GC-MS) metabolomics. This study provides references for the efficient expression and
synthesis of terpenoids and other metabolites in plants.

2. Materials and Methods
2.1. Plant Materials

Ginkgo leaves were obtained in May 2017 from the germplasm resource repository of
Nanjing Forestry University Base, and de novo transcriptome assembly was performed
according to the method described by Wu et al. (2018) [3], including two groups (each group
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had 3 biological replicates) of ginkgo leaves with relatively high and low flavonoid /lactone
activities, respectively. Terpenoid extraction method and HPLC analysis procedures were
referred to previous study conducted [22,23] in our laboratory. The content of terpenoids
in six Ginkgo trees leaves from the two groups was determined. Moreover, the expression
levels of the GWHMGS1 gene in the roots (April), stems (April), leaves (April), petioles
(April), kernels (September), and buds (March) of 25-year-old ginkgo trees were measured.
Moreover, leaves at different times (including April, May, June, July, August, September,
and October) were collected.

The hybrid poplar ‘Nanlin 895" (Populus deltoides x Populus euramericana) and Populus
davidiana x Populus bolleana were cultivated on Murashige and Skoog medium (pH = 5.8)
supplemented with both 0.2% (w/v) Gelrite and 3.0% (w/v) sucrose in a humidity chamber
with a temperature of 25/18 °C (day/night), a daily 16 h light/8 h dark photoperiod,
and 60-80% relative humidity [24]. “Nanlin 895’ was used for protoplast transformation.
Another hybrid poplar (Populus davidiana x Populus bolleana) was used for transgenic
experiment [25].

2.2. Extraction of DNA and RNA

Genomic DNA from young leaves and total RNA from various tissues were extracted
using a Plant Genomic DNA Kit (cetyltrimethylammonium bromide (CTAB)) (ZP309,
Zoman Biotechnology Co., Ltd., Beijing, China) and an RNeasy Plant Mini Kit (QIAGEN,
Diisseldorf, Germany) and treated with RNase-free DNase I (TaKaRa, Japan) according
to the manufacturer’s instructions. In addition, molecular cloning, bioinformatic and
statistical analysis of GWGHMGSs genes followed Wu's previously used approach [3,26].

2.3. Expression Analyses

One microgram of DNase-treated RNA was reverse-transcribed into cDNA using a
SuperScript III First-Strand Synthesis System for RI-PCR (Invitrogen) and random hexamer
primers. The resulting cDNA was diluted 3-fold, and the primers for GVHMGS1 (Table 1)
were designed using Oligo 6.0. Semiquantitative PCR was performed with Taq Polymerase
(Takara). QRT-PCR was performed with a ViiA 7 real-time PCR system using FastStart Uni-
versal SYBR Green Master with a ROX kit (Roche, Indianapolis, IN, USA) according to the
manufacturer’s manual. The relative expression levels between the target and the internal
control elongation factor 1-alpha in Populus were calculated [27]. The glyceraldehyde-3-
phosphate dehydrogenase gene of ginkgo was used as a reference gene [3,26], and the
amplification results were analyzed using the 2~44¢T method [3].

Table 1. Primer sequences for the GVHMGS1 and GbHMGS?2 genes.

Primer_ID Forward PCR Primer (5'-3') Reverse PCR Primer (5'-3') L eI;l'é)tC}ilu(Cl:Zp)
GbHMGS1_ORF ATGGCGTCTCATCCAGAAAATG CAATTGATCATGGATGATACCA 1428
GbHMGS1_gRT-PCR CTTATGGGAGTGGTTTGGCTT AAATCTTCAGGGGACAACACA 142
Ginkgo reference_qRT-PCR GGTGCCAAAAAGGTGGTCAT CAACAACGAACATGGGAGCAT -
Populus reference_qRT-PCR GGCAAGGAGAAGGTACACAT CAATCACACGCTTGTCAATA -
CTAATACGACTCACTATAGGGCAA
GbHMGS1_5'OUTER GCAGTGGTATCAACGCAGAGT GGAGGCTCAAGAATGCTATGTTAC 1731
GbHMGS1_5'INNER CTAATACGACTCACTATAGGGC CCTCCAGGGTATCATGCTTGTTA 1236
ACTCTGCGTTGATACCACTGCTTGC
GbHMGS1_3'OUTER ACACAATTGGCCTTGGACAAGAC CCTATAGTGAGTCGTATTAG 1974
GbHMGS1_3'INNER GCCAGCGAGTACCCAGTTGTGGA GCCCTATAGTGAGTCGTATTAG 1463
CTAATACGACTCACTATAGGG
GbHMGS2_5'OUTER CAAGCACTGGTATCAACGCAGCAGT GGCAGAGACATCCATTACATTTG 1347
GbHMGS2_5'INNER CTAATACGACTCACTATAGGGC GGATAATGTGAAAGGATGGG 1286
ACTCTGCGTTGATACCACTGCTTGC
GbHMGS2_3'OUTER ATTGGGCGACTGGAGGTGGGAA CCTATAGTGAGTCGTATTAG 1374
GbHMGS2_3'INNER TTCACAGTTTTGTCTTGCGG GCCCTATAGTGAGTCGTATTAG 887
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2.4. Subcellular Localization of HMGS1

Gateway technology (Invitrogen, Carlsbad, CA, USA) was used for plasmid con-
struction in accordance with the manufacturer’s instructions. To identify the subcellular
localization of the tagged protein, the insert was transferred from the entry vector to its
destination vector, p2GWF7.0, using an LR clonal enzyme mixture, which yielded a C-
terminal green fluorescent protein (GFP) fusion. Protoplast isolation and polyethylene
glycol-mediated transfection were performed as described by Tan et al. [28]. Finally, the ex-
perimental results were observed by an Axio Scope Al microscope (Carl Zeiss, Oberkochen,
Germany) to observe the expression of GFP label.

2.5. Plant Transformation

To obtain a better understanding of the function of GbHMGS1, we overexpressed
the GhPHMGS1 gene in Populus. The open reading frame (ORF) of GVHMGS1 cDNA was
subsequently amplified by PCR and verified by sequencing. The insert was transferred
from the entry vector to its destination vector, pBI121-HA, with a C-terminal HA tag [29].
The binary vector harboring Pro35S::GbHMGS1 was then introgressed into Agrobacterium
tumefaciens strain EHA105, and the resulting material was used for the transformation of
Populus [25].

2.6. Metabolome Analysis

Sixty milligrams of homogenate tissue leaf after liquid nitrogen grinding were added
to a 1.5 mL centrifuge tube, and 40 pL of an internal standard (0.3 mg/mL L-2-chloro-1-
phenylalanine dissolved in methanol) was then added. Subsequently, all the steps of sample
preparation were carried out according to Wu'’s (2020) article [30]. The GC-MS specific
procedures were described by Chen et al. [31], and the differentially expressed metabolites
were selected as previously described [20,32]. Data preprocessing and statistical analysis
were carried out referring to Wu'’s (2020) article [30]. The parameter settings and data
normalization processes were detailed by Ning et al. [33]. The data were log2-transformed
in Excel 2007 (Microsoft, USA), and the resulting data matrix was then imported into the
SIMCA software package (version 14.0, Umetrics, Umed, Sweden). In addition, partial
least squares discriminant analysis (PLS-DA), orthogonal projections to latent structures
(OPLS-DA), and other metabolome analysis methods were performed according to the
methods described by Xiong et al. [34].

3. Results
3.1. Determination of Total Lactone Content in Ginkgo

Wau et al. [3] selected two groups (six individuals) of Ginkgo leaves with higher and
lower flavonoid/lactone contents for transcriptome sequencing in the previous investi-
gations. Briefly, these six individual ginkgo transcriptomes, including three ginkgo trees
with a high total lactone content (TH group) and three ginkgo trees with a low total lac-
tone content (TL group), were ultimately identified in this study based on the method
of Zhou et al. (2017) [23]. Significant or extremely significant differences in the primary
active substances, with the exception of ginkgolide B, were found between the two groups
(Figure 1a). Moreover, extremely significant differences in the total ginkgolide contents
were found between the TH and TL groups, and the total lactone contents in these groups
were 2.91 and 1.97 mg/g, respectively (Figure 1a).
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Figure 1. Lactone concentrations and terpenoid biosynthesis pathway in ginkgo leaves: (a) Concentrations of lactones in
dry leaves. All data were obtained from three biological replicates. The means were compared using Duncan’s multiple
range test at p < 0.05 (*) or p < 0.01 (**). The error bars represent the standard deviations of the means; (b) MVA and
MEP pathways for terpenoid biosynthesis in ginkgo determined by RNA-Seq. The enzymes are shown in green, with
the exception of HMGS (red color, differentially expressed mRNA). The substrates and intermediates are shown in black,
and the end products are shown in purple. The pathways that occur inside mitochondria and plastids are boxed. The
arrows between the cytosol and plastid compartments represent the metabolic flow between these compartments. AACT,
acetoacetyl-CoA thiolase; HMGS, 3-hydroxy-3-methylglutaryl CoA synthase; HMGR, 3-hydroxy-3-methylglutaryl CoA
reductase; MK, mevalonate kinase; PMK, 5-phosphomevalonate kinase; MVD, 5-diphosphomevalonate decarboxylase;
DXS, 1-deoxy-D-xylulose 5-phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; MCT, 2-C-
methyl-D-erythritol 4-phosphate cytidyltransferase; CMK, 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase; HDS,
1-hydroxy-2-methyl-2-butenyl 4-diphosphate synthase; HDR, 1-hydroxy-2-methyl-2-butenyl 4-diphosphate reductase; IDI,
isopentenyl diphosphate isomerase; FPPS, farnesyl diphosphate synthase; GGPS, geranylgeranyl diphosphate synthase;
MVA, mevalonic acid; MEP, 2-C-methyl-D-erythritol 4-phosphate. The numbers in brackets of (b) correspond to the uni-
genes identified; DXS:CL24512Conting1 unigene, CL4188Conting1 unigene, CL16753Conting1 unigene, CL24920Conting1
unigene, CL2862Conting1 unigene; DXR:CL27310Conting1 unigene; MCT:19825Conting1 unigene; CMK:CL29717Conting1
unigene, CL26759Conting1 unigene; MCS:CL20432Conting1 unigene; HDS:CL5137Conting1 unigene, CL25398Conting1
unigene; HDR: CL5363Conting1 unigene, CL26942Conting1 unigene, CL31369Conting1 unigene, CL2922Conting1 unigene,
CL23683Conting1 unigene; IDI: CL19928Conting1 unigene; AACT:CL9799Conting1 unigene; HMGS:CL27234Conting1 uni-
gene, CL909Conting1 unigene; HMGR:CL26720Conting1 unigene, CL14958Conting1 unigene, CL17244Conting1 unigene;
CL32074Contingl unigene; MK: CL25957Conting1l unigene; PMK: CL31828Contingl unigene; MVD:CL11902Conting1
unigene; FPPS: CL27679Conting]1 unigene; CL26373Contingl unigene, CL14415Contingl unigene; CL20545Contingl
unigene; CL27568Conting1 unigene; CL26432Conting1 unigene; CL23650Conting1 unigene; CL4104Contingl unigene;
GGPS: CL20454Contingl unigene; CL27568Contingl unigene; CL26432Contingl unigene; CL23650Conting1 unigene;
CL4104Conting1 unigene; comp71155_c0_seql_2 unigene. (¢) GbPHMGS1 and GbHMGS?2 gene expression patterns by the
fragments per kilobase of transcript per million fragments calculation method.

3.2. Identification and Characterization of Candidate Terpenoid Biosynthesis Genes

Fifty-six expressed unigenes encoding the terpenoid backbone biosynthesis pathway
(ko00900) were identified in the KEGG pathway database based on previous transcriptomic
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data [3]. In addition, 27 unigenes encoding terpenoid synthase, including six involved in
monoterpenoid biosynthesis (ko00902), 15 involved in diterpenoid biosynthesis (ko00904),
and six involved in sesquiterpenoid and triterpenoid biosynthesis (ko00909), were iden-
tified and characterized (Figure 1b). In the terpenoid backbone biosynthesis pathway
(ko00900), only two HMGS genes exhibited differential mRNA expression (Figure 1b). We
selected the HMGS genes for preliminary investigation and found that the GhPHMGS1 gene
was more highly expressed than the GhPHMGS2 gene by the fragments per kilobase of
transcript per million fragments calculation method (Figure 1c), and thus, we selected the
GbHMGS1 gene for an in-depth study of its function.

RACE technology was used to amplify the 5’ RACE and 3’ RACE of the GbHMGS1
and GbHMGS?2 enzymes (Table 1). Then, the Sanger sequencing results of the 5 RACE and
3’ RACE terminal fragments were compared and spliced to obtain the full-length cDNA
sequence of GhHMGS1 (2198 bp) and GhHMGS2 (1681 bp) (Supplementary data S1). The
GbHMGS1 and GbHMGS?2 genes contain 1422 bp and 1413 bp ORFs, respectively, and
TAA is the termination codon in both genes. The GbHMGS1 and GbHMGS2 proteins had
predicted molecular weights of 52.66 and 52.01 kDa, theoretical isoelectric points of 5.36
and 6.24, aliphatic indexes of 78.16 and 75.8, and total mean hydrophilicities of —0.234
and —0.209, respectively. They were all unstable proteins (instability index >40). The
secondary structure analysis of GbHMGS1 and GbHMGS?2 proteins showed that alpha
helices were 210 bp and 172 bp long, accounting for 44.3% and 36.29% of the protein.
Moreover, DNAMAN V6.0 was used to compare the two putative GbHMGS protein
sequences with those of other species. The results show that all the HMGS amino acid
sequences contained a conserved structural domain “NxD/NE/VEGI/VDx(2)NACEF/YxG”
(Figure 2a, marked with a red box). The five red circles represent the active amino acid sites
(Figure 2a). Phylogenetic analysis results show that GbHMGS1, GbHMGS?2, Pinus sylvestris,
and Taxus x media clustered into gymnosperms and that other angiosperms clustered into
one branch. The relationship between the HMGSs of the analyzed plants could better
reflect the relationship between gymnosperms and angiosperms (Figure 2b).

3.3. Expression Patterns of GGHMGS]1 in Ginkgo

Due to the GPHMGS1 gene having a higher expression level than GPHMGS2 in May
2017 by the fragments per kilobase of transcript per million fragments calculation method
(Figure 1c), the GhHMGS1 gene was selected for in-depth gene expression pattern study.
To analyze the expression patterns of the GhDHMGSI gene in ginkgo, we measured its
transcription levels in different tissues (Figure 3a) and leaves at different times by qRT-PCR
(Figure 3b). The GhHMGS] expression level in stems was set to 1, and the results show that
the leaves exhibited the highest level. Moreover, the GPHMGS1 gene was constitutively
expressed in ginkgo from April to October, and the highest expression and relatively low
expression were found in April and in August and October, respectively.

3.4. Subcellular Localization of the GGHMGS1 Protein

To confirm the subcellular localization of the GbHMGSI protein, we constructed
a GFP fusion vector (355::GbHMGS1-GFP) and transformed it into Populus protoplasts
under the control of the double 35S cauliflower mosaic virus (355 CaMV) promoter. The
35::GFP fusion protein acted as control in Figure 4. The subcellular localization results
had shown that the GPHMGS1-GFP fusion protein was only located in the cytoplasm of
Populus protoplasts (Figure 4).
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Figure 2. Sequence and phylogenetic analysis of GbHMGS1 and GbHMGS2. Comparison of GbHMGS1 and GbHMGS2
with other known HMGS amino acid sequences (a) and phylogenetic tree (b).
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Figure 3. Transcriptional profiling of GVGHMGS] in ginkgo: (a) Variation in transcript abundance among plant tissues; (b)
Expression analysis of the GhPHMGS1 gene in ginkgo leaves at different times. R: roots; S: stems; L: leaves; K: kernels; B:
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Figure 4. Subcellular localization of GbHMGS1. GFP: green fluorescent protein; Auto: chlorophyll autofluorescence;

Merged1: fusion of both types of fluorescence; Bright: bright field; Merged?2: fusion of Merged1 and Bright. The scale bar

represents 10 um.
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3.5. Selection of Targeted Transgenic Lines of HMGS1 in Populus

We generated transgenic plants exogenously overexpressing the GPHMGS1 gene to
investigate the function of GbHMGSI in vivo and used CK plants as positive controls. The
data are presented as the means from triplicate experiments (n = 3). First, 11 transgenic lines
were selected for the PCR amplification analysis of different DNAs, and nine transgenic
lines containing the target fragment were preliminarily obtained from the 11 transgenic
lines (accounting for 81.8% of all the lines). These nine transgenic lines were used for
gqRT-PCR verification, and the expression levels in three transgenic lines (P5, P10, and P11)
were more than 20-fold greater than those in CK poplar (Figure 5b). In addition, the highest
expression level was found in P10, followed by P11 and P5 (Figure 5a,b), and these three
Populus transgenic lines were thus selected for subsequent experiments. The phenotypic
observations results reveal no significant differences in the number of adventitious roots,
the maximal length of adventitious roots, and the plant height between transgenic and
CK plants (Table S1). To better understand the effects of the heterogeneous expression of
GbHMGS1 on plant metabolism, the leaves of 45-day-old CK and transgenic plants were
investigated through nontargeted GC-MS metabolomics (Figure 5c¢).

P3 P4 P5 P7 P8 P9 P10 Pll

P3 P4 P5 P7 P8 P9 PI0 Pl

Figure 5. PCR analyses of transgenic lines. (a,b) Levels of GVFHMGS1 expression in the nine transgenic lines and CK Populus

determined by semiquantitative PCR and qRT-PCR, respectively. CK: nontransgenic plant; P1-P11: transgenic Populus

plants. Each error bar indicates the standard error of the mean. (c) Phenotype of a 45-day-old CK poplar plant (left) and a
poplar plant of GPHMGS1 line P10 (right). The scale bars represent 1.0 cm.
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3.6. Metabolic Differences between the Transgenic and CK Poplar Plants

The metabolic differences between the transgenic and CK poplar plants were studied
by nontarget GC-MS metabolomics using an internal standard for data quality control. By
scanning and overlapping the total ion chromatograms (TICs) of different samples, we
found that the experimental instrument has good stability and data acquisition perfor-
mance, which indicated that the test results were reliable (Figure S1). The TICs indicated
the existence of significant chromatographic differences between the groups. After removal
of the internal standards and any known pseudopositive peaks, a total of 270 metabolites
were identified (Supplementary data S2). The metabolome data were investigated using
multivariate statistical procedures (PLS-DA and OPLS-DA), and the results reveal certain
differences between the two groups (Figure S2). The VIP value of the first principal compo-
nent of the OPLS-DA model was greater than 1, and Student’s t-test revealed a p-value less
than 0.05. Thirty-one significantly differentially expressed metabolites were identified be-
tween the two groups. The differentially expressed metabolites mainly included acids and
sugars. It is worth noting that three of the differentially expressed metabolites (lanosterol,
dehydroabietic acid, and phytol) belong to the prenyl lipid class. Our results show that the
three differentially expressed terpenoids were significantly upregulated in the transgenic
poplar group compared with the CK group (Table 2). Among these terpenoids, lanosterol
belongs to the triterpenoid subclass, and dehydroabietic acid and phytol belong to the
diterpenoid subclass. The lanosterol content in the transgenic plants was 1.6-fold higher
than that in the CK plants (Table 2).

Table 2. Terpenoid contents in nontransgenic wild-type and transgenic plants. There is no unit for the expression value of

the peak area of metabolites after internal standard normalization. * represents p < 0.05, as determined by one-way AVOVA

with Duncan’s multiple range tests.

Metabolite Name Class Sub Class CK GbHMGS1
Lanosterol Prenyl lipid Triterpenoid 78.89 £+ 2.33 126.37 + 14.34 *

Dehydroabietic acid Prenyl lipid Diterpenoid 0.07 = 0.03 0.17 +0.02 *

Phytol Prenyl lipid Diterpenoid 0.00 &+ 0.00 0.05+0.02*

4. Discussion
4.1. Terpenoid Backbone Biosynthesis

The results of previous studies show that bilobalide is a sesquiterpene that contains
three lactone units [35]. The terpenoid lactones from ginkgo, including bilobalide and
ginkgolides, have antitumor, antileukemia, and autoxidation activities [7]. Herein, ex-
tremely significant differences in the total ginkgolide and lactone contents were found
between the TH and TL samples (Figure 1a). Therefore, we selected groups with different
lactone contents (high and low total lactone contents) to investigate the terpenoid synthesis
pathway. In this study, 56 unigenes encoding enzymes involved in the terpenoid backbone
biosynthesis pathway that are expressed in ginkgo were identified by RNA-Seq [3]. Mul-
tiple unigenes were annotated as the same enzyme, and these unigenes might represent
different alternative splicing transcripts or members of a gene family [36]. In the terpenoid
backbone biosynthesis pathway, two HMGS genes exhibited differential mRNA expression,
indicating that the encoded enzyme might be important in terpenoid biosynthesis. We
compared the GVHMGS1 and GbPHMGS?2 gene expression values in ginkgo leaves and
selected the most highly expressed GPHMGSI for further function and metabolism studies.
In this gymnosperm of ginkgo, HDR was described to produce an exceptionally high ratio
of IPP and DMAPP compared to what up to now was commonly accepted as a general
5:1 ratio based mostly on studies done on microorganisms and angiosperms [10]. How-
ever, Bongers et al. [11] reported the existence of two isoforms of HDR in the coniferous
gymnosperm Picea Sitchensis showing opposite IPP:DMAPP ratio production in in vitro
assays and suggesting the existence of two paralogs with functional specialization. Hence,
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we can further explore the regulation of terpenoid content synthesis by other key genes or
important transcription factors in the pathway in the future.

4.2. Expression Patterns

Studies have shown that the tissue expression characteristics of HMGS differ across
plant species [12]. Related studies have shown that the expression of HMGS is strongest
in the leaves, moderate in the stems, and weakest in the roots of Camptotheca acuminate
and Salvia miltiorrhiza [12,37], which is similar to the results obtained in the present study.
Because leaves serve as storage sites for ginkgolides and bilobalides, these organs showed
the highest expression levels [38]. The GBPHMGS1 gene expression level in the roots found
in this study was lower than that reported by Meng et al. [19], and this difference might be
due to the different times and growth environments used in the studies. The expression
level of GhPHMGS] in the leaves was significantly higher in April than during the other
tested periods, indicating that the expression level of the HMGS gene was highest in
the spring.

4.3. Gene Functions

The HMGS gene is involved in an important step of the MVA pathway and is an
important gene for the synthesis of sesquiterpenes and triterpenes. It has been cloned
from many plant species, including Arabidopsis thaliana [14], Tripterygium wilfordii [39],
and Camptotheca acuminata [16]. Therefore, HMGS has received increased attention and
has been extensively researched in angiosperms [16,19]. However, in-depth research on
the role and specific functions of this gene and its biosynthesis in gymnosperms has not
been performed. Two amino acids encoded by the GFHMGS genes obtained by cloning
in this study have typical HMGS enzyme action sites and structural domains, which are
indispensable constituent sites for the primary function of HMGS. Proteins are products
of gene expression that play a role in life activities and constitute direct manifestations of
biological function [40]. Proteins are located in different parts of the cell and have different
functions. The localization of a protein plays a crucial role in the clarification of its functions
and its related metabolic pathways. Therefore, knowledge of the subcellular localization
of a protein is necessary for understanding its functions. Subcellular localization and
Western blot analyses and the use of fluorescence (GFP)-tagged proteins have indicated that
BjHMGSI is a cytoplasmic protein [41], whereas other plant HMGSs have been predicted
to be localized only in the cytosol. Through subcellular localization assays, the present
study showed that GbPHMGSI is localized in the cytoplasm. The cytoplasm is the main
component of metabolism, and most chemical reactions occur in the cytoplasm, which also
regulates the nucleus [38,42]. Thus, GbPHMGS1 might be involved in important metabolic
events and can also provide the substrates required for the function of some organelles.

Using prokaryotic expression and functional complementation assays, Meng et al. [19]
performed a preliminary functional study of the GVHMGS1 gene. However, because plants
are eukaryotic organisms, transferring the GVHMGS1 gene into cells of a eukaryotic plant
species (Populus) provides more convincing evidence of the function of the protein encoded
by the transgene. Two studies on ginkgo transformation [20,21] have been published, but
complete tissue cultures and transgenic systems for ginkgo remain unavailable. Thus,
we further studied the functions of GbHMGSI by using plants with a perfect transgenic
system for exogenous overexpression. Although Arabidopsis thaliana is the most thoroughly
studied herbaceous plant, its biomass is too small for subsequent nontargeted GC-MS
metabolomics of individual samples. In contrast, ginkgo is a woody plant that has a
relatively distant relationship with herbaceous plants. Populus, as the model tree species
of woody plants, has been thoroughly studied in the field, and a stable transgenic system
has been established. Therefore, the exogenous GBHMGSI gene was overexpressed in
Populus to further assess its function. In addition, removing the N-terminal domain to
feedback-regulate the terpenoid synthesis on the pathway is another strategy that helps
deeply study the key regulatory step of this pathway in the future.
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4.4. Differences in Metabolites

No significant differences in the number of adventitious roots, the maximal length
of adventitious roots, or the plant height were found between transgenic and CK plants
(Table S1). Hence, we concluded that the growth phenotypes of the CK and transgenic
plants showed only slight differences after 45 days. This observation is somehow con-
tradictory to the growth promotion observed in transformed Arabidopsis and tobacco
plants [18,43]. We hypothesized that the presence of kanamycin in the medium provided
screening pressure for the transgenic plants. Moreover, transgenic samples with empty
plasmid transformation should be added as control samples in the future. Although this
will not change the obtained main results, it will certainly reduce the background effects
associated with the presence of plasmids and influence cell metabolism in some way.
Metabolomics using high-throughput technology can be used for the comprehensive detec-
tion of changes in the metabolite contents in plants [31]. Therefore, using the metabolome
to study the changes in the metabolite contents in the leaves of GVHMGSI-overexpressing
transgenic plants is important for revealing the metabolic mechanism of the transgene.
All of the differentially expressed metabolites identified in this study were upregulated
in the transgenic plants including sugar, acid, and terpenoids. Studies have shown that
the HMGS gene promotes the synthesis of terpenes. Wang et al. [16] showed that over-
expression of the HMGS gene in Arabidopsis can increase the sterol content in transgenic
plants. Ren et al. [17] reported that the ganoderic acid content in Ganoderma lucidum plants
overexpressing the HMGS gene was significantly higher than that in CK plants.

Through a nontargeted GC-MS metabolomic analysis, the contents of three terpenoids
(lanosterol, dehydroabietic acid, and phytol) were found to be significantly upregulated in
the transgenic group compared with the CK group in this study. Among these terpenoids,
lanosterol belongs to the triterpenoid subclass, and dehydroabietic acid and phytol be-
long to the diterpenoid subclass. Hence, overexpression of the GVHMSGI1 gene leads to
significant upregulation of these three terpenoids in transgenic plants and might enhance
the levels of metabolites involved in terpenoid biosynthesis. Liao et al. [39] showed that
HMGS overexpression in the cytosol can affect the biosynthesis of plastidial MEP-related
isoprenoids. In addition, other metabolite contents were significantly increased in the
transgenic poplar group compared with the CK group. Several studies have indicated that
the accumulation of primary metabolites is beneficial to the accumulation of secondary
metabolites, particularly primary metabolites and carbohydrate compounds [44,45]. We
believe that an increase in the upstream substrate content or concentration is rather im-
portant for increasing the downstream secondary metabolites. Moreover, the metabolic
reactions in plants are complex and diverse, and the regulation of different metabolic path-
ways does not occur separately [3]. Indeed, different proteins constitute a rich regulatory
network in which proteins regulate each other to alter the metabolome in plants. Thus,
we will continue to investigate other genes related to terpene synthesis and metabolism in
the future.

5. Conclusions

This study investigated the functional characteristics of GOPHMGSI1 through overex-
pression of the GVHMGS1 gene in a hybrid poplar. Through subcellular localization assays,
we found that the GbHMGSI protein is localized in the cytoplasm. The results reveal that
31 metabolites were significantly upregulated in the transgenic poplar group compared
with the CK poplar control group. Specifically, the lanosterol (triterpenoid), dehydroabietic
acid (diterpenoid), and phytol (diterpenoid) contents were increased in the transgenic Popu-
Ius plants compared with their counterpart plants. Hence, the overexpression of GVHMGS1
substantially improved the metabolite contents in the transgenic poplar group. This study
provides a basis for a more in-depth understanding of the corresponding biosynthesis
pathways and the regulation of the accumulation of metabolites.
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Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/£12050595/s1, Figure S1: Total ion chromatographs (TICs) of metabolites extracted from
Populus, Figure S2: Metabolomic profiling of the leaves from HMGS1-overexpressing and CK plants.
The partial least squares discriminant analysis (PLS-DA) (a) and orthogonal projections to latent
structures (OPLS-DA) (b) scores obtained from the analysis of metabolites in the leaves of HMGS1-
overexpressing and CK plants are shown, Table S1: Statistical analysis of adventitious root devel-
opment and plant height between CK and transgenic Populus (45 days), Supplementary data S1:
Full-length GPHMGS1 and GbHMGS2, Supplementary data S2: Two hundred seventy metabolites
were annotated using the information within the Fiehn database. The raw data were log2-transformed
in the table. The QC samples of these metabolites changed little and were very uniform.
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