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Highlights
●●	 Genome-wide identification of 24 OfGGPPS genes reveals a key flower preferentially expressed enzyme gene, 

OfGGPPS13.  
●●  OfGGPPS13 diverts metabolic flux to enhance β-carotene synthesis but reduces scent volatiles.

Abstract
Osmanthus fragrans is most famous for its strong aroma, and different varieties have different degrees of fragrance and 
color.  Fragrance and color are important factors affecting the ornamental quality of O. fragrans.  Terpenoids are important 
secondary metabolites in plants, with β-carotene (C40) being the major pigment substance and linalool (C10) being the key 
aromatic component in O. fragrans.  The geranylgeranyl pyrophosphate synthase genes (GGPPSs) play important roles in 
secondary metabolism in plants.  However, the functions of the GGPPS family in floral color and fragrance formation has 
rarely been reported in O. fragrans.  In this study, 24 OfGGPPS genes were identified and classified into two subfamilies.  
The OfGGPPSs showed tissue-specific expression and OfGGPPS13 had highest expression in flowers.  The OfGGPPS13 
protein was localized to chloroplasts.  The transcriptome data of OfGGPPS13 was verified by qRT-PCR and the expression 
level in ‘Wanyingui’ with strong aroma was higher than that in ‘Zhuangyuanhong’ with deep color at different flower 
development stages.  Transient overexpression of OfGGPPS13 in O. fragrans petals showed that OfGGPPS13 increased 
the β-carotene content, the main color substance of O. fragrans, but decreased the linalool content, the main volatile organic 
compound (VOC) in the floral aroma of O.  fragrans.  OfGGPPS13 was indicated as the critical gene related to terpenoid 
synthesis in the floral aroma and color formation in O. fragrans.  Our findings provide gene resources on the GGPPS gene 
family for further revealing the molecular regulation mechanism of the floral color and aroma formation in O. fragrans.
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1. Introduction
Osmanthus fragrans, known as one of the top ten famous 
flowers in China, has multiple uses, such as ornamental, 
edible, and flavoring additive uses.  Based on color and 
flowering period, O.  fragrans is usually divided into four 
species groups: Asiaticus, Albus, Luteus and Aurantiacus, 
and there are two extreme varieties: Albus Group with 
strong aroma and lighter color and Aurantiacus Group with 
darker color and lighter aroma.  However, in the different 
cultivars, the characteristic aromas come from the complex 

combinations of terpenes.  Among them, linalool contributes 
significantly to volatiles responsible for the fragrance in 
O. fragrans (Cai et al. 2014).  In addition to the above volatile 
terpene metabolites, there are also nonvolatile terpenoid 
metabolites that confer color to plants, such as carotenoids 
and chlorophyll.  (Pichersky and Gershenzon 2002).

Terpenoids are compounds based on isoprene (C5) as 
the basic unit and their derivatives, with a wide range of 
classifications and types, and they are produced by a series 
of polymerization chain reactions of isopentenyl diphosphate 
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(IPP) and its isomer dimethylallyl diphosphate (DMAPP) 
(Mcgarvey and Croteau 1995).  There are two pathways in 
plants that can synthesize terpenoids: the mevalonate (MVA) 
pathway and the 2-C-methyl-D-erythritol-4-phosphate (MEP) 
pathway (Newman and Chappell 1999).  The MEP pathway 
mainly synthesizes geranyl pyrophosphate (GPP) and 
geranylgeranyl pyrophosphate (GGPP), which are located 
in the plastids.  GPP is the precursor of monoterpenes 
(C10), while GGPP is used for the biosynthesis of di- 
(C20), tetra- (C40), and polyterpenes (Cn) (Simkin et al. 
2011).  The generation and modification of terpenoids, 
including oxidation-reduction, acylation, and glycosylation 
reactions, leads to the structural diversity of terpenes (Barja 
and Rodriguez-Concepcion 2021).  Most essential plant 
isoprenoids use GPP and GGPP as precursors, whose pools 
are important branching points in isoprene synthesis (Vranova 
et al. 2011).  The terpenoid synthesis is regulated by multiple 
enzymes in plants.  GGPP can act as the precursor substrate 
for both nonvolatile terpenoids and volatile terpenoids, which 
are catalyzed by GGPPS (Beck et al. 2013; Yan et al. 2023).  
GGPPS proteins contain two aspartate-rich motifs, FARM and 
SARM (DDxxxxD and DDxxD; x is any amino acid), which 
chelate with Mg2+ to participate in the binding of substrates, 
and are essential for GGPP biosynthesis, thereby affecting 
the catalytic activity of GGPPS (Liang et al. 2002; Liang 
2009).

Two types of GGPPS, large subunits (LSUs) and non-
active small subunits (SSUs), have been discovered in plants.  
Both FARM and SARM domains can be found in LSUs, while 
SSUs lack at least one and contain at least a “CxxxC” motif 
(Chen Q et al. 2015).  SSUs are catalytically inactive on their 
own and cannot catalyze reactions through the formation 
of homodimers (Barja and Rodriguez-Concepcion 2021).  
There are two types of SSUs in plants.  SSUIs are related to 
the production of GPP and monoterpenes, which are mainly 
found in flowering plants, whereas the interaction of SSUIIs 
with LSUs can produce GPP and simultaneously enhance the 
production of GGPP (Wang and Dixon 2009).  In Antirrhinum 
majus, GGPPS.SSU, which is inactive alone, can form a 
heterodimer with GGPPS.LSU in vivo to modulate its activity 
(Tholl et al. 2004).  In Humulus lupulus, GGPPS.SSU forms 
a heterodimer with GGPPS.LSU to produce GPP and GGPP, 
and the enzyme activity of the heterodimer is significantly 
higher than the catalytic efficiency of GGPPS.LSU itself (Wang 
and Dixon 2009).  NtGGPPS.LSU can form the homodimer 
and catalyze the synthesis of GGPP in Nicotiana tabacum, 
but the content of monoterpenes increases in transgenic 
tobacco after binding with AmGGPPS.SSUI (Orlova et al. 
2009).  The GGPPS proteins in different subfamilies may 
have different expression levels in each tissue and be located 
in different subcellular compartments of the same plant 
(Okada et al. 2000; Huang et al. 2019).  A total of 12 GGPPS 
proteins have been found in Arabidopsis thaliana, which are 
expressed highest in roots, leaves, stems, and flowers and 
are localized in the chloroplast, mitochondria, or endoplasmic 
reticulum with different functions for plant development 
(Okada et al. 2000).

GGPP, which is synthesized by GGPPSs, is an important 
precursor of the carotenoid metabolic pathway, and its 

production directly affects the synthesis of downstream 
carotenoids (Lois et al. 2000; Matthews and Wurtzel 2000).  
The LtuGGPPS2 gene had the highest expression in the 
flowers of Liriodendron chinense, and its expression level 
during petal development was consistent with changes 
in the terpenoid content in petals.  After heterologous 
overexpression of LuGGPPS2 in A.  thaliana, the carotenoid 
content of transgenic plants increased by 44.42% (Zhang 
et al. 2021).  The overexpression of the designed mutant 
gene d-NtGGPPS1 in N.  tabacum resulted in consistent 
results for transient and stable expression, with increased 
levels of carotenoids in leaves (Dong et al. 2022).  These 
results indicate that GGPPSs can promote carotenoid 
biosynthesis and may be responsible for plant coloration.

Spatiotemporal variations in the expression of GGPPSs 
show a high degree of consistency with the synthesis 
and release patterns of plant aroma substances.  The 
expression abundance of GGPPSs, which are key enzyme 
genes, contributes to differences in aroma content among 
plant varieties, and their expression patterns are related to 
the release of floral aroma substances.  In different Syringa 
varieties, the expression levels of GGPPSs were positively 
correlated with the contents of floral aroma substances.  
Compared with the light fragrance variety S. oblata, the 
concentrated fragrance variety S. vulgaris had a higher 
expression level of GGPPSs.  The differential expression 
of GGPPSs between the two varieties led to differences 
in floral content, suggesting that they might be key genes 
promoting the synthesis of volatile metabolites in lilac (Yang 
et al. 2023).

In addition, the spatial and temporal differential expression 
of GGPPSs in plants affect the release of plant aroma 
compounds.  For example, Rosa damascena is an important 
fragrant flower in the perfume industry.  The content of aroma 
compounds in flowers increases during flower development, 
reaches its peak in the blooming stage, and decreases 
during flower senescence, which is consistent with the 
expression trend of RdGGPPSs.  It has been speculated 
that the accumulation of aroma substances in the flowers of 
R. damascena may be related to the expression of GGPPSs, 
and GGPPSs may play important roles in regulating the 
aromatic components in R. damascena (Rasouli et al. 2018).  
IPP and DMAPP are common precursors for the synthesis of 
GPP, GGPP, and FPP (farnesyl pyrophosphate).  By adjusting 
the ratio between IPP and DMAPP concentrations, the 
catalytic products of GGPPS can be altered, thereby affecting 
the synthesis of plant aroma compounds.  As in Capsicum 
annuum, higher DMAPP concentrations led to the production 
of large amounts of GPP catalyzed by CaGGPPS (Bouvier 
et al. 2000).  The functions of GGPPSs have been reported 
in other plants, but little is known about the formation of floral 
color and fragrance in O. fragrans.

In this study, the number of GGPPS family members 
was identified using bioinformatics techniques based on the 
whole genome sequences of O.  fragrans.  According to the 
expression patterns in two different O.  fragrans varieties, we 
selected the OfGGPPS13 gene to perform functional analysis 
to reveal its function in O. fragrans monoterpene and carotenoid 
biosynthesis.  This work will provide valuable GGPPS family 
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gene resources for deeper investigation of the molecular 
regulation mechanism of floral color and aroma in O. fragrans.

2. Materials and methods
2.1. Plant materials
Osmanthus fragrans trees were grown in the fields of 
Nanjing Forestry University, Nanjing, China.  Flowers of 
‘Zhuangyuanhong’ and ‘Wanyingui’ were collected at five 
stages (S1–S5: bud-pedicel stage, bud-eye stage, primary 
blooming stage, full blooming stage, and flower fading stage) 
from 9:00 to 11:00, and then cryopreserved.  Fresh flowers 
of O.  fragrans at S4 were collected from 9:00 to 16:00 and 
then used for transient transformation.  The flowers were 
sampled on the sunny days to avoid the weather effect on the 
flower fragrance.  One gram of randomly picked petal tissue 
was considered one replicate.  Nicotiana tabacum plants 
were cultivated in a glass greenhouse at Nanjing Forestry 
University.  Three biological replicates were set up for each 
experiment.

2.2. Bioinformatics analysis of the GGPPS family in 
O. fragrans
Multiple GGPPS protein sequences (Appendix A) were 
downloaded from the Arabidopsis thaliana database, the 
Oryza sativa Data Center, the Solanaceae database, 
the NCBI database, and the UniProt Protein Sequence 
database.  The full-length amino acid sequences of the 
A.  thaliana protein family were used as a probe to compare 
with the O.  fragrans genome database (Yang et al. 2019) 
using TBtools software.  The TBtools alignment results 
were then subjected to bidirectional Blast alignment in the 
NCBI database to obtain potential members.  Based on the 
conserved structural domains of NCBI CDD, we selected 
candidate members in the O.  fragrans GGPPS gene family.  
The physical and chemical properties of OfGGPPS proteins 
were analyzed using Expasy online analysis software and 
ProtScale software.  The subcellular localization of GGPPS 
proteins in O.  fragrans was predicted using WoLF PSORT, 
BaCelLo, and Plant-Ploc online websites.  Multiple sequence 
comparison analysis was performed on 181 GGPPS amino 
acid sequences from various plant species using MEGA11 
software, and a phylogenetic tree was constructed using 
MEGA11 (neighbor joining, NJ) and then visualized and 
analyzed using iTOL (https://itol.embl.de/).

The gene structure information of OfGGPPSs was 
extracted from the annotation file of the O. fragrans genome.  
The identified OfGGPPS protein sequences were submitted 
to the online website MEME for motif analysis.  The 
phylogeny, motif, and gene structure of OfGGPPSs were 
visualized using TBtools software, and multiple sequence 
alignment of OfGGPPSs was performed using MEGA11 and 
Jalview software.  TBtools was used to map the distribution 
of OfGGPPSs on chromosomes.  The McScanx method 
was used to classify the replication methods of OfGGPPSs 
into tandem and segmental replications, and the data were 
visualized using the TBtools toolkit.  All website URLs are 
included in Appendix B.

2.3. Expression pattern analysis of the GGPPS family 
in O. fragrans
In our previous study, we have obtained the transcriptomic 
data of the different tissues in ‘Rixianggui’ in Asiaticus 
Group (Yang et al. 2019), hence, we used these data to 
analyze the expression patterns of OfGGPPSs in different 
tissues.  ‘Wanyingui’ in Albus Group and ‘Zhuangyuanhong’ 
in Aurantiacus Group are two extreme varieties in the 
comparison of floral aroma and color, so we chose them 
for comparative analysis to identify key genes involved 
in the floral aroma and color formation.  The unpublished 
transcriptome sequencing of O.  fragrans was performed 
using the Illumina HighSeqTM2000 sequencing platform, and 
the plant materials used were three varieties of Osmanthus, 
namely ‘Rixianggui’, ‘Wanyingui’, and ‘Zhuangyuanhong’.  
The different tissues used for transcriptome sequencing were 
roots, stems, leaves (young and mature), and flowers (S4) 
of ‘Rixianggui’.  For transcriptome sequencing, the petals of 
‘Wanyingui’ and ‘Zhuangyuanhong’ collected at five stages 
were used.  Based on the transcriptome data, fragments 
per kilobase of exon model per million mapped fragments 
(FPKM) values of OfGGPPS family members extracted from 
the O.  fragrans transcriptome database for different tissues 
and different species were visualized using TBtools.  The 
differential expression were determined by a fold change≥2 
and a P-value<0.05.

2.4. Subcellular localization of the OfGGPPS13 protein
The full-length coding sequence (CDS) of OfGGPPS13 was 
extracted from the O.  fragrans genome file.  The cleavage 
sites were analyzed using BioXM software, and the common 
cleavage sites (5´SmaI-3´KpnI) that were not present in the 
target gene but in the vector were selected.  The amplification 
primers were designed using CE Design software (Appendix C),
so that the CDS of OfGGPPS13 was obtained.  We 
used the flower cDNA of ‘Rixianggui’, ‘Wanyingui’, and 
‘Zhuangyuanhong’ as the templates for OfGGPPS13 
amplification.  The blasting results of these sequences 
showed that the different sites were not in the conserved 
functional domains of OfGGPPS13 (Appendix D).  Therefore, 
we randomly chose the ‘Rixianggui’ as the template for the 
next functional verification of OfGGPPS13.  The published 
methods were used for vector construction and transformation 
(Ding et  al. 2020).  35s::GFP–OfGGPPS13 and empty 
pSuper1300-GFP were introduced into the tobacco leaves 
using Agrobacterium-mediated transformation (GV3101).  
The GFP fluorescence signal was monitored under the 
LSM710 confocal microscopy (ZEISS, Jena, Germany) 48 h 
after transformation (20°C with a 15-h photoperiod).  

2.5. Transient overexpression of OfGGPPS13 in 
O. fragrans petals
The pSuper1300-GFP vector inserted with the OfGGPPS13 
coding region was transformed into GV3101 using a 
published method (Han et al. 2016).  Using the method for 
transient overexpression in O.  fragrans petals previously 
published by our research group (Liu et al. 2022), the S4 
petals of O. fragrans var. leteus were vacuum infiltrated with 
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Agrobacterium and then transferred to 0.5% agar medium 
in the dark for 48 h.  At S4 stage, the O. fragrans petals are 
nearly spreading, the flower color turns dark, and the flower 
fragrance is strong.  After 48 h in the dark, the flower status of 
the control group (empty vector) and the experimental group 
was similar.

2.6. Quantitative real-time PCR (qRT-PCR) analysis
The petals of ‘Wanyingui’ and ‘Zhuangyuanhong’ at five 
stages and the transient overexpression petals were 
collected.  Total RNA was isolated using a RNAprep Pure 
Plant Kit (Tiangen, Beijing, China).  Complementary DNA 
(cDNA) was synthesized by One-Step gDNA Removal and 
cDNA Synthesis Super Mix (Transgen, Beijing, China).  The 
specific primers of OfGGPPS13, OfCCD4, and OfTPS1a/1b 
were designed by Primer Premier 5.0.  OfRAN was used 
as a normalizer (Appendix E).  Each qRT-PCR assay 
was performed on Step One Plus real-time PCR (Thermo 
Fisher Scientific Inc., Massachusetts, USA), containing 
three biological samples, with three technical replicates per 
biological sample.

2.7. Analysis of aroma components of OfGGPPS13 
transgenic petals
Headspace solid-phase microextraction (SPME) was used to 
collect the volatile components.  A 0.6 g transgenic petal sample 
was placed in a 20 mL glass vial as a biological replicate, with 
3 μL of methyl laurate diluted 3,000-fold with methanol (Macklin 
Inc., Shanghai, China) added as the internal standard.  The 
SPME fiber of DB-5 MS (Supelco Inc., Bellefonte, USA) was 
used for extraction and desorption using a published method (Liu 
et al. 2022).  The desorbed aroma compounds were identified 
using Trace DSQ gas chromatography-mass spectrometry (GC-
MS) equipment (Ji 2021).

2.8. Determination and analysis of products on the 
MEP pathway in OfGGPPS13 transgenic petals
Three biological replicates with three technical replicates 
each were set up using O.  fragrans petals transfected 
with the empty vector of pSuper1300 as the control.  The 
contents of GGPP, GPP, and β-carotene in OfGGPPS13-
overexpressing petals were determined according to the 
instructions of the Plant GGPP, GPP, and β-carotene 
enzyme-linked immunosorbent assay (ELISA) kits (Huding 
Biology, Shanghai, China), respectively.  The GGPPS content 
in OfGGPPS13-overexpressing petals was determined 
according to the the instructions of the Plant GGPPS and 
GPPS Substrate Competition Assay Kit (Huding Biology). 

2.9. Statistical analysis
All data were analyzed with Student’s t-test or least significant 
difference (LSD) test using SPSS Statistics 22 software and 
SIMAC software (*, P<0.05; **, P<0.01; ***, P<0.001).  The 
values are the means ± standard error (SE; n≥3).

3. Results
3.1. Identification of OfGGPPSs
In total, 24 putative GGPPSs were identified from the 

O .   fragrans  genome based on conservative domain 
screening.  According to their chromosomal locations, these 
genes were named OfGGPPS1–OfGGPPS24.  The lengths 
of the OfGGPPS proteins were between 179 (OfGGPPS1) 
and 422 (OfGGPPS23) aa, and the corresponding molecular 
weights ranged from 19,590.77 (OfGGPPS1) to 46,813.83 
(OfGGPPS23) kDa.  The isoelectric points ranged from 5.07 
to 8.19, and the majority of OfGGPPSs were acidic proteins 
(isoelectric point<7), except for OfGGPPS22 (isoelectric 
point>7).  The instability index ranged from 31.78 to 59.23, 
among which 15 proteins were unstable proteins (instability 
index>40) and 9 proteins were stable proteins (instability 
index<40).  The aliphatic index ranged from 80.38 to 102.7 
(Appendix F).

Subcellular localization of the 24 members in O.  fragrans 
was predicted using the WoLF PSORT, BaCelLo, and 
Plant-Ploc online websites (Appendix G).  The results 
showed that most of the predict ions from the three 
websites were consistent, and the predicted localizations 
of OfGGPPS2/5/6/10/11/12/13/14/18/21/23 were all in the 
chloroplast.  All 24 OfGGPPS proteins had clear hydrophilic 
and hydrophobic regions, among which OfGGPPS17, 
OfGGPPS19, and OfGGPPS20 had fewer hydrophilic 
regions than hydrophobic regions, indicating that they 
are hydrophobic proteins.  There were more remaining 
hydrophilic regions of the OfGGPPS polypeptide chains 
than hydrophobic regions, indicating hydrophilic proteins.  
The peptide chains of the remaining OfGGPPSs had more 
hydrophilic regions than hydrophobic regions, indicating that 
they were hydrophilic proteins (Appendix H).

3.2. Phylogenetic analysis of OfGGPPSs
The evolutionary relationships of O.  fragrans GGPPS 
proteins were investigated, and 181 protein sequences from 
60 species were used to construct a phylogenetic tree.  The 
181 GGPPS proteins were divided into 5 subfamilies named 
sub1–5, which contained 3, 4, 13, 25, and 136 GGPPSs 
(Fig. 1).  Of these, sub5 had the highest number of GGPPS 
protein members, including 17 OfGGPPSs, 10 AtGGPPSs, 7 
PtGGPPSs, and 3 SlGGPPSs.  Sub4 contained the remaining 
7 OfGGPPSs and SSUs identified from different species.  The 
GGPPS proteins in sub3 were mostly found in gymnosperms.  
Sub2 and sub1 contained only the GGPPS proteins from 1 
bryophyte specie and 3 algae species, respectively.  Overall, 
the number of GGPPSs increased with species evolution.  
OfGGPPSs were only concentrated in sub4 and sub5.

3.3. Chromosomal location and gene duplication of 
OfGGPPSs
OfGGPPSs are distributed on 13 chromosomes, and there 
were three GGPPSs on Chr19.  Compared with Chr19, Chr01 
with the longest chromosome length had two GGPPSs, while 
Chr23 with the shortest chromosome length only had one 
GGPPS gene (Fig. 2-A).  Overall, there was no correlation 
between the number of GGPPSs present on chromosomes 
and chromosome length.

There were no tandem dupl icat ion events in the 
GGPPS genes of O.  fragrans.  The MCScanX method 
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was used to compare and obtain 22 genes with fragment 
duplication events.  These results indicated that a part 
of OfGGPPSs may be generated by gene fragment 
duplication which may be crucial for the amplification of 
OfGGPPSs (Fig. 2-B).

3.4. Gene structure of OfGGPPSs
The 24 OfGGPPSs contained 1–12 exons, of which 
OfGGPPS11 and OfGGPPS23 had the most exons (12).  The 
gene with the most introns had 11 introns, and the least had 
none (Fig. 3-C).  The OfGGPPSs encoding adjacent proteins 
in the phylogenetic tree had the same or similar exon–intron 
structures (Fig. 3-A and C).

There were 10 conserved motifs (motifs 1–10) found in 
24 OfGGPPS proteins (Fig. 3-B and D).  Most members of 
adjacent branches of the phylogenetic tree exhibited similar 
motif organizations.  Motif 7 existed in all OfGGPPSs, and 
motif 10 was only present in sub4.  Motifs 2/3/4/5/7 were 
found in the OfGGPPSs of sub4, and motifs 1/2/4/7 were 
found in the OfGGPPSs of sub5.  Generally, the motif 
composition and location of OfGGPPSs in each subfamily 
were essentially the same, which demonstrated that the 
OfGGPPSs in the same subfamily may play similar roles.

OfGGPPSs contained two conserved Asp-rich structural 
domains, FARM and SARM (Fig.  4), with a conserved 
sequence of DDxx(xx)D (where D is aspartic acid and x is 
any amino acid).  These two domains were the active sites of 
the OfGGPPS enzyme.  Some OfGGPPSs also had CxxxC 
structural domains (where x is any amino acid) that may 
interact with other proteins.  In addition, there was a chain 
length-determining domain (CLD) located upstream of the 
first characteristic sequence FARM at the N-terminus of the 
OfGGPPSs, which determined the length of the catalytic 
product of the OfGGPPS protein (Satta et al. 2022).

There were 17 OfGGPPS proteins clustered with 
AtGGPPS1–4, AtGGPPS6–11, and RdGGPPSs (Fig. 1) that 
belonged to sub5.  All 17 OfGGPPS proteins had the conserved 
domain “DDxx(xx)D” and belonged to LSU. The remaining 7 

Fig. 1  Phylogenetic tree of GGPPS proteins.  The phylogenetic 
tree was generated with MEGA 11 software using the neighbor-
joining method.  OfGGPPSs are marked by red cycles.

Fig. 2  Chromosomal distribution and gene duplication of OfGGPPSs.  A, distribution of OfGGPPSs on chromosomes.  B, synteny 
duplication of OfGGPPSs.  All collinear blocks in the Osmanthus fragrans genome are indicated by gray lines, and the OfGGPPSs pairs 
of fragment replication events are represented by red lines.
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OfGGPPS proteins clustered with AtGGPPS12 and belonged to 
sub4.  Among them, OfGGPPS3/4/7/22 lacked two “DDxx(xx)D” 
conserved regions and contained a “CxxxC” motif.  These four 
OfGGPPS proteins clustered with SlSSUI and belonged to SSUI.  
However, OfGGPPS8/12/24 clustered with AtSSUII, SlSSUII, 
and OsSSUII and had the first aspartic acid conserved motif, 
FARM, and the two “CxxxC” motifs.

The sequence structures of OfGGPPSs clustered together 
were relatively consistent with the gene structure.  The 
reliability of the classification was further demonstrated by the 
similar gene structures and conserved motifs in each category.

3.5. Expression patterns of OfGGPPSs in different tis-
sues
The FPKM values of  24 OfGGPPSs  obtained f rom 

transcriptome data of different tissues of ‘Rixianggui’ 
were visualized using TBtools (Fig.  5-A).  Three of the 
OfGGPPS genes (OfGGPPS10/11/12) were not found in 
this transcriptome data, while the remaining 21 OfGGPPS 
genes showed different expression patterns; among them, 
18 OfGGPPSs were expressed in all 5 tissues except 
OfGGPPS5/7/16.  Of the OfGGPPSs, 5, 7, and 9 had higher 
expression levels in roots, young leaves, and mature leaves, 
respectively.  OfGGPPS8/9/13/15/21/22 had significantly 
higher expression levels in flowers.  Overall, the expression 
patterns of OfGGPPSs exhibited tissue specificity.

3.6. Expression patterns of OfGGPPSs in different cul-
tivars
The FPKM values of the 24 OfGGPPSs were obtained from 

Fig. 3  The gene structure of OfGGPPSs were analyzed.  A, phylogenetic tree of the OfGGPPS gene family.  B, conserved motif amino 
acid distribution.  C, gene structure analysis of OfGGPPSs.  D, conserved motif amino acid.
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transcriptome data of ‘Wanyingui’ and ‘Zhuangyuanhong’, 
and visualized using TBtools (Fig. 5-B).  Only OfGGPPS5/7 
were not expressed in both varieties, while the remaining 22 
OfGGPPSs exhibited different expression patterns.  Most 
of the OfGGPPSs expressed in ‘Wanyingui’ had higher 
expression levels during S2 and S3.  The expression levels 
of the OfGGPPSs in ‘Zhuangyuanhong’ were relatively 
high from S2 to S4.  However, the expression levels of 
most numbers in two cultivars were firstly increased and 
then decreased, which was consistent with the release 
pattern of floral fragrance.  The expression levels of some 
OfGGPPSs, such as OfGGPPS12 in ‘Wanyingui’, were 
higher than those in ‘Zhuangyuanhong’, which may be 
related to the aroma formation in O.  fragrans flowers.  The 
expression levels of some OfGGPPSs, such as OfGGPPS13 
in ‘Zhuangyuanhong’, was significantly higher than those in 
‘Wanyingui’, suggesting that OfGGPPS13 may be involved in 
color formation in O. fragrans flowers.

qRT-PCR validation was performed on OfGGPPS13 to further 
investigate its potential function in the floral fragrance and color of 
O. fragrans.  The results were correlated with the transcriptome 
FPKM values, and the transcriptome data of OfGGPPS13 in two 
varieties was verified for accuracy and reliability (Fig. 6-A).

3.7. Subcellular localization of OfGGPPS13
In the control group, the GFP::pSuper1300 fusion protein 

auto-fluoresced green, while the chloroplasts in the cells 
auto-fluoresced red.  The green and red fluorescence did not 
merge in the merged layer.  The GFP fluorescence signal of 
the GFP::pSuper1300-OfGGPPS13 fusion protein coincided 
with chloroplast auto-fluorescence (Fig. 6-B), indicating that 
the OfGGPPS13 protein was localized in chloroplasts, which 
is consistent with subcellular prediction results.

3.8. Functional validation of OfGGPPS13 transgenic 
petals
To further reveal the potential functions of OfGGPPS13 in 
regulating the formation of floral color and fragrance in the 
MEP pathway, OfGGPPS13 was transiently expressed in 
O.  fragrans petals.  The qRT-PCR results showed that the 
expression level of OfGGPPS13 was significantly increased 
in transgenic plants, which was twice that in the control 
(Fig. 7-A).  The expression of CCD4 and TPSs downstream 
of GGPPSs was significantly decreased compared with the 
control (Fig. 8-D, G and H).  The content of each substance 
on the MEP pathway was determined, and there was a 
significant increase in the content of GGPPS, its direct 
product, GGPP, and the subsequent product of GGPP, 
β-carotene, after OfGGPPS13 overexpression in O. fragrans 
petals (Fig. 8-A–C).  On the other pathway competing with 
GGPPS for the substrates DMAPP and IPP, there was a 
significant decrease in the content of GPPS and GPP (Fig. 8-E 

Fig. 4  Sequence alignment of conserved domains of OfGGPPSs.  The two conserved aspartate-rich motifs DD(x2-4)D are highlighted 
in gray.  The two CxxxC motifs are underlined in black.  The chain length-determining CLD sites are marked with a red frame.
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and F), demonstrating that OfGGPPS13 promoted the 
accumulation of β-carotene through the MEP pathway and 
was crucial for color formation in O. fragrans flowers.  Based 
on GC-MS analysis, the PCA-X and PLS-DA plots showed 
that OfGGPPS13-overexpressing petals exhibited significant 
metabolic differences compared with the petals transformed 
with the empty vector (Fig. 7-B and C), and the loading 
scatter plot showed that linalool and β-ionone were the main 
substances that caused changes in aroma (Fig. 7-D and E).  

The OfGGPPS13-overexpressing petals had significantly 
lower contents of linalool and β-ionone (Fig. 7-F and G), 
demonstrating that OfGGPPS13 was also crucial for aroma 
formation in O. fragrans flowers.

4. Discussion
GGPPSs catalyze GGPP synthesis, and GGPP is crucial for 
the isoprenoid pathway, providing common precursors for 
primary and secondary metabolism (Schmidt et al. 2010).  
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In this study, 24 OfGGPPSs were identified (Fig. 2-A), with 
a much larger number than in A.  thaliana (12) (Lange and 
Ghassemian 2003) and N.  tabacum (9) (Tata et al. 2016) 
but comparable to the 25 in the G. hirsutum GGPPS gene 
family (Ali et al. 2020).  The differences in the number of 
GGPPSs between species may result from evolutionary 
differences.  The 24 OfGGPPSs were classified into sub4 and 
sub5 subfamilies (Fig. 1).  Analysis of the protein structure 

of OfGGPPSs revealed that the same subfamily contained 
similar domains, and the OfGGPPS proteins of different 
subfamilies differed in structure (Fig. 3).

The OfGGPPS proteins contained two conserved Asp-
rich structural domains, FARM and SARM (Fig. 4), with a 
conserved sequence of “DDxx(xx)D”, which were crucial 
for the catalytic activity of GGPPS (Liang et al. 2002; Liang 
2009).  The “CxxxC” motif was also found in OfGGPPSs.  
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The “CxxxC” domain is important for GGPPSs to interact with 
other proteins, but some GGPPSs with “CxxxC” are non-
functional (Zhang et al. 2021).  Proteins characterized by 
FARM, SARM, and “CxxxC” exhibit the catalytic function for 
the GGPP formation (Beck et al. 2013), indicating that some 
OfGGPPSs, such as OfGGPPS9/13/20, may be employed in 
similar functions.

GGPPSs exist as a gene family in higher plants, and 
there are many members.  Since the emergence of land 
plants, gene duplication has led to the expression pattern 
changes of GGPPS paralogs, leading to developmental 
and/or condition-specific functional evolution (Coman et al. 
2014).  Therefore, it can provide a foundation for gene 
function research to characterize the expression patterns and 
subcellular localization of GGPPSs (Ruiz-Sola et al. 2016).  
The synthesis of GGPP in different subcellular structures is 
handled by different members, but it has been shown that 
AtGGPPSs are predominantly localized to chloroplasts (Zhu 
et al. 1997a, b; Okada et al. 2000).  

In a previous study, AtGGPPSs were found to have 
different expression levels in tissues and organs throughout 
the growth and development of A. thaliana and have different 
functions in the plant (Okada et al. 2000; Beck et al. 2013).  
In sweetpotato (Ipomoea batatas (L.) Lam.), the expression 
levels of IbGGPPSs were high in storage roots but low in 
stems and leaves, and the storage roots had antioxidative 
activity due to the high production of carotenoids (Chen 
W et al. 2015).  The transcriptome data showed that the 
OfGGPPSs were expressed in different tissues and organs of 
O.  fragrans (Fig. 5-A).  We speculated that OfGGPPSs may 
play different roles in different parts of the plant due to tissue-
specific expression.  OfGGPPS2/5/16 had higher expression 

levels in roots, which may be related to root growth and 
development.  Nine genes, including OfGGPPS3/7, were 
more highly expressed in mature leaves, which might 
be involved in chlorophyll synthesis in mature leaves.  
OfGGPPS8/9/13/15/21/22 had the highest expression in 
flowers, which may participate in the regulation of flower 
growth.  A few OfGGPPSs had low transcription levels and 
almost no expression abundance at each developmental 
stage, inferring that they may perform minor functions in 
different O. fragrans tissues.

In a previous study, the expression patterns of RdGGPPSs 
were consistent with the contents of aroma compounds in 
R. damascena flowers (Rasouli et al. 2018).  Differences in 
the expression of OfGGPPSs were found in ‘Wanyinggui’ 
and ‘Zhuangyuanhong’ using the expression pattern analysis 
(Fig.  5-B).  The expression of most of the OfGGPPSs 
tended to increase at first and then decrease in the flower 
development stages of ‘Wanyinggui’ and ‘Zhuangyuanhong’, 
which was consistent with the release pattern of fragrance in 
flowers.  

In this study, we found OfGGPPS13 protein contained 
DDxxxxD and DDxxD, which are essential for GGPP (the 
precursor of β-carotene) biosynthesis.  The expression 
level of OfGGPPS13 was the highest in ‘Zhuangyuanhong’ 
and significantly higher than that in ‘Wanyingui’ (Fig. 5-B).  
Moreover, it had its highest expression level in the flowers 
(Fig. 5-A) and its expression agreed with the release pattern 
of fragrance (Fig.  5-B) in flowers.  We speculated that 
OfGGPPS13 is a key candidate gene in the floral aroma and 
color formation.  The qRT-PCR method was used to verify 
the transcriptome data of OfGGPPS13 in two O.  fragrans 
cultivars ‘Wanyingui’ and ‘Zhuangyuanhong’ at different 

Fig. 8  Contents of key substances and expression levels of key genes in EV and OE-OfGGPPS13.  A, GGPPS content.  B, GGPP 
content.  C, β-carotene content.  D, expression level of CCD4.  E, GGPS content.  F, GGP content.  G, expression level of TPS1a.  H, 
expression level of TPS1b.  Data are presented as the mean±SE (n=3).  **, P<0.01; ***, P<0.001 (two-tailed Student’s t-test).  
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flower development stages.  The results were correlated 
with the transcriptome FPKM values (Fig. 6-A).  It has been 
reported that the differential expression of GGPPSs between 
the two Syringa varieties led to differences in floral content 
(Yang et al. 2023).  ‘Wanyingui’ has a strong fragrance but 
lighter color, while ‘Zhuangyuanhong’ has a lighter fragrance 
but a strong color.  According to the relative expression 
of the OfGGPPS13 gene in the two varieties, expression 
in ‘Zhuangyuanhong’ was significantly higher than that in 
‘Wanyingui’.  It was presumed that OfGGPPS13 was the 
key gene responsible for the difference in color and aroma 
in O.  fragrans flowers.  Carotenoids are synthesized in 
plant plastids (Sun et al. 2018).  The OfGGPPS13 protein 
was located in the chloroplast (Fig.  6-B), indicating that 
OfGGPPS13 may be related to carotenoid biosynthesis and 
may further affect the formation of floral color.

GGPPSs can promote carotenoid biosynthesis.  There is a 
positive linear relationship between GGPPS enzyme activity 
and the β-carotene synthesis content in different Dunaliella 
species (Xu et al. 2021).  Original overexpression of IbGGPS 
was found to increase the carotenoid content in transgenic 
plants and may potentially increase the carotenoid content 
in other plants (Chen W et al. 2015).  After overexpression of 
OfGGPPS13, there was a significant increase in the contents 
of GGPPS (Fig. 8-A) and its direct product GGPP (Fig. 8-B) in 
petals.  The content of β-carotene (Fig. 8-C), the subsequent 
product of GGPP, also increased significantly.  However, 
the content of GPPS (Fig. 8-E) decreased significantly in 
another pathway competing with GGPPS for substrates 
DMAPP and IPP.  The content of GPP (Fig. 8-F), the direct 
product of GPPS and the precursor of linalool, also showed a 
significant decrease.  GC-MS analysis showed that the linalool 
content (Fig. 7-F) in the OfGGPPS13 transgenic petals was 
significantly decreased compared with the petals transformed 
by the empty vector, which was consistent with the decrease 
in the expression of TPS1a (Fig. 8-G), TPS1b (Fig. 8-H), the 
genes downstream of the GGPPS genes.  Terpene synthases 
(TPSs) are the key rate-limiting enzymes that catalyze the 
monoterpene formation, such as linalool, from GPP in the final 
step (Dudareva et al. 2013).  The proteins encoded by CCD4 
genes can cleave β-carotene to β-ionone (Huang et al. 2009).  
Interestingly, we found that the expression of CCD4 (Fig. 8-D) 
and the content of β-ionone (Fig. 7-G) were significantly 
decreased when the content of β-carotene increased 
significantly in the OfGGPPS13 transgenic petals in this study.  
The regulatory mechanisms involved require further study.  
Overall, the OfGGPPS13 gene promoted the accumulation 
of β-carotene and decreased the contents of linalool and 
β-ionone.  By regulating OfGGPPS13, it may be possible to 
simultaneously regulate the production of the products of the 
two pathways, changing the direction of metabolic flux between 
the biosynthesis pathways of monoterpenes and carotenoids 
and thus affecting floral color and aroma formation.

5. Conclusion
In this study, 24 members of the GGPPS gene family 
in O.  fragrans were identified and characterized.  The 
transcriptome data suggested that OfGGPPSs expressed in 

different tissues with specificity.  Among them, OfGGPPS13 
had a higher expression level in ‘Zhuangyuanhong’ compared 
with ‘Wanyingui’, and the expression showed a tendency of 
increasing and then decreasing at the five flowering stages 
which consistent with the release pattern of fragrance in 
flowers.  After overexpression of OfGGPPS13 in O.  fragrans 
petals, the contents of GGPPS, GGPP and β-carotene were 
significantly increased and the linalool content in the aromatic 
constituents was significantly decreased, demonstrating 
that OfGGPPS13 influenced monoterpene biosynthesis and 
promoted β-carotene accumulation.  Above all, we found 
OfGGPPS13 can simultaneously affect the floral color and 
fragrance, revealing the regulatory mechanism of floral color 
and fragrance in O. fragrans.
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