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Abstract

Prenyl diphosphate synthase (PDS) plays indispensable roles in terpene biosynthesis. However, there is an ongoing debate regarding whether
grape (Vitis vinifera) geranyl diphosphate synthase (VvGDS, VIT_15s0024g00850) can generate geranyl diphosphate (GPP), the precursor of
monoterpene biosynthesis. Here, we demonstrated that VvGDS localizes in mitochondria and is an authentic trans-long-chain PDS (thus,
VvGDS was renamed VvPDS), which is essential for ubiquinone (UQ) biosynthesis. This finding is in contrast to the initial association of
VvPDS with GDS activity related to monoterpene biosynthesis. VvPDS not only falls within the subgroup comprising mitochondrial trans-
long-chain PDSs, which participate in UQ biosynthesis in other eukaryotes, but also exhibits a positive association with UQ10 content in
different grape tissues. VVPDS cannot catalyze GPP biosynthesis using isopentenyl diphosphate and dimethylallyl diphosphate as
substrates. Furthermore, VvPDS functionally complements the yeast coql mutation lacking mitochondrial hexaprenyl diphosphate
synthase activity and catalyzes UQ10 and UQ9 biosynthesis. Transient overexpression of VuPDS in grape leaves increased UQ10
accumulation, whereas silencing VUPDS caused an obvious reduction in UQ10 content. Similarly, the stable overexpression of VuPDS
enhanced UQ10 accumulation in tobacco (Nicotiana tabacum), and these UQ10-overproducing plants exhibited improved oxidative stress
tolerance, primarily through enhanced reactive oxygen species-scavenging capacity. Taken together, these findings provide biochemical
and genetic evidence supporting UQ biosynthesis in grape and encourage future research to reevaluate the enzymatic functions and
physiological roles of angiosperm PDSs.

Introduction in plastids (Vranova et al. 2013). IPP and DMAPP are subsequently
condensed to assemble prenyl diphosphates through a series of
prenyl diphosphate synthases (PDSs), also called prenyltransferases

(PTs) (Hsieh et al. 2011; Vranové et al. 2012).

Terpenes (also known as terpenoids) comprise the largest and struc-
turally diverse class of natural products, with over 55,000 members
have been identified in living organisms (Koksal et al. 2011; Vranova

et al. 2012; Paramasivan and Mutturi 2017). In plant kingdom, ter-
penes play indispensable functions during plant growth and devel-
opment, functioning as defense-related molecules (monoterpenes,
sesquiterpenes, and diterpenes), photosynthetic pigments (chloro-
phylls and carotenoids), electron transporters (plastoquinones,
PQs and ubiquinones, UQs), and phytohormones (abscisic acid, gib-
berellic acid, cytokinins, and brassinosteroids) (Aharoni et al. 2005;
Gershenzon and Dudareva 2007; Tholl and Lee 2011; Moses et al.
2013; Tetali 2019). Despite their structural diversity and complexity,
all terpenes originate from the common 5-carbon precursors, iso-
pentenyl diphosphate (IPP), and its isomer dimethylallyl diphos-
phate (DMAPP), which are produced by the cytosolic mevalonic
acid (MVA) pathway and the methylerythritol 4-phosphate pathway

The PDSs can be categorized into 2 structurally and evolutionarily
different classifications, including either cis- or trans-PDSs, depend-
ing on the stereochemistry of the carbon-carbon double-bond in
the products, and the enormous diversity of terpenes are originated
from the products of trans-PDSs (t-PDSs) (Feng et al. 2020; Zhanget al.
2022). According to the chain length of main products, t-PDSs are fur-
ther divided into short-chain (trans-SC-PDSs, Cyo to Css), medium-
chain (trans-MC-PDSs, Csg to Css), and long-chain (trans-LC-PDSs,
Cyo to Csp) PDSs (Vandermoten et al. 2009; Zhang et al. 2022; Wang
et al. 2023b). Among the trans-SC-PDSs, geranyl diphosphate
synthases (GDSs), farnesyl diphosphate synthase and geranylgeran-
yl diphosphate synthases (GGDSs) produce geranyl diphosphate
(GPP) for C;p monoterpenes, farnesyl diphosphate (FPP) for Cis
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sesquiterpenes and geranylgeranyl diphosphate (GGPP) for Cy diter-
penoids, respectively (Wang et al. 2016; Athanasakoglou et al. 2019).
Specifically, GDS enzymes have been characterized in various plant
species and exist as either homodimeric structures in both angio-
sperms and gymnosperms or heterodimeric structures in angio-
sperms (Burke et al. 1999; Burke and Croteau 2002; Tholl et al.
2004; Schmidt and Gershenzon 2008; Orlova et al. 2009; Rai et al.
2013; Chen et al. 2015; Yin et al. 2017). Heterodimeric GDSs consist
of a non-catalytic small subunit (SSU) and a large subunit (LSU),
where the LSU can either be inactive (Burke et al. 1999) or function
independently as GGDS (Tholl et al. 2004; Wang and Dixon 2009).
The interaction between the 2 subunits results in an active heterodi-
meric GDS (Nagegowda and Gupta 2020).

Among the trans-LC-PDSs, solanesyl diphosphate synthase (SDS)
and decaprenyl diphosphate synthase (DDS) can further elongate
the short chain prenyl diphosphate products (FPP and GGPP) to
form solanesyl diphosphate (SPP, Cy4s) for PQ in plastids and decap-
renyl diphosphate (Cs) for UQ in mitochondria, respectively (Jones
et al. 2013; Liu and Lu 2016). PQs and UQs are 2 crucial prenylqui-
nones, acting as electrons carriers in the oxygenic photosynthesis
and aerobic respiratory electron transport chain, which located in
chloroplast thylakoids and mitochondrial inner membrane, respec-
tively (Swiezewska 2004; Parmar et al. 2015; Liu and Lu 2016; Fan
etal. 2021). Both PQ and UQ are involved not only in plant stress re-
sponses as antioxidants, but also in the biosynthesis or catabolism
of important chemical compounds (Liu and Lu 2016). The applica-
tion of UQ, particularly UQ10, has widely used in people’s health
due to its crucial clinical benefits in Alzheimer’s, Parkinson’s and
cardiovascular diseases (Kawamukai 2018). Interestingly, the length
of the prenyl side chain and the type of UQs are highly variable in
different species. For example, Escherichia coli, Saccharomyces cerevi-
siae and Schizosaccharomyces pombe produce UQ8, UQ6, and UQ10, re-
spectively (Kawamukai 2002, 2009, 2018). Plants such as
Arabidopsis and Oryza sativa synthesize UQ9 (Ohara et al. 2010;
Ducluzeau et al. 2012), whereas most vegetables and fruits, includ-
ing cauliflower, strawberry, orange, apple, and grape, mainly pro-
duce UQ10 (Mattila and Kumpulainen 2001; Teixeira et al. 2023).

Although UQs play essential roles in plants, trans-LC-PDSs in-
volved in the biosynthesis of UQ side chains have only been func-
tionally identified in Arabidopsis, O. sativa, tomato, and Salvia
miltiorrhiza (Ohara et al. 2010; Ducluzeau et al. 2012; Jones et al.
2013; Liu et al. 2019a). For example, At2g34630 has been identified
as a medium/long-chain PDS (AtPDS) located in mitochondria,
which is responsible for UQ biosynthesis in Arabidopsis (Hsieh
et al. 2011; Ducluzeau et al. 2012), rather than a homomeric GDS,
a short-chain PDS required for monoterpenes biosynthesis, as orig-
inally proposed (Bouvier et al. 2000; Van Schie et al. 2007 ).
Furthermore, rice OsSDS1 and tomato SIPDS genes are responsible
for the production of the prenyl side chain of UQ9 and UQ10, re-
spectively (Ohara et al. 2010 ; Jones et al. 2013 ), whereas SmPDS
catalyzes the formation of both UQ-9 and UQ-10 in S. miltiorrhiza
(Liu et al. 2019a). Currently, other long-chain PDS genes involved
in UQ side chain biosynthesis are still unknown in fruit crops,
and comprehensive characterizations are indispensable to investi-
gate the whole UQ biosynthetic pathway of plants.

Grape (Vitis vinifera) is 1 of the most widely cultivated and com-
monly consumed fruit crop with excellent nutritional value and
unique aroma. Terpenes, particularly monoterpenes, are the most
important and abundant class of volatile compounds, which are re-
sponsible for the flavor and aroma of Muscat grape (Leng et al. 2023;
Shi et al. 2023). However, the functional characterization and en-
zyme activity analysis of both trans-SC- and trans-LC-PDSs remains
largely unknown, with some perplexing discoveries also present in

grape. Forinstance, gene expression and transcriptomic research in-
dicated that the expression of VuGDS (VIT_15s0024g00850), a
trans-SC-PDS as previously reported (Clastre et al. 1993), is positively
associated with monoterpenes accumulation during berry ripening
and potentially involved in the flux of monoterpene biosynthesis in
grape (Martin et al. 2012; Ji et al. 2021; Wang et al. 2021; Yue et al.
2021a,b,c, 2022; Zhou et al. 2022; Xie et al. 2023). However, additional
studies have shown no obvious associations between VuGDS gene
expression and monoterpene accumulation (Sun et al. 2015; Wen
etal. 2015; Liu et al. 2022; Leng et al. 2023). These findings raise our
interest to reveal the authentic enzyme activity and function of
GDSin grape. In this study, we conducted a comprehensive charac-
terization of homodimeric VvGDS through both biochemical and ge-
netic complementation analyses, and unveiled its involvement in
UQ biosynthesis. Our results clearly demonstrated that VvGDS was
localized within mitochondria and encoded an authentic
trans-LC-PDS, which played an indispensable role in UQ10 biosyn-
thesis in grape, rather than a GDS enzyme as previously reported
(Clastre et al. 1993). Therefore, we renamed the homodimeric
VvGDS to VvPDS (VIT_1550024g00850) according toits enzyme activ-
ity. These findings provide better understanding of the trans-LC-PDS
in grape and encourage us to reevaluate the enzyme activity and
physiological functions of angiosperm GDSs.

Results

The expression of VuPDS showed a weak positive
association with the monoterpene accumulation
in grape
To elucidate the function of VuPDS in grape, we initially analyzed
the association between VUPDS gene expression and monoterpene
accumulation at 3 developmental stages of 4 grape cultivars, in-
cluding 2 muscat-flavored grape cultivars (‘Jumeigui” and
“Muscat Hamburg’) and 2 non-muscat aromatic cultivars
(“Fujiminori” and “Kyoho”), due to the excellent nutritional and
unique aroma originating from grape berries. Figure 1A illustrated
that the total monoterpene contents in 2 muscat-flavored grape
cultivars exhibited notable increases throughout berry develop-
ment, rising by 5-folds from the green berries (EL34) to ripening
(EL38) periods (Fig. 1A, Supplementary Table S1). However, the total
monoterpene contents in 2 non-muscat aromatic cultivars exhib-
ited only slight increases during the ripening phase, with
“Fujiminori” and “Kyoho” showing increment of 1.8 to 2.2-folds, re-
spectively, from green berries (EL34) to ripening (EL38) stage.
Furthermore, reverse transcription quantitative PCR (RT-gPCR)
analysis suggested that VuPDS shared similar gene expression pat-
terns in all 4 grape cultivars, with a slight up-regulated during berry
development and ripening (Fig. 1A). Meanwhile, a linear regression
analysis revealed a coefficient of correlation of R?=0.4574 (Fig. 1B),
indicating a weak positive relationship between VuPDS gene expres-
sion and monoterpene accumulation in 4 grape cultivars. Although
the accumulation of monoterpene data from this study do not re-
flect the natural emission of monoterpene in intact organs, which
is limited for the dissection of functions of grape VuPDS, the integra-
tion of monoterpene profiling, RT-gPCR data and enzyme activity
assay is a feasible strategy for validating the function of VuPDS at
the molecular level as previously reported by Wei et al. (2016).
Additionally, methyl jasmonate (MeJA), a known monoterpene
elicitor (De Geyter et al. 2012; D’OnofTio et al. 2018; Li et al. 2020),
was used to further assess the association between VuPDS gene
expression and monoterpene accumulation. In  “Muscat
Hamburg” grape, VuPDS exhibited an increased expression at
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Figure 1. The correlation analysis between VuPDS gene expression and monoterpene content in grape. A) VuPDS gene expression and monoterpenes

"« ” o«

content in 4 grape cultivars, including “Fujiminori,” “Kyoho,

Tumeigui” and “Muscat Hamburg.” B) Correlation of monoterpenes content (y axis) and

VUPDS gene expression (x axis) in 4 grape cultivars. C) VuPDS gene expression and monoterpenes content in response to MeJA treatment in “Muscat
Hamburg” grape. D) Correlation of monoterpenes content (y axis) and VuPDS gene expression (x axis) in response to MeJA treatment. Data in A) and C)
were means + sp of 3 biological replicates. VvActin (AB073011) was used as the reference for A) and C). Asterisks in C) indicated significant differences as

determined by Student’s t-test (*P <0.05; *P<0.01).

the first day in response to MeJA treatment. However, monoter-
pene accumulation obviously increased from the 3rd to 10th
days after MeJA treatment (Fig. 1C, Supplementary Table S2).
Furthermore, the correlation coefficient was only 0.5411 between
VUPDS gene expression and monoterpene accumulation in re-
sponse to MeJA (Fig. 1D). Taken together, the expression of
VuPDS was found to be weakly positively associated with the
monoterpene accumulation in grape.

VvPDS was evolutionarily more closely related
to the trans-LC-PDSs

The multiple sequence alignmentrevealed that VvPDS, along with
other plant trans-LC-PDSs proteins, contained the typical con-
served domains of PDSs from various plants (Supplementary
Fig. S1, Hsieh et al. 2011; Liu et al. 2019b). VvPDS encoded a protein
consisting of 422 amino acids and possessed 2 conserved
aspartate-rich motifs (DDx,.4D and DDxxD) (Supplementary Fig.
S1), which are widely recognized in many PDSs and are responsi-
ble for binding prenyl diphosphate substrates (Wang and Ohnuma
1999; Wang et al. 2016).

Through sequence identity and analysis, it was observed that
VvPDS exhibited high similarity (more than 65%) with other known
trans-LC-PDSs found in various angiosperm plants (Supplementary
Fig. S2). These proteins are generally localized in the mitochondria,
produce compounds with more than Css carbon atoms, and are in-
volved in UQ biosynthesis (Ohara et al. 2010; Hsieh et al. 2011;
Jones et al. 2013; Liu et al. 2019b). VvPDS exhibited 30% to 35%
similarity with known solanesyl diphosphate synthases (SPS)
(Supplementary Fig. S2), which are localized in the chloroplasts
and contribute to PQ biosynthesis (Ohara et al. 2010; Jones et al.
2013;Liuetal. 2019b). Conversely, VvPDS showed the lower sim-
ilarity with heteromeric GGDS/GDS (<30%; Supplementary Fig. S2),
which are involved in monoterpene biosynthesis in various
plants (Tholl et al. 2004 ; Chen et al. 2015; Wei et al. 2016). These
results suggest that VvPDS may perform analogous functions
with trans-LC-PDSs.

Furthermore, the phylogenetic analysis revealed that VvPDS ex-
hibited more closer relationship with other trans-LC-PDSs than with
trans-SC-PDSs (e.g. GDS and GGDS) (Fig. 2A). trans-LC-PDSs were fur-
ther classified into 2 independent subfamilies: the mitochondrial or
plastidial ones (Fig. 2A). VvPDS was assigned a member of the
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Figure 2. Subcellular localization of VvPDS and phylogenetic analysis of plant PTs. A) The phylogenetic tree was constructed by MEGA7 with the
neighbor-joining test and 1,000 bootstrap replicates. MIT, mitochondria; CHL, chloroplast. B) and C) Transient expression of VvPDS-GFP in N.
benthamiana leaves. GFP, green fluorescent protein; Mitotracker, purple pseudocolor of Mitotracker; Chlorophyll, purple pseudocolor of plastid
autofluorescence; Overlay, the merged image.

mitochondrial subfamily, which included other known trans-LC-
PDSs involved in the UQ biosynthesis, such as OsSDS1, AtPDS,
SIPDS, SmPDS, and yeast COQ1 (hexaprenyl diphosphate synthase;
Fig. 2A; Ohara et al. 2010; Ducluzeau et al. 2012; Jones et al. 2013;
Liu et al. 2019b). Accordingly, VvPDS was predicted to contain

mitochondrial and chloroplast signal peptide sequence based on
the protein localization programs, TargetP and WoLF PSORT. To val-
idate the subcellular localization, the full length VvPDS was fused
with a green fluorescent protein (GFP) gene and transiently trans-
formed into Nicotiana benthamiana leaves. Transient expression of
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Figure 3. The correlation analysis between VuPDS gene expression and UQ content in grape. A) The tissue-specific expression profile of VuPDS in young
leaf (YL), mature leaf (ML), flowers (F), berries pea-size (B-EL31), berries begin to soften (B-EL34), berries with intermediate Brix values (B-EL36), Berries
harvest-ripe (B-EL38), and developing seeds at veraison (S). Data were means =+ sb of 3 biological replicates. VvActin (AB073011) was used as the

reference. B) UQ10 content in different tissues of grape by HPLC analysis. Data were means + sp of 3 biological replicates. C) Correlation of UQ10 content

(y axis) and VuPDS gene expression (x axis) in different tissues of grape.

the VVPDS-GFP in N. benthamiana leaf tissues resulted in a punctate
pattern of green fluorescence, which clearly co-localized with the
mitochondrial red fluorescent protein marker (Fig. 2B), whilst no
GFP overlap could be found with the autofluorescence of chloro-
plasts (Fig. 2C). There results indicated that VvPDS was exclusively
located in mitochondria and not present in chloroplasts.

VuPDS was positively associated with the UQ10
accumulation in grape

Previously published transcriptomic databases (Fasoli et al. 2012)
showed that VuPDS exhibited widespread expression in nearly all
tissues, with slightly higher expression in developing seeds during
véraison and mid-ripening compared with pollen, mature tendrils,
and carpel (Supplementary Fig. S3 and Table S3). We further con-
firmed that VuPDS displayed the highest expression in seeds, fol-
lowed by mature berries, while its expression is relatively low in
mature leaves, as determined by RT-gPCR (Fig. 3A). Furthermore,
detection by LC-MS/MS demonstrated that the major UQ compo-
nent (UQ10) was widely distributed throughout the various tissue
of grape with highest level in seeds and lowest level in mature
leaves (Fig. 3B, Supplementary Fig. S4). Furthermore, the expression
level of VuPDS exhibited positive association with UQ10 content and
the correlation coefficient reached 0.8111 (Fig. 3C), aligning with the
predicted role of VuPDS in UQ10 biosynthesis. Notably, we did not
detect UQ9 in various grape tissue (Supplementary Fig. S4), which
may be due to the relatively low content of UQ9 in grape. Previous
studies also showed that UQ10 was main UQ components in grape,
which showed higher content than UQ9 in different tissue (Teixeira
et al. 2020, 2023).

VvPDS lacks GPP synthesis ability but
complements yeast coq1 knockout

We proceeded to investigate whether VvPDS is capable of synthe-
sizing GPP, the enzyme activity in vitro was conducted by utilizing
DMAPP and IPP as substrates. Gas chromatograph-mass spec-
trometer (GC-MS) results demonstrated that VvPDS protein
lacked the capacity to synthesize GPP (Fig. 4A). Similarly, the
trans-LC-PDS, AtPDS, also lacked GPP synthesis ability, whereas
the known trans-SC-PDS, OsGDS (Zhou et al. 2017), exhibited the
ability to synthesize GPP (Fig. 4A). Taken together, our results in-
dicated that VvPDS is not a GPP synthase.

Phylogenetic analyses, subcellular localization and expression
pattern data led us to speculate that VuPDS was an authentic

trans-LC-PDS gene that specifically produced the side chain of
UQ in grape. To verify this hypothesis, the full-length cDNA of
VUPDS was inserted into the yeast p-galactose inducible expres-
sion vector pRS426, and this recombinant construct was intro-
duced into a S. cerevisiae coql knockout strain (3138). The coql
mutant, lacking mitochondrial hexaprenyl diphosphate synthase
activity, cannot produce UQ and consequently is unable to grow
on non-fermentable carbon substrates (Ashby and Edwards
1990; Ducluzeau et al. 2012). The expression of VuPDS successfully
reinstated the mutant cells’ ability to utilize glycerol and ethanol
as carbon sources, a function consistent with that of AtPDS, serv-
ing as a positive control. In contrast, no functional complementa-
tion was found when the mutant cells were transformed with
empty vector and OsGDS (Fig. 4B), which is a trans-SC-PDS and
produce GPP for C;o monoterpenes (Zhou et al. 2017).

LC-MS/MS analysis displayed that strain 3138 expressing
AtPDS generated UQ9, while cells harboring the VvPDS construct
produced UQ10 along with a small amount of UQ9 (Fig. 4C). In con-
trast, no UQ was detected in strain 3138 with the empty vector
PRS426 or OsGDS (Fig. 4C). Additionally, the UQ9 content in these
2 complemented strains was nearly identical, and the strains
hosting the VvPDS construct produced more UQ10 than UQ9
(Fig. 4D). Taken together, these findings clearly indicated that
VvPDS was a genuine trans-LC-PDS, actively contributing to
UQ10 and UQS9 biosynthesis in grape.

Altered expression of VuPDS influences the
accumulation of UQ10

To further ascertain the function of VuPDS in grape, stable expres-
sion assays were carried out in Nicotiana tabacum through
Agrobacterium-mediated transformation. Three representative
VuPDS-OE lines (T3) were selected for further study after confirma-
tion of high VuPDS transcript levels using RT-qPCR analysis (Fig. SA).
Corresponding with these expression patterns, LC-MS/MS analysis
showed that the UQ10 content in 3 transgenic lines increased by
1.5 to 2.0-fold compared with wild type (WT) plants (Fig. 5, B and
E). Interestingly, NtSDS (LOC107776134), the homolog of VuPDS,
showed down-regulated expression in 3 transgenic lines compared
with WT (Supplementary Fig. S5D), indicating the UQ products may
cause feedback inhibition of UQ biosynthesis. To eliminate the
controversial function of VuPDS in monoterpene biosynthesis,
we also measured the monoterpene accumulation in VuPDS
transgenic plants. Our observations indicated that 3 VuPDS-OE
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Figure 4. Enzyme activity assay for functional characterization of VvPDS. A) GC-MS chromato

grams showed the products generated by VvPDS from

isopentenyl pyrophosphate (IPP) and DMAPP as substrates in vitro. OsGDS (0s01g14630) and AtPDS (At2g34630) protein were used as positive and
negative control, respectively. B) VvPDS functionally complemented the yeast coql knockout mutant. Wild-type (WT) and coql mutant yeast harboring

empty vector (pRS426), OsGDS, AtPDS or VvPDS cDNAs were plated on an YPD medium with g

lucose as the carbon source, or an YPEG medium with

glycerol and ethanol (non-fermentable) as the carbon sources and 0.05% p-galactose as the inducer. Plates were incubated at 30 °C for 2 d (glucose) or 7 d
(glycerol/ethanol). C) and D) LC-MS/MS chromatograms showing the UQ products C) and contents D) in WT yeast and yeast coq1 knockout strain 3138
harboring empty vector (pRS426), OsGDS, AtPDS or VvPDS, respectively. Dashes indicated that no UQ was detected. Data were means =+ sp of 3 replicates

in D).

G20z Joquiedaq /| Uo Jesn JouiN YSN-dNO Aq 6Z0E.18/89Z4E1N/E/86 | /a1oMe/sAyd|d/woo-dno-ojwapeoe/:sdny woy papeojumoq



>
s

)
<

Relative expression
-
o
1

o
I

) @
5
1

M

o

co
1

UQ10 content (ug/g

© o o 9o
i i

Ubiquinone 10 biosynthesis in grape

7

x104

2.0

1.0+

1
0.5
.

x104

Peak intensity
&

2.0

1.5

1.0+

Peak intensity

0.5 it

VvPDS-2

x104

2.0

1.5

1.0+

Peak intensity

VvPDS-3

x104

2.0

1.5

Peak intensity

0.57

0.5 1.5 25 35 45
Time (min)

C D
4- —~ 0.57
S a 2
? 3- 041 2
g g
% g 0.3
o 2 c
.g b 8024 p
® 14 e
- c = 0.1 [
E S
0- 0.0-
N\ & N\ &
< O L2l )
(- ,QS\ (- 9§
07 & 07 &
&P &P
Y &8 Y &S
F
x10%
Ug]O Standards

®
=)
1

Peak intensity
_J; o
< <

N
)
]

x104

Peak intensity
o = =
e N2

o
'S
1

x104

0.8

Peak intensity

0.4

x104

VvPDS-RNAI

-
o
1

Peak intensity
o =
e ®

T

0.5 1.5 3.5 4.5

2.5
Time (min)

Figure 5. Stable and transient transformation of VvPDS in tobacco and grape. A) RT-gPCR analysis of VvPDS mRNA levels in WT and transgenic tobacco
plants by stable overexpression. NtActin (GQ281246) was used as the reference. B) UQ10 content in WT and transgenic tobacco plants by stable

overexpression. C) RT-qPCR analysis of VVPDS mRNA levels in VvPDS-overexpression, RNAi, and WT grape leaves. VuActin (AB073011) was used as the
reference. D) UQ10 content in VvPDS-overexpression, RNAi, and WT grape leaves; E) and F) LC-MS/MS analysis of UQ10 products in tobacco E) and grape
F), respectively. Data were means +sp of 3 biological replicates and different letters indicated significant differences (P <0.05) based on Duncan'’s testin

A) to D).

lines did not alter the monoterpenes accumulation when com-
pared with WT plants (Supplementary Fig. S5, A to C), which
was consistent with our previous results that VuPDS lacked GPP
synthesis ability and is unable to generate GPP for monoterpene
biosynthesis (Fig. 4A).

To validate the involvement of VuPDS in UQ10 biosynthesis in
grape, a transient transformation system was performed in the
leaves of Chinese wild grapevine species Vitis quinquangularis ac-
cession “Danfeng-2,” which have been widely used for gene

function validation by the transient transformation method in
grape (Wang and Wang 2019; Liu et al. 2022; Wei et al. 2023). The
transient overexpression of VuPDS in wild grapevine leaves obvi-
ously induced UQ10 accumulation after 3 d of transformation com-
pared with the control leaves. Conversely, UQ10 accumulation was
obviously suppressed after silencing VuPDS in wild grapevine
leaves (Fig. 5, D and F). RT-qPCR analysis further demonstrated
that the expression level of VuPDS was up-regulated and down-
regulated in the OE and RNAI leaves compared with the control
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Figure 6. The homodimeric structure of VvPDS. A) The interaction between VvPDSs was analyzed by using an Y2H assay. BD-53 + AD-T7 and BD-Lam +
AD-T7 were used as positive and negative controls, respectively. Transformed yeast cells were grown on SD/-Trp-Leu and SD/-Trp-Leu-Ade-His
medium, respectively. B) Firefly LUC complementation imaging assay between VvPDSs in N. benthamiana leaves. C) In vitro pull-down analysis of
VvPDS-VvPDS homodimeric interaction. Glutathione-S-transferase (GST)-VvPDS or GST proteins were incubated with VvPDS-His proteins, together
with glutathione-sepharose beads in tubes. Bead-bound proteins were subjected to 12% (w/v) sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE); precipitated protein was detected using anti-His antibody. D) In vivo co-IP analysis of VvPDS-VvPDS homodimeric
interaction in N. benthamiana. VvPDS-FLAG were co-expressed with VvPDS-GFP or GFP in N. benthamiana and subjected to anti-FLAG IP. Proteins were

then subjected to anti-FLAG and anti-GFP immunoblotting.

(Fig. 5C). All these results collectively demonstrated that VuPDS
positively regulated UQ10 accumulation in grape.

VvPDS belongs to the homodimeric PT family

PT in plant has been functionally characterized as homomeric and
heteromeric enzymes (Rai et al. 2013; Chen et al. 2015). Therefore,
we initially conducted yeast 2-hybrid (Y2H) assays to assess their
homomeric architecture. Yeast cells carrying both VvPDS-pGBD
and VvPDS-pGAD exhibited normal growth in selective medium
(-Trp/-Leu/-His/-Ade), suggesting that VvPDS can form homo-
dimersin yeasts (Fig. 6A). Subsequently, the homomeric interaction
was further confirmed by luciferase (LUC) complementation experi-
mentin vivo. The outcome clearly demonstrated co-transformation
of V¥PDS-nLUC and VvPDS-cLUC showed a strong LUC signal in N.
benthamiana leaves (Fig. 6B). By contrast, LUC activity was barely de-
tectable when leaves were infiltrated with other combinations
(Fig. 6B). Moreover, these interaction results were further confirmed
by GST pull-down and co-immunoprecipitation (co-IP) in vitro and
vivo, respectively. The pull-down assay showed that VvPDS-His pro-
tein were enriched by VvPDS-GST, but not by GST alone (Fig. 6C), in-
dicating the homomeric interaction of VvPDS in vitro. Finally, the
co-IP assay exhibited that VvPDS protein was immunoprecipitated
by the anti-GFP antibody in N. benthamiana leaves expressing
VVPDS-FLAG, but not in the corresponding controls (Fig. 6D). All
these results collectively supported the conclusion that VvPDS
could form homodimers in grape. Similarly, AtPDS protein with ho-
mology to VvPDSwas also designated as homomeric complex (Hsieh

etal. 2011), indicating the proteins in this clade (Fig. 2A) were closer
related to trans-LC-PDSs activity.

Additionally, 4 identified trans-SC-PDSs, including VvGGDS1
(VIT_04s0023g01210), VvGGDS2 (VIT_18s0001g12000), VvGGDS.
SSU1 (VIT_19s0090g00530) and VvGGDS.SSU2 (VIT_03s0038g0
3050), were homologous to VvPDS, the trans-LC-PDS in the grape ge-
nome (Leng et al. 2023). The formation of heteromeric complex was
also investigated between VvPDS and its homologous proteins. Y2H
assays clearly demonstrated that there were no interactions
between VVPDS and VvGGDS1, VvGGDS2, VvGGDS.SSU1, or
VvGGDS.SSU2 (Supplementary Fig. S6). Combining data in phyloge-
netic analysis and subcellular localization, trans-SC and LC-PDS in
grape were perfectly separated in 2 different groups, which mightex-
plain the absent of protein-protein interactions between trans-SC
and LC-PDSs in grape. These results showed that trans-SC and
LC-PDSs in grape might produce different chain of prenyl diphos-
phates and play different roles in various terpene biosynthesis path-
ways via homomeric or heteromeric proteins.

Overexpression of VuPDS increases oxidative
stress tolerance

In comparison to WT tobacco (N. tabacum), UQ10-overproducing to-
bacco plants were expected to display enhanced resistance to oxi-
dative stress since UQ10 can act as a potent antioxidant in plant
cells (Wang and Hekimi 2016). To assess their response to oxidative
stress, these transgenic and WT plants were subjected to 50
methyl viologen (MV), a powerful superoxide radical inducer.
After 3 d of treatment, leaves of WT plants demonstrated more
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Figure 7. UQ10-overproducing tobacco increases MV stress tolerance and ROS-scavenging capacities. A) The phenotype between transgenic and WT
tobacco leaves by MV treatment. B) and E) Chlorophyll (Chl) extraction solutions and Chl content in leaves of WT and VvPDS transgenic tobaccos. FW,
fresh weight. C) and G) DAB staining and H,0, contents of leaves in WT and VvPDS transgenic tobaccos after MV treatment, respectively. The scale bars
represented 1.0 cm. D) and H) NBT staining and O; contents of leaves in WT and VvPDS transgenic tobaccos after MV treatment, respectively. The scale
bars represented 1.0 cm. F) MDA contents in WT and VvPDS transgenic tobaccos after MV treatment. F) SOD and CAT activity in WT and VvPDS
transgenic tobaccos after MV treatment, respectively. Data were means +sp of 3 biological replicates and different letters indicated significant

differences (P <0.05) based on Duncan’s test in E) to J).

severe visible injury compared with the UQ10-overproducing plants
(Fig. 7A). The chlorophyll (Chl) content in the transgenic lines was
obviously higher than in the WT plants (Fig. 7, B and E), confirming
that the damage to chloroplast was lower in UQ10-overproducing
plants under MV stress.

Meanwhile, the VuPDS transgenic lines exhibited a lower level of
malondialdehyde (MDA) production compared with WT plants
under MV-induced stress (Fig. 7F). Furthermore, the VvPDS-OE lines
exhibited lighter brown or blue staining of the leaf when subjected
to diaminobenzidine (DAB) and p-nitroblue tetrazolium chloride
(NBT) treatment, denoting lower H,O, or O, accumulation than
WT plants, respectively (Fig. 7, C and D). These observations were
in line with the visible phenotype, as the VvPDS-OE plants exhibited
lowerlevel of H,0, and O; accumulation than WT plants under MV
treatment (Fig. 7, G and H), implying that UQ10-overproducing
plants might be closely related to the decrease of reactive oxygen
species (ROS) accumulation. Additionally, the activities of superox-
ide dismutase (SOD) and catalase (CAT) were distinctly higher in
VuPDS transgenic lines compared with WT plants under MV-induced
stress (Fig. 7, I and J), suggesting that UQ10-overproducing plants
achieved a reduction in oxidative damage by enhancing their
ROS-scavenging abilities.

Discussion

Grapeis 1 of the mostimportant horticultural crops with excellent
nutritional and unique aroma. Muscat grape cultivars are exten-
sively popular for fresh consumption due to its pleasant rose-
scented, which mainly depend on volatile terpenes, particularly
monoterpenes (Liu et al. 2022; Bosman and Lashbrooke 2023;
Leng et al. 2023). PDSs are important branching points in terpene
biosynthesis, and largely determine the terpene diversity by dic-
tating the prenyl chain elongation of prenyl diphosphates, such
as GPP, FPP, and GGPP (Nagel et al. 2014). The production of GPP
was acting as the precursor for the biosynthesis of volatile mono-
terpene, which not only makes important contributions to fruity
and flowery notes, but also protects plants against diverse abiotic
and biotic stresses (Pichersky et al. 2006; Rosenkranz et al. 2021,
Leng et al. 2023). However, only scattered and unsystematic infor-
mation is available about the function of PDSs in grape. Here, our
findings unequivocally demonstrated that VvPDS encoded an au-
thentic trans-LC-PDS and was responsible for UQ10 biosynthesis,
rather than a GDS activity linked to monoterpene biosynthesis
as previously proposed (Clastre et al. 1993; van Schie et al. 2007).

Itis universally accepted that GPP and its downstream monoter-
pene are synthesized in plastids (Nagegowda 2010; Gutensohn et al.
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2013; Dong et al. 2016; Nagegowda and Gupta 2020). However, sub-
cellular localization analysis depicted that VvPDS was exclusively
localized in mitochondria rather than in the chloroplasts (Fig. 2B),
indicating VvPDS might lack monoterpene synthesis ability due to
the difference in subcellular compartments between mitochondria
and chloroplasts (Fig. 2A). This speculation was further confirmed
by our enzyme activity analysis that VvPDS protein lacked the ca-
pacity to synthesize GPP by utilizing DMAPP and IPP as substrates
(Fig. 4A), which was consistent with the previous result that
AtPDS, a trans-LC-PDSs, cannot catalyze the synthesis of GPP from
IPP and DMAPP (Hsieh et al. 2011). Similarly, our phylogenetic anal-
ysis also clearly demonstrated that VvPDS shares higher similarity
with known mitochondria trans-LC-PDSs involved in UQ biosynthe-
sis (Ohara et al. 2010; Hsieh et al. 2011; Jones et al. 2013; Liu et al.
2019b) than with chloroplast trans-SC-PDSs involved in monoter-
pene biosynthesis (Tholl et al. 2004; Chen et al. 2015; Wei et al.
2016; Fig. 2A; Supplementary Fig. S2).

Furthermore, trans-LC-PDSs were classified into 2 independent
subclades: the mitochondrial or plastidial ones (Fig. 2A), which
play important roles in UQ and PQ biosynthesis, respectively. For ex-
ample, both AtSDS1 and AtSDS?2 are exclusively located in plastids
and responsible for the biosynthesis of PQ9 (Block et al. 2013).
0OsSDS2 and SISDS are also targeted to the plastid and contribute
to PQY production (Ohara et al. 2010; Jones et al. 2013). However,
the mitochondria localization of VvPDS aligned with the previous
findings regarding OsSDS1 (Ohara et al. 2010), AtPDS (Ducluzeau
et al. 2012), SIPDS (Jones et al. 2013), and SmPDS (Liu et al. 2019b),
suggesting that VvPDS might be involved in biosynthesis of the
side chain of UQ. For example, AtPDS, OsSDS1 and SmPDS have
demonstrated the ability to complement the yeast coql mutant, in
which the homodimeric-type hexaprenyl diphosphate synthase
gene (COQ1) responsible for UQ biosynthesis is disrupted.
Overexpression of AtPDS, 0sSDS1 and SmPDS led to obvious increase
in UQY content, whereas down-regulation of AtPDS and SmPDS re-
sulted in decreased UQ9 accumulation in transgenic plants
(Ohara et al. 2010; Ducluzeau et al. 2012; Liu et al. 2019b). In this
study, we found that VvPDS could complement UQ production in
the S. cerevisiae coql mutant, resulting in production of both UQ10
and UQ9 in yeast cells, with the major product being UQ10
(Fig. 4B). Functional analysis of VuPDS through stable overexpres-
sionin N. tabacum showed that VuPDS played a role in the biosynthe-
sis of UQ10 (Fig. 5, A, B and E). Overexpression and silencing of
VuPDS in wild grapevine leaves displayed increased and decreased
UQ10 accumulation, respectively (Fig. 5, C, D and F). These results
clearly showed that VvPDS possessed a trans-LC-PDS activity and
contributed positively to UQ biosynthesis, refuting the former as-
sumption of it being a homomeric C;0-GDS. Furthermore,
trans-LC-PDSs responsible for synthesizing the side-chains of UQ
are typically believed to be homodimeric enzymes (Kainou et al.
2001; Kawamukai 2002; Guo et al. 2004; Hsieh et al. 2011). For exam-
ple, octaprenyl-diphosphate synthase (IspB), which is essential for
the synthesis of the side chain of UQ8 in E. coli, forms a homodimer
thatis crucial for determining isoprenoid chain length (Kainou et al.
2001). However, in some cases, such as decaprenyl diphosphate
synthase (Dds1) and its partner Dlp1, they form a heterotetrameric
complex in Fission yeast (S. pombe) and together constitute the UQ10
enzymatic activity in E. coli (Saiki et al. 2003). Our findings demon-
strated that VvPDS proteins could form homodimers but not hetero-
meric complex in grape through Y2H, LUC assays, pull-down and
co-IP (Fig. 6; Supplementary Fig. S6), which was consistent with pre-
vious observations that AtPDS formed a stable homodimer under
physiological conditions in Arabidopsis (Hsieh et al. 2011). Our find-
ings not only reevaluate the originally reported homomeric VvGDS

to be long-chain VvPDS but also reveal the actual role of homomeric
VvPDS in the UQ10 (Cso) biosynthesis.

As a potent antioxidant or a signal regulating gene expression,
UQ is directly or indirectly involved in plant stress resistance
(Ohara et al. 2004; Dutta et al. 2015; Liu et al. 2019a).
Overexpression of yeast COQ2 in N. tabacum enhanced UQ10 con-
tent and elevated plant resistance to oxidative stresses induced
by high salinity and MV (Ohara et al. 2004). In Arabidopsis, the
UQ redox state mediated ROS levels and played a pivotal role in
regulating the plant fundamental resistance against bacterial
pathogens and high oxidative stress environments (Dutta et al.
2015). Our genetic transformation analysis showed that overex-
pression of VvPDS obviously increased UQ10 accumulation
(Fig. 5). Although UQ10-overproduction N. tabacum plants did not
show any morphological differences, these transgenic plants dis-
played enhanced oxidative stress tolerance along with higher
SOD and CAT activities and lower H,0, and O; accumulation com-
pared with WT plants when subjected to MV treatment (Fig. 7).
Increased UQ10 accumulation, acting as an antioxidant, may di-
rectly affect cellular antioxidation level (Ohara et al. 2004; Dutta
et al. 2015), whereas the SOD and CAT enzymes, at least partially
or indirectly, play a role in scavenging ROS in transgenic plants, in-
dicating that non-enzymatic antioxidant UQ10 could cooperate
with enzymatic antioxidants such as SOD and CAT to protect their
cells from oxidative stress by scavenging ROS. Correspondingly,
overexpression of 4-hydroxybenzoate prenyl diphosphate trans-
ferase (SmPPT) increased UQ accumulation and improved salt tol-
erance by increasing CAT and peroxidase activities and reducing
MDA and H,0, accumulation in S. miltiorrhiza (Liu et al. 2019a).
In conclusion, overexpression of VuPDS could increase UQ accu-
mulation and elevate plant tolerance to MV stress at least partially
by promoting the SOD and CAT activities to scavenge ROS.

Conclusion

Based on phylogenetic analysis, subcellular localization, and both
genetic complementation and biochemical assays, we reeval-
uated the role and function of VvPDS. Our results clearly estab-
lished that VvPDS was an authentic trans-LC-PDS required for
UQ10 biosynthesis, rather than a C;o-GDS enzyme involved in
monoterpene biosynthesis as originally reported. A high level of
UQ directly promotes oxidative stresses tolerance in plants by im-
proving the radical scavenging ability. These findings not only
provide insights for further evaluation of the enzyme activity
and physiological functions of the long-chain PDSs but also en-
hance our understanding of terpene biosynthesis in grape.

Materials and methods

Plant material, hormone treatment and sample
collection

N. benthamiana plants were cultured in a growth chamber at 25 °Cin
16-h/8-h light/dark condition. The Chinese wild grapevine species V.
quinquangularis accession “Danfeng-2” used for transient transfor-
mation was cultivated in the grape germplasm collection at
Qingdao Agricultural University, Qingdao, China. Four popular table
grape cultivars with different flavors, including “Fujiminori” (V. vin-
ifera L.x Vitis labrusca L.), “Kyoho” (V. vinifera L.x V. labrusca L.),
“Jumeigui” (V. vinifera L.x V. labrusca L.) and “Muscat Hamburg” (V.
vinifera L.), were collected from own-rooted vines during August,
2023, Qingdao Agricultural University Pingdu Experimental
Station (Qingdao, China, E119°91’, N36°98’). “Fujiminori” and
“Kyoho” are traditional table grape cultivars without a muscat
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flavor, while “Jumeigui” and “Muscat Hamburg” are known for their
strong muscat flavor. All 4 grape cultivars were cultivated under the
same climate and management conditions, including soil fertility,
irrigation, training, and pruning. Ten healthy clusters (~300 grape
berries) from 3 biological replicates were randomly harvested at 3
development stages, including EL34, EL36, and EL38, following the
E-L system (Coombe 1995).

Furthermore, muscat grape cultivar “Muscat Hamburg” was
used to investigate the association between VuPDS gene expression
and monoterpene production in response to MeJA. The grape ber-
ries from 3 biological replicates at the EL34 stage were sprayed
with 100 g MeJA in deionized water with 0.05% (v/v) Tween-20 sol-
ution. Control (CK) groups were sprayed with deionized water con-
taining 0.05% (v/v) Tween 20 solution. Grape samples were
harvested 0, 1, 3, 5, and 10 d after MeJA treatments. Additionally,
young leaves (10 d old), mature leaves (30 d old), flowers, develop-
ing seeds at veraison and berries at 4 developmental stages (EL31,
EL34, EL36, and EL38) were collected from own-rooted “Muscat
Hamburg” grape (V. vinifera L.). All the collected samples were im-
mediately frozen in liquid nitrogen and stored at —80 °C for subse-
quent RNA extraction and metabolome analysis.

Extraction and identification of the monoterpene
compounds

The extraction of monoterpene compounds from each sample fol-
lowed the procedure described in our previous studies (Liu et al.
2022; Leng et al. 2023). In briefly, 100 g of grape berries were
ground with 1g of polyvinylpolypyrrolidone in liquid nitrogen
and homogenized at 4 °C for 4 h. The mixture was then immedi-
ately centrifuged at 4 °C for 10 min to obtain a clear juice.
Subsequently, 5 mL of the grape juice were mixed with 1 g of so-
dium chloride and 10 uL of 4-methyl-2-pentanol (1.0018 g/L) in a
20mL vial (Agilent, 5188-2753 Santa Clara, California, USA)
capped with a silicone septum (Agilent, 8010-0139). All samples
underwent extraction with 3 biological replicates.

The monoterpene compounds were absorbed by usingheadspace
solid-phase microextraction (HS-SPME) and then analyzed through
an Agilent 7890B-5977A gas chromatograph-mass spectrometer
(GC-MS) as our previous described (Sun et al. 2020). The sample
vial was incubated at 40 °C for 30 min under agitation at 250 rpm,
and then the preconditioned SPME fiber was inserted into the head-
space of the vial to extract volatiles for 30 min at 40°C under the
same agitation conditions. Then, the SPME fiber was immediately in-
serted into the GC injection port at 250 °C for 8 min to desorb the vol-
atiles. A 60mx0.25 mm HP-INNOWAX capillary column with a
0.25 um film thickness (J&W Scientific, Folsom, CA, USA) was used
toseparatethevolatile compounds undera 1 mL/min flow rate of he-
lium (carrier gas). The temperature program was set as follows: 50 °C
for 1 min, increase to 220 °C at 3 °C/min and hold at 220 °C for 5 min.
The ion source was maintained at 250 °C with an MSD transfer line
temperature of 250 °C. Mass scans were performed from m/z 30 to
350 with an ionization voltage of 70 eV.

The analysis of monoterpene compounds was based on the re-
tention indices of reference standards and the NIST14 mass spec-
tra database, respectively. The quantification of monoterpene
compounds was performed by standard calibration curves.
a-Terpineol, B-citronellol, B-myrcene, p-limonene, 4-terpineol, cit-
ral, geraniol, geranic acid, linalool, nerol, and terpinolene stand-
ards (Sigma-Aldrich) were dissolved in methanol and then
diluted in distilled water containing 200 g/L glucose and 7 g/L tar-
taric acid to generate 15 concentration levels (Liu et al. 2022).
When standards were unavailable, semi-quantification was
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carried out by matching compounds with the same functional
group or similar numbers of carbon atoms. In addition, the mono-
terpene compounds in tobacco (N. tabacum) leaves were also de-
tected by SPME-GC-MS under similar conditions.

RNA extraction and RT-qPCR analysis

Total RNA of grape berries was extracted by using the RNAprep Pure
Plant kit (TIANGEN, Beijing, China) following the manufacturer’sin-
structions. The cDNAs were synthesized from 1.5 ug total RNA by us-
ing the HiScript II One Step reverse transcription-PCR kit (Vazyme,
Nanjing, China). RT-gPCR was conducted by using the SYBR
Premix Ex Taq Il Kit (TaKaRa, Japan) with the ABI StepOnePlus real-
time PCR system (Applied Biosystems, CA, USA). All experiments
were performed with 3 biological replicates, and VvActin
(AB073011) was used as the internal control. The relative expression
level was calculated using the 27**“* method (Livak and Schmittgen
2001). All primers are provided in Supplementary Table S4.

Sequence feature and phylogenetic analysis
Multiple sequence alignments were generated by using DNAMAN
software (Lynnon-BioSoft, CA, USA), and phylogenetic trees were
constructed by using MEGA7.0 software via the neighbor-joining
method with 1,000 bootstrap replicates.

Isolation and subcellular localization analysis
of VuPDS

The coding sequence (CDS) of VuPDS (https:/www.
grapegenomics.com) without a stop codon was amplified from
“Muscat Hamburg” (V. vinifera L.) grape cDNAs and inserted into
PRI-EGFP vector stored in our laboratory, which contains the
CaMV 35S promoter and the C-terminal green fluorescence pro-
tein (GFP) (Chen et al. 2019). The VvPDS-GFP recombinant plasmid
was then transfected into the Agrobacterium tumefaciens strain
GV3101 and subsequently injected into leaf epidermal cells of N.
benthamiana plants using the method previously described by
Sparkes et al. (2006). Three days after injection, GFP fluorescence
in N. benthamiana cells was observed using a laser scanning confo-
cal microscope (Zeiss LSM 880NLO, Germany), and the mitochon-
dria were visualized by using Mitotracker Red CMXRos. GFP
fluorescence signals and chloroplast autofluorescence were de-
tected at 500 to 535 and 650 to 750 nm after excitation at a laser
wavelength of 488 nm, respectively. Mitotracker fluorescence
was detected at 548 to 684 nm after excitation at 543 nm.

Stable and transient transformation of VuPDS
in tobacco and grape leaves

The full-length CDS of VuPDS was cloned into the Gateway entry
vector pDONR221 (Karimi et al. 2002) via BP reaction and then trans-
ferred into the binary overexpression vector pK7WG2.0 (Karimietal.
2002) by site-specific LR reaction. Furthermore, a 459-bp cDNA frag-
ment of VuPDS was amplified and cloned into the pK7GWIWG2(II)
vector (Karimi et al. 2002) by LR reaction for gene silencing through
RNA interference (RNAI) in vivo. All the recombinant plasmid was
then introduced into the A. tumefaciens strain GV3101. Tobacco
(N. tabacum) stable transformation was carried out through leaf
disc transformation using the A. tumefaciens method, as previously
described (Horsch et al. 1986). Transgenic plants were selected us-
ing kanamycin (100 mg/mL), and the regenerated transgenic shoots
were transferred to soil and acclimatized in a temperature-
controlled glasshouse. Seedlings from 3 independent T3 homozy-
gous transgenic lines were used in further investigations.
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Transient transformation was performed in the leaves of
Chinese wild grapevine species V. quinquangularis accession
“Danfeng-2” by using our previously established method (Liu et al.
2022). A 459 nucleotides sequence in CDS was amplified by PCR
(Supplementary Table S4), introduced in pDONR221 vector and LR
cloned in pK7GWiWG2(II) vector to obtain VvPDS RNAI construct,
and VvPDS was silenced in grape leaves by an intron-containing
hairpin RNA (thpRNA) splicing (Huang et al. 2019). Recombinant
A. tumefacien (ODgoo=1.0 to 1.2) containing VvPDS-OE and
VVPDS450-pK7GWIWG2-RNAI were suspended in the infiltration
buffer, respectively. The empty vector was selected as the control.
Six mature grape leaves, serving as 6 technical replications, were in-
filtrated with a bacterial solution in a vacuum dryer, and then the
leaves were incubated and covered by wet gauze in the dark at 22
°C for 3 d. The transparent parts of the leaves that were immersed
in the bacterial solution were divided into 3 biological replicates for
further UQ analysis.

Enzymatic activity assay of VvPDS in vitro

For enzymatic assays, VVPDS was inserted into the pET32a
(His-tag), stored in our laboratory, and the construct was trans-
formed into E. coli BL21 cells (Weidi Biotech, Shanghai, China).
Enzymatic activity assays were performed by using GC-MS as pre-
viously described (Wei et al. 2024). The enzyme activity reaction
contained 10 uL desalted VvPDS-His protein solution, 66 mwm IPP,
44 mwm DMAPP, and ddH,0 up to 100 xL to determine the VvPDS ac-
tivity in vitro. After incubation at 30 °C for 2 h, the mixture was hy-
drolyzed by using 1 unit of calf intestinal alkaline phosphatase
and 1 unit of apyrase at 30 °C for overnight. The volatile products
were adsorbed by HS-SPME overnight and subjected to GC-MS.
The temperature program was set as follows: 50 °C for 1 min, in-
crease to 120°C at 5°C/min, 200°C at 8°C/min and 250°C at 12
°C/min for 7 min. The mass spectrometry (MS) conditions in-
cluded the ionization energy of 70eV, emission current of
200 mA, and a mass scan range of 29 to 600 amu.

Functional complementation of yeast coq1 mutant

The full-length CDS of VuPDS was inserted into the yeast expression
vector pRS426 (Morgan et al. 2019). AtPDS (At2g34630) and OsGDS
(0s01g14630) were transferred into pRS426 to serve as positive and
negative controls. These constructs, along with the empty vector
PRS426, were separately transformed into the S. cerevisiae coql mu-
tant (strain Y13138), which was purchased from Euroscarf (http:/
www.euroscarf.de/index.php?/name=News). Yeast cells were trans-
formed using Yeast Transformation System 2 (TAKARA, Cat. Nos.
630439, Japan). Transformants were screened at 30 °C on SC-Ura
plates (0.67% yeast nitrogen base with ammonium sulfate and a
complete amino acid supplement lacking uracil) containing 2% glu-
cose. A functional complementation assay was carried out as de-
scribed previously (Ducluzeau et al. 2012; Xu et al. 2021). Yeast
cells were plated on SC-Ura agar media containing 0.05%
p-galactose as an inducer, along with either 2% glucose or 3% glycer-
0l/2.5% ethanol as carbon sources. Plates were cultured at 30 °C for 2
d (glucose) or 7 d (glycerol/ethanol). Additionally, the WT yeast strain
BY4741 and the yeast coql mutant carrying the empty vector pRS426
were also employed as positive and negative controls, respectively.

UQ content analysis

Yeast cultivation and UQ extraction were performed as reported
previously (Liu et al. 2019b) with some modifications. Yeast cells
were cultured at 30 °C on YPD medium with 2% glucose as the car-
bonsource until ODgooreached 1.2 to 1.6. Subsequently, 5 mLof the

yeast cell suspension was centrifuged and washed twice with 2 mL
water. After centrifugation, 1 mL of water containing 0.5 mL glass
beads (0.5 mm) was added to the yeast pellet, and the mixture was
vortexed for 10 min to disrupt the yeast cell wall. Samples were
then extracted twice with 2 mL of 95% ethanol in an ultrasonic
bath (50 Hz, 250 W). The supernatant was evaporated to dryness
using gaseous nitrogen and resuspended in 0.5 mL spectroscopi-
cally pure ethanol. For grape and N. tabacum samples, 100 mg of
freeze-dried samples were extracted with 5 mL of ethanolin an ul-
trasonicbath (50 Hz, 250 W) for 2 h. After centrifugation, the super-
natant was evaporated to dryness with gaseous nitrogen and
resuspended in 0.5 mL spectroscopically pure ethanol. Then, all
supernatants were filtered through a C18 solid-phase extraction
column (Agilent, USA) and a 0.22 um membrane filter (Merk
Millipore, USA) for LC-MS/MS analysis.

UQ was quantified by Agilent 1290 UPLC-6460 MS/MS system in
MRM mode in positive ionization mode, including a triple quadru-
pole mass detector with an electrospray ionization source and an
Agilent Poroshell 120 EC-C18 column (2.7 pm x 2.1 mm x 50 mm).
The mobile phase used was ethanol and methanol in a 3:1 ratio
with a flow rate of 0.2 mL/min under isocratic conditions. UQ§,
UQ9 and UQ10 standards were purchased from Sigma-Aldrich
and stored in darkness at —20 °C. Three independent biological
replicates were carried out for each experimental condition.

Y2H, LUC assays, pull-down and co-IP

A Y2H assay was conducted by using the Matchmaker Gold Yeast
Two-Hybrid System (Takara, Japan). The full-length CDS of VuPDS
was cloned into the pGBKT7 or pGADTY7 vectors, respectively. The
resulting recombinant constructs were co-transformed into Y2H
Gold cells using the LiCl-PEG method. The yeast cells were initially
grown on SD/-Trp-Leu (-T/-L) plates and then transferred to
SD/-Trp-Leu-His-Ade (-T/-L-H-A) plates for the screening of
interactions.

For the LUC assay, VuPDS was respectively cloned into the
pCAMBIA1300-nLUC (nLUC) and pCAMBIA1300-cLUC (cLUC) vec-
tors, which were described previously in Chen et al. (2008). The A.
tumefaciens strain GV3101 carrying VvPDS-nLUC and VvPDS-cLUC
constructs were co-infiltrated into the leaves of 5 wk-old N. ben-
thamiana plants as previous method (Wang et al. 2023a). Three
days later, LUC images were captured using a CCD camera
(Andor Technology, Belfast, UK).

To perform pull-down assay, VUPDS was respectively cloned into
the pET32a (His-tag) and pGEX4T-1 (GST-tag) vectors, which were
stored in our laboratory. VvPDS-His and GST/VvPDS-GST were
expressed into E. coli BL21 cells (Weidi Biotech) use in a GST pull-down
assay (Wang et al. 2023a). VvPDS-GST or the empty GST protein was
Immunoprecipitated using  glutathione-sepharose beads
(GeneScript, L00206) and incubated with VvPDS-His protein under
gentle rotation (4 °C; 3 h). After 5 washes, 1x SDS loading buffer was
added into the bead-retained proteins, followed by boiling for 5 min.
Subsequently, the samples were analyzed by 12% SDS-PAGE and vi-
sualized through Western blot assays using anti-GST (Beyotime
Biotechnology, catalog number AF2888) and anti-HIS antibodies
(Beyotime Biotechnology, catalog number AF2876).

For the co-IP assay, VVPDS was respectively cloned into the
PRI-EGFP vector and pH7LIC4.1-FLAG vector. The A. tumefaciens
strain GV3101 carrying VvPDS-GFP and VVPDS-FLAG were
co-expressed in the leaves 5 wk-old N. benthamiana plants for 3
d. Total proteins were extracted using protein extraction buffer
(50 mm Tris-MES, 0.5 msucrose, 1 mm MgCl,, 10 mm EDTA). The solu-
ble proteins were incubated at 4 °C with 30 uL protein A/G magnetic
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beads for 1 h followed by 50 uL anti-GFP antibody coupled magnetic
beads (Chromo Tek) for 2 h as previously described (Hao et al. 2024).
The precipitated proteins were washed 4 times with extraction buf-
fer at4 °C and then boiled in 1 x SDS loading buffer for analysis. The
eluted proteins were separated immunoblotted with anti-FLAG
(Sigma) and anti-GFP (Chromo Tek) antibodies.

MYV treatment and oxidative stress analysis
of tobacco plants

The 3-wk-old tobacco (N. tabacum) plants were sprayed with 50 g
MV (Sigma-Aldrich) in deionized water with 0.05% (v/v) Tween-20
solution. Then, these plants were kept for 3 d at 25+1 °C under a
day/night cycle of 16/8 h. Total chlorophyll (chlorophyll a +b) was
extracted in 95% ethanol and quantified according to the previously
described (Fitter et al. 2002). The MDA content was determined us-
ing thiobarbituric acid-based method (Ma et al. 2017). The accumu-
lation of H,0, and O3 in tobacco (N. tabacum) leaves were assessed
through DAB and NBT histochemical staining, respectively. H,O,
content (H,0,-2-Y), O; production rate (SA-2-G), SOD (SOD-2-Y),
and CAT (CAT-2-Y) activities were measured following the manu-
facturer’s instructions provided in the corresponding assay kits
(Suzhou Keming Biotechnology Co., Ltd.). All experiment was con-
ducted with 3 biological replicates.

Statistical analysis

All data were analyzed using the software SPSS 25.0. The data
were represented as the means + standard deviation (sp), and sig-
nificant differences were compared using a 1-way ANOVA follow-
ing Duncan’s multiple range test at P < 0.05 level and independent
t-tests, the results were noted by an asterisk (*P<0.05, P <0.01).

Accession numbers

Sequence data from this article can be found in the GenBank/
EMBL data libraries under accession numbers AmGDS.SSU,
Antirrhinum majus GDS SSU (AAS82859); AmGDS.LSU, A. majus
GDS LSU (AAS82860); MpGDS.SSU, Mentha piperita GDS SSU
(AF182827); MpGDS.LSU, M. piperita GDS LSU (AF182828);
HIGDS.SSU, Humulus lupulus GDS SSU (ACQ90681); HIGDS.LSU,
H. lupulus GDS LSU (ACQ90682); CbGDS.SSU, Clarkia breweri GDS

SSU (AAS82870); AtGGDS11, Arabidopsis thaliana GGDS11
(At4g36810); AtGGDS12, A. thaliana GGDS12 (At4g38460);
CsGGDS.LSU, Cucumis sativus GGDS LSU (XP_031737098),

CsGGDS.SSU1, C. sativus GGDS SSU 1 (XP_004139865); VvGGDS1,
Vitis vinifera GGDS1 (VIT_04s0023g01210); VvGGDS2, V. vinifera
GGDS2 (VIT_18s0001g12000); VvGGDS.SSU1, V. vinifera GGDS
SSU 1 (VIT_19s0090g00530); VvGGDS.SSU2, V. vinifera GGDS SSU
2 (VIT_03s0038g03050); OsGDS, Oryza sativa GDS (0s01g14630);
AgGDS1, Abies grandis GDS1 (AANO01133); AgGDS2, A. grandis
GDS2 (AANO1134); AgGDS3, A. grandis GDS3 (AAN01135);
CrGDS.LSU, Catharanthus roseus GDS LSU (JX417183); CrGDS.SSU,
C. roseus GDS SSU (JX417184); CrSDS, C. roseus SDS (AHA82035);
AaPDS, Artemisia annua PDS (PWA67664); PaGDS2, Picea abies
GDS2 (ACA21458); PaSDS, P. abies SDS (ACA21459); VvPDS, V. vin-
ifera PDS (VIT_15s0024g00850); VvSDS, V. vinifera SDS
(VIT_19s0014g00070); AtPDS, A. thaliana PDS (AT2G34630);
AtSDS1, A. thaliana SDS1 (AT1G78510); AtSDS2, A. thaliana SDS2
(AT1G17050); OsSDS1, O. sativa SDS1 (AK071299); OsSDS2, O. sati-
va SDS2 (AK066579); SISDS, Solanum lycopersicum SDS (AB163627);
SIPDS, S. lycopersicum PDS (XP_025888065); HbSDS, Hevea brasilien-
sis SDS (DQ437520); SmSDS, S. miltiorrhiza SDS (MH924998);
SmPDS, S. miltiorrhiza PDS (JX090100); ScCOQ1, S. cerevisiae COQ1
(AAA34686); SpDDS1, Schizosaccharomyces DDS1 (BAA12314).
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Supplementary Figure S1. Structure-based multiple sequence
alignment of trans-long-chain PDSs from various plant species.
Seven domains conserved in eukaryotic polyprenyl diphosphate
synthases were underlined and indicated by “I” to “VIL.” The con-
served functional motifs, FARM and SARM signature were indicated
by red box. M, mitochondria; C, chloroplast. The accession numbers
were listed as follows: VvPDS (VIT_15s0024g00850), AtPDS
(AT2G34630), CrSDS (AHA82035), OsSDS1 (AK071299), SmPDS
(JX090100), AtSDS2 (AT1G17050), OsSDS2 (AK066579), SISDS
(ABI63627), and SmSDS (MH924998).

Supplementary Figure S2. Full-length amino acid sequence
identity of VvPDS with trans-LC/SC-PDSs.

Supplementary Figure S3. Expression profiles of VvPDS and UQ
biosynthesis-related genes in 54 grape organs during development
(Fasolietal. 2012). Transcriptomic data for gene expression analysis
of Corvina atlas were retrieved from the NCBI GEO DataSets
(GSE36128), which contained 54 various organs/tissues at different
developmental stages. Data were normalized based on the mean
expression value of each gene in all tissues. Red and green boxes in-
dicate high and low expression levels, respectively, for each gene.
Bud-AB, bud after burst; Bud-B, bud burst; Bud-L, latent bud;
Bud-S, bud swell; Bud-W, winter bud; Flower-F, flowering;
Flower-FB, flowering begins; FS, fruitset; Inflorescence-WD, well-
developed; Inflorescence-Y, young; Leaf-FS, senescing leaf;
Leaf-WD, mature; Leaf-Y, young, MR, mid-ripening; PFS, post-
fruitset; R, ripening; Stem-G, green; Stem-W, woody; Tendril-FS,
mature; Tendril-WD, well-developed; Tendril-Y, young; V, veraison.

Supplementary Figure S4. LC-MS/MS chromatograms showing
the UQ products in different grape tissues. YL, young leaf; ML, ma-
ture leaf; F, flowers; B-EL31, berries pea-size; B-EL34, berries begin
to soften; B-EL36, berries with intermediate Brix values; B-EL38,
berries harvest-ripe; S, developing seeds at veraison.

Supplementary Figure S5. Monoterpene content and NtSDS ex-
pression in VvPDS transgenic and wild-type (WT) tobacco leaves. A)
Limonene content; B) linalool content; C) total monoterpenes con-
tent in VvPDS transgenic and WT tobacco leaves; D) the expression
level of NtSDS in tobacco leaves after stable overexpression of
VuPDS. The values were presented as the means +sp of 3 biological
replicates, and the letters represent significant differences at P < 0.05.

Supplementary Figure S6. The formation of heteromeric com-
plex between VvPDS and its homologous proteins in yeast 2-hy-
brid assays. BD-53+AD-T7 and BD-Lam+AD-T7 were used as
positive and negative controls, respectively.

Supplementary Table S1. The total monoterpene contents in 4
different grape cultivars during ripening.
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Supplementary Table S2. The monoterpene contents in re-
sponse to MeJA treatment in “Muscat Hamburg” grape.

Supplementary Table S3. Expression profiles of VvPDS and UQ
biosynthesis-related genes in 54 grape organs during
development.

Supplementary Table S4. All primers used in vector construc-
tion and qRT-PCR.
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