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Abstract
Phosphoenolpyruvate carboxylase (PEPC) and its regulatory protein kinase, phosphoenolpyruvate
carboxylase kinase (PPCK), have been proposed to play key functions in the defence response leading to
trans-resveratrol (t-R) biosynthesis in grapevine. This has led to the hypothesis that PEPC
phosphorylation by PPCK governs the flow of carbon at a crucial crossroads between primary and
secondary metabolism. Here, we used a grapevine suspension cell culture system subjected to stress
elicitation with methyl-β-cyclodextrin (MBCD) to dissect the function of PPCK and PEPC phosphorylation
in t-R production. Specifically, an in vivo functional analysis was carried out using both stable
overexpression and hairpin RNA-mediated RNAi silencing of the two grapevine VvPPCK paralogues,
VvPPCK1 and VvPPCK2, in stable transgenic cell lines. The phenotypic consequences of overexpression
and silencing of the two VvPPCKs was tested via: i) their influence on PEPC activity; ii) monitoring the
level of t-R production in mildly elicited cell cultures, and, iii) their influence on total polyphenol
accumulation. The results revealed that stable overexpression of PPCK diminished t-R biosynthesis and
enhanced PEPC activity, while the knock-down line for PPCK had the opposite effect. It proved
challenging to recover stable silenced cell lines targeting VvPPCK, suggesting PEPC regulation by PPCK
plays a vital role in cell growth and development. Our functional data from stable transgenic grapevine
cell cultures establish a novel role for PPCK, and consequently for PEPC phosphorylation, in the negative
regulation of the t-R biosynthesis in response to elicitation stress conditions.

Key message
A novel role of PPCK in the redirection of metabolism towards -R production in grapevine cell cultures
under a stress state induced by elicitation with MBCD.

1. Introduction
The number of studies about trans-resveratrol (t-R; 3,5,4’-trihydroxystilbene) metabolism and, most
importantly, its regulation, are still scarce. Establishing grapevine (Vitis vinifera) cell cultures as a
simplified model plant cell system to study t-R induction and synthesis has provided in depth knowledge
of t-R biosynthesis through elicitation techniques, and has also unraveled the transcriptome- and
proteome-wide changes accompanying t-R production (Martinez-Esteso et al. 2011; Almagro et al.
2014).

Grapevine phosphoenolpyruvate carboxylase kinase (VvPPCK) may hypothetically play an as yet
undisclosed role in t-R synthesis. An elicitation treatment of a grapevine cell culture led to the discovery
that both VvPPCK paralogues were down-regulated when the cells were elicited to produce large
amounts of t-R (Almagro et al. 2014). However, elicitation did not suppress the transcript levels of its
substrate, the enzyme phosphoenolpyruvate carboxylase (PEPC) (Hurtado-Gaitán et al. 2021). This
suggested that PEPC would undergo dephosphorylation in response to elicitation of the cell culture,
leading to reduced PEPC activity (Hurtado-Gaitán et al. 2021). In contrast, both PPCK and PEPC have
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been studied most in a very different context as the reaction catalysed by PEPC constitutes the initial
atmospheric CO2 fixation step in species that use either the C4 or Crassulacean acid metabolism (CAM)
adaptation of photosynthetic CO2 assimilation. Furthermore, PEPC also plays a wide range of roles in
both photosynthetic and non-photosynthetic tissues in C3 plants (Chollet et al. 1996; Izui et al. 2004).

The proposed role for PEPC and its regulatory protein kinase PPCK in the defence response that leads to
t-R biosynthesis in grapevine supports the hypothesis that PPCK is a key regulator located at a crucial
crossroads between primary and secondary metabolism (Hurtado-Gaitán et al. 2021) .

The downregulation of PPCK in response to elicitation would increase the flow of carbon out of primary
metabolism towards secondary metabolic pathways in response to stress. Specifically, reduced PEPC
activity due to dephosphorylation would allow more PEP to be used for pyruvate synthesis, in turn
supporting malonyl Co-A production and providing increased substrate for the phenylpropanoid pathway.
We therefore hypothesised that PPCK is a key regulator of stilbene biosynthesis in response to elicitors,
balancing the direction of primary metabolites between core cellular requirements and the plant’s
dynamic response to changing environmental conditions.

To test this hypothesis in vivo, a transgenic functional analysis was undertaken here through producing
grapevine cell lines either overexpressing or silenced for PPCK. The functional analysis of target genes
was successfully carried out in grapevine cell cultures through the generation of stable transgenic lines
for the overexpression of either fully functional or hairpin RNA RNAi constructs of the target genes. The
full-length open reading frame of both grapevine PPCK paralogues was cloned in an Agrobacterium-
compatible vector under the control of CaMV 35S promoter to generate overexpression cell cultures.
Agrobacterium-mediated transformation of grapevine cv. Monastrell and cv. Gamay was carried out. We
also explored gene silencing by generating three different hairpin RNA RNAi constructs to target
silencing of either VvPPCK1, VvPPCK2 or both. Finally, we tested our hypothesis by measuring the
changes of PEPC enzymatic activity and t-R production in the stable transgenic suspension cell lines
established for this study.

2. Material and methods

2.1 Plant Material
Vitis vinifera L. cv. Gamay calli were kindly supplied by Drs. J. C. Pech and A. Latché (ENSA, Toulouse,
France) in 1989. Vitis vinifera L. cv. Monastrell albino calli were stablished in 1993 as described in
(Calderón et al. 1993). Both cultivars were maintained in solid and liquid culture Gamborg B5 medium as
described in (Bru et al. 2006) .

2.2 RNA isolation, cDNA synthesis and cloning of VvPPCK1
and VvPPCK2 cDNA
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As the transcript levels of both VvPPCK paralogues were found to be down-regulated in response to
elicitor treatment of grapevine cell cultures, the control grapevine cv. Gamay cell cultures were used for
RNA extraction. Total RNA was isolated using the method described in (Morante-Carriel et al. 2014),
specially optimized to obtain high quality RNA from plant tissues with large amounts of polysaccharides
and polyphenols. RNA purity and concentration were tested using a nano-drop (ThermoScientific) and
RNA integrity by agarose gel electrophoresis. Only the RNA samples with an A260/280 ratio between 1.8-2
and A260/230 ratio > 2.0 were used. Residual genomic DNA was removed using RNAase free DNAse I
(ThermoScientific). First-strand cDNA synthesis was performed with 1 µg of RNA using a First strand-
cDNA synthesis kit (Thermo-Scientific) according to manufacturer’s instructions.

Gene specific primers PPCK1Fw/PPCK1Rv to VvPPCK1 (VIT_14s0036g00420.t01) and
PPCK2Fw/PPCK2Rv toVvPPCK2 (VIT_05s0049g00950.t01) were designed using Oligoanalyzer 3.1
software (IDT, Integrated DNA Technologies) to PCR-amplify the coding region. The primer list is shown
in Table S1. The expected PCR products of 816 and 837 bp for PPCK1 and PPCK2, respectively, were
resolved in agarose gel electrophoresis and purified using the Illustra GFX PCR gel band Purification Kit
(GE Healthcare).

The amplified coding regions of VvPPCK1 and VvPPCK2 were then cloned into the pGEM®-T-easy vector
(Promega) following the manufacturer’s instructions. Confirmation of the correct cloning was
established using Sanger sequencing.

2.3. Agrobacterium tumefaciens compatible binary vector
construction
The target coding region cDNA sequences of VvPPCK1 and VvPPCK2 contained in pGEM®-T Easy were
amplified by PCR using the proofreading Pfx DNA polymerase (Invitrogen) with the appropriate primers
to generate VvPPCK1 and VvPPCK2 as C-terminal fusions with the myc epitope (Kolodziej and Young
1991). Forward primers entPPCK1Fw and entPPCK2Fw consisted of each gene specific primer, with the
addition of CACC sequence to 5` end for the directional TOPO-cloning into the pENTR™/D-TOPO® vector
(Invitrogen), as recommended by the manufacturer. Reverse gene specific primer mPPCK1Rv1,
mPPCK1Rv2 and mPPCK2Rv1, mPPCK2Rv2 were designed to allow the addition of a myc tag to the 3´end
of each respective coding region, followed by the stop codon. The primers designed are listed in Table
S2.

Transformed E. coli colonies harbouring pENTR™/D-TOPO® plasmids containing each full length cDNA
inserted in the correct orientation were selected by PCR and the complete insert was subsequently
sequenced. Correct inserts were transferred by recombination into the Gateway-compatible vector
pJCV52 (Laboratory of Plant Systems Biology; Ghent University, Belgium) under the control of CaMV35S
promoter using an LR Clonase reaction (Invitrogen) carried out according to the manufacturer’s
instructions. The binary vectors generated, pJCV52-PPCK1 and pJCV52-PPCK2, were transferred to
chemically competent Agrobacterium tumefaciens strain C58C1 (pGV2260)(Koncz and Schell 1986)
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through standard techniques (Sambrook J et al. 1989). These constructs contain the neomycin
phosphotransferase (nptII) gene as the plant selectable maker gene (Fig. 1A).

2.4. Stable transformation of grapevine cell cultures
The generation of stable transformations of the grapevine cell cultures was performed following the
methodology optimized by Martínez-Márquez et al. (Márquez et al. 2015). Briefly, 50 mL of YEB medium
(Sambrook J et al. 1989) was inoculated with 1 mL of the corresponding A. tumefaciens 1-day-old culture
expressing PPCK1 or PPCK2 constructs and grown until OD600 = ~ 0.1 according to Batoko et al.
(Batoko et al. 2000). Ten grams of V. vinifera cv. Gamay or cv. Monastrell callus was transferred into a
sterile Erlenmeyer flask containing 50 mL of Gamborg B5 medium supplemented with 100 mg.L− 1

acetosyringone (AS) and sonicated. Immediately, the bacterial suspension was added, and the infected
culture was incubated for 30 min in the dark at 24ºC in an orbital shaker at 110 rpm. Subsequently, callus
pieces were poured over a glass filter and the retained biomass was washed with cold medium. A gentle
vacuum was applied to remove any excess liquid medium. The biomass was drained for 5 min on sterile
paper before being transferred to the solid Gamborg B5 medium containing 100 mg.L− 1 AS. After two
days of co-culture, cells were transferred to the solid Gamborg B5 medium containing 250 mg.L− 1

cefotaxime and 60 mg.L− 1 paromomycin. Periodical subcultures of growing callus colonies were carried
out with cefotaxime at decreasing concentrations.

2.5. Generation of the hairpin RNA RNAi binary vector
constructs to target PPCK gene silencing
All the subsequent methodologies were performed at the University of Liverpool. All the reagents and
materials were kindly supplied by Dr. James Hartwell. The generation of the hairpin RNA RNAi binary
vector construct to target silencing of VvPPCK1, VvPPCK2, or both, was performed as described by
Boxall et al. (Boxall et al. 2017).

Briefly, a 300 bp fragment was amplified from grapevine cv. Gamay cDNA using high-fidelity PCR with
KOD Hot Start DNA Polymerase (Merck) and the primers iPPCK1Fw/iPPCK1Rv to VvPPCK1,
iPPCK2Fw/iPPCK2Rv to VvPPCK2 and iPPCKFw/iPPCKRv to a conserved region shared by both VvPPCKs.
Primers are listed in Table S3. The amplified fragment spanned the 3´end of the coding sequence and
extended to the 3´UTR to ensure specificity on the silencing to a single paralogue. For the target
silencing of both paralogues, the fragment was 425 bp and located in a conserved region inside the ORF.
Alignment of the 300 bp region with the homologous region from the other PPCK gene in the grapevine
genome demonstrated that the other PPCK gene did not share any 21 nucleotide stretches that were an
exact match to the targeted PPCK. PCR products were cloned in the pENTR™/D-TOPO® Gateway-
compatible entry vector via directional TOPO cloning (Life Technologies) and recombined into the intron
containing hairpin RNAi binary vector pK7GWIWG2(II)(Karimi et al. 2002) using the LR Clonase II enzyme
mix (Life Technologies). Constructs were confirmed by DNA sequencing and introduced into A.
tumefaciens strain GV3101 using the freeze-thaw method (Hofgen and Willmitzer 1988) .
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Agrobacterium-mediated stable transformation of V. vinifera cv. Gamay and cv. Monastrell callus was
performed as described previously (Márquez et al. 2015) .

2.6. Molecular characterization of transformed grapevine
cell cultures:
Genomic DNA and protein were isolated from potentially transformed Vitis callus as described
elsewhere (Martínez-Márquez et al. 2016). RNA was extracted as mentioned above (Morante-Carriel et
al. 2014) .

2.6.1. Cassette detection and expression analysis by RT-
qPCR
The presence of the cassettes P35S::PPCK1 and P35S::PPCK2 in the control and transformed cv. Gamay
and cv. Monatrell transformed calli was assayed by PCR using genomic DNA as template and the
primers P35SFW/MPPCK1RV2, P35SFW/ MPPCK2RV2. Primers are listed in Table S4.

The total RNAs from control and transformed lines were used for cDNA synthesis using First strand
cDNA synthesis Kit (ThermoScientific) following the manufacturer’s instructions. SYBR Green Real-time
PCR Master mixes (Thermo Scientific) were used for RT-qPCR in a StepOne plus instrument (Life
Technologies). Gene-specific primers for VvPPCK1 (VIT_14s0036g00420.t01), VvPPCK2
(VIT_05s0049g00950.t01) were the same as those previously designed and reported for RT-qPCR
analysis (Hurtado-Gaitán et al. 2021). Three biological replicates per transformed line were used, and the
expression ratios in relation to the WT were calculated as described in Hurtado-Gaitán et al., (2021)
(Hurtado-Gaitán et al. 2021).

2.6.2. Elicitation of transformed lines and t-R accumulation
analysis
Several transformed lines with P35S::PPCK1, P35S::PPCK2 and RNAi_PPCK2 were transferred to a 250
mL sterile Erlenmeyer flask containing Gamborg B5 liquid medium. The lines were maintained as
described in (Bru et al. 2006). Grapevine cell elicitation was carried out as reported in(Martinez-Esteso et
al. 2011) but using 5 mM methyl- β-cyclodextrin. All the lines were assayed in triplicate. For the
elicitation time-course experiments, one transformed line per gene and cultivar in triplicate was chosen
and the times sampled were 0, 24, 48, 72 and 96 hours. After elicitation, the cells were vacuum-filtered,
and the extracellular medium was used to measure t-R production. Two-hundred µL of extracellular
medium was diluted to obtain a final concentration of 80% methanol (v/v). Samples were clarified
through 0.2 µm filters and the t-R absolute concentration was measured by UHPLC-QqQ-MS/MS as
described in(Hurtado-Gaitán et al. 2021) and (Hurtado-Gaitán et al. 2017) .

2.5.3. Total extractable PEPC activity
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Native soluble protein extracts from the WT and transformed cell lines were used for PEPC-specific
activity estimations. Soluble protein extract preparation and PEPC assays were performed as described
in Hurtado-Gaitán et al., (2021)(Hurtado-Gaitán et al. 2021).

2.5.4 Total phenolic profile of the transformed cell lines
Two cv. Gamay lines transformed with P35S::PPCK1,two transformed with P35S::PPCK2 and
RNAi_PPCK2 were chosen for the determination of the accumulation of both total and specific phenolic
compounds. For the total phenolics assay, the transformed and WT calli were maintained both in
darkness and under a 16-h-light/ 8-h-dark photoperiod for 30 days. Three biological replicates per
condition were used. One gram of grapevine callus was extracted with 4 mL of absolute methanol
overnight at 4ºC with continuous shaking. The methanolic fraction was recovered by centrifugation at
10,000 x g at 4ºC and then clarified through 0.2 µm filters. Fifty µL of methanolic extracts were used for
Folin-Ciocalteu´s assay(Folin and Ciocalteu 1927) and the total phenolics amount was estimated by the
absorbance at 765 nm using a gallic acid standard curve (Singleton and Joseph A. Rossi 1965)

3. Results
3.1 Overexpression of PPCK genes in grapevine may cause cell death

A. tumefaciens C58C1 harbouring the genetic constructs shown in Fig. 1A were used to transform V.
vinifera cv. Gamay and cv. Monastrell callus following the protocol described in Martinez-Marquez et al.
(Márquez et al. 2015). After selection on paromomycin, each growing callus was isolated as an
individual callus line. In the case of the P35S::PPCK1 construct, one stable transformed line from 1 g FW
of Vitis callus was obtained on average for both the cv. Gamay and Monastrell cultivars. In contrast, only
four lines for cv. Gamay and zero lines for cv. Monastrell were obtained with the P35S::PPCK2 construct.
A second transformation event with cv. Monastrell cell cultures was carried out, but with the same result.
For both constructs, the transformation efficiency was far lower than the efficiencies reported for other
genes using the same protocol, such as green-fluorescent protein (GFP) (Márquez et al. 2015),
resveratrol O-methyltransferase (VvROMT) (Martínez-Márquez et al. 2016) or glutathione S-transferase
U2 (Martínez-Márquez et al. 2017). Within 4–5 months of the transformation event, the callus material
was used to establish a cell suspension culture from each transformed line with no detectable
differences in cell growth compared to the parental WT cell line.

Strikingly, for both Gamay and Monastrell transformed cell lines, after 3–4 subcultures several lines that
did not initially show any growth differences in comparison to the WT started to lose vigour and cell
density. This resulted ultimately in cell death and cell culture necrosis. Fortunately, several lines
remained stable and were maintained in selective media for six months with no detectable changes in
vigour.

Seven cv. Gamay and cv. Monastrell stable transgenic lines were selected randomly to check the
integration of P35S::PPCK1 into the plant genome using PCR. For P35S::PPCK2, the three surviving cv.
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Gamay calli lines were selected. The expected transgene constructs were confirmed to be present in all
of the selected transgenic calli (Fig. 1B).

3.2. Silencing of PPCK genes in grapevine cell cultures led to a failure to recover stable lines

In order to achieve a more complete in vivo functional analysis of the two VvPPCK genes in grapevine cell
cultures, we also explored the target silencing of both paralogues using hairpin RNA RNAi gene silencing
constructs. Hairpin RNA constructs were designed as is described in Boxall et al. (Boxall et al. 2017)
using a ~ 300 bp short fragment of each specific PPCK gene with the construct spanning from 3’ end of
the ORF to the 3’ UTR in order to avoid off-target silencing of the alternative paralogue.

In addition, a 425 bp conserved fragment shared within both PPCK ORFs was used to the target silencing
of both paralogues with a single RNAi construct. Fragments were successfully cloned into the Gateway
compatible vector hairpin RNA binary vector pK7GWIWG2(II) under control of the CaMV 35S promoter
and checked by sequencing. As shown in Fig. 2, these vectors encoded an intron-containing RNA for the
RNAi dsRNA hairpin formation after transcription.

The putative stable transgenic callus lines were isolated from the parent callus as independent lines and
maintained on the paramomycin selective medium (Fig. 2C). Transformation efficiency was extremely
low for all three PPCK RNAi constructs in both cultivars. Moreover, the first change of phenotype
observed was a highly reduced growth rate compared to the WT. After two months with no apparent sign
of growth, the transgenic lines started to die. Supplementing growth media with active charcoal and
polyvinylpyrrolidone (PVP) in order to chelate possible large toxic amounts of phenols produced by the
transformed lines did not prevent cell necrosis and death for all transformed calli for both cultivars after
three months. Another transformation event was carried out with the three constructs for both cultivars
with similar results. For cv. Gamay, a few lines with the PPCK2 RNAi construct were isolated and,
although growth was very slow, the callus presented no necrosis symptoms. However, just as was found
with the first transformation attempt, after 2 months on selective media, necrosis started and,
consequently, lines died. Strikingly, a single potential transformed line survived with a slow growth
compared with WT.

The lack of long-term viability and growth of the grapevine transgenic PPCK RNAi callus cultures
generated here supports the hypothesis that the two VvPPCK genes are essential for the growth of
grapevine callus in tissue culture conditions. In particular, our results revealed that silencing even just
one of the two VvPPCK paralogues resulted in the callus cells failing to grow in tissue culture.

3.3. Overexpression of Vv PPCK1 and VvPPCK2 genes and decreased expression for VvPPCK2 gene in
the stable transgenic callus lines.

The PCR-positive callus culture lines harbouring the VvPPCK1 or VvPPCK2 overexpression construct
were used to test the level of transcript overexpression in relation to WT using RT-qPCR (Fig. 3). Lines
harbouring construct P35S::PPCK1 overexpressed PPCK1 within a range from 1.6 to 4 log2 fold change
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(log2 of ΔΔCt) compared to the WT, with no significant differences between cv. Monastrell and cv.
Gamay transformed lines. For the cv. Gamay PPCK2 overexpression lines, the two tested lines showed
an overexpression of 3.9 and 5 log2 fold change (Fig. 3C). Thus, the results provided evidence that the
independent transformed callus lines contained functional constructs overexpressing the target genes.

The survival of the RNAi PPCK2.2 cell line, for which the presence of the transgene T-DNA construct was
confirmed by PCR (Fig. 2), was used to test the PPCK transcript abundance in relation to WT by RT-qPCR.
The results revealed that the RNAi-mediated silencing of VvPPCK2 in this cell line led to a 2 log2 fold
decrease (log2 of ΔΔCt) compared to the WT (Fig. 3D). Thus, the results provided evidence that this
stable transgenic VvPPCK2 RNAi callus contained a functional construct.

3.4. Stable overexpression of either PPCK gene diminished t-R biosynthesis while silencing VvPPCK2
had the opposite effect.

As in an earlier study, we found that both PPCK paralogues were down-regulated in grapevine cell
cultures elicited with MBCD in only 24 h (Hurtado-Gaitán et al. 2021). Based on that result, we
hypothesised that constitutive expression of PPCK should have a detrimental effect on t-R production
upon elicitation. Thus, four cv. Monastrell and three cv. Gamay stable transgenic lines along with WT
control grapevine cell cultures were subjected to MBCD elicitation. We used a weaker elicitation
treatment with 5 mM MBCD for 96 h, as reported before for experiments with other stable transgenic
grapevine cell culture lines (Martínez-Márquez et al. 2017).

The results revealed that t-R production was reduced in the stable transgenic lines overexpressing either
of the two VvPPCK genes when compared to the WT (Fig. 4). The cv. Monastrell PPCK1 stable transgenic
lines displayed a reduction in t-R synthesis within the range 40–60%, and the cv. Gamay lines did so by
more than 80%. In contrast, the cv. Gamay VvPPCK2 RNAi line had a 2-fold increase in t-R accumulation
following MBCD elicitation when compared to the WT.

The timecourse of t-R production was also explored from 0 to 96 h, by analysing the cultures that
overexpressed the VvPPCK genes every 24 h. To do so, three representative transformed lines for both
constructs and cultivars were selected. The cv. Monastrell line VvPPCK1.2 showed a very similar
temporal pattern of t-R accumulation to the WT, with accumulation peaking at 72 h and then declining
(Fig. 5A). The amount of t-R reached for the transgenic line at each time point was significantly smaller
than the amount produced by the WT at the same time (Fig. 5A). In contrast, the timecourse for t-R
accumulation by the cv. Gamay cell cultures did not follow such as smooth curve (Fig. 5B). However, the
transformed cv. Gamay lines produced less t-R than the WT at all sampled time points, irrespective of the
overexpressed paralogue. Although the trends were similar comparing the experiment with fixed
sampling after 96 h (Fig. 4) and the progressive sampling over time during the time course experiment
(Fig. 5), the extent to which the level of t-R was reduced in the VvPPCK overexpression lines did not
perfectly match. These fluctuations could be a result of temporal variation in transgene expression, a
phenomenon that has been reported previously, even for transgenes under the control of CaMV35S
promoter, and has been attributed to fluctuations in environmental conditions and stress, which may

Page 9/26



affect gene expression, steady-state levels of transcripts, or transgene silencing (Boyko et al. 2010;
Kotakis et al. 2010). The transgenic cv. Gamay line PPCK2.1 displayed the strongest phenotype and
showed a comparatively flat accumulation pattern between 24 h and 72 h, with a discrete increase noted
at 96 h (Fig. 5B). In general, the assayed stable transgenic VvPPCK overexpression lines already
accumulated t-R at 24 h, as did the WT control, but with an almost 50 % reduction in the amount of t-R
accumuated (Fig. 5).

3.5. Overexpression of VvPPCK enhanced PEPC activity
while silencing VvPPCK2 had the opposite effect.
The total extractable activity of PEPC was found previously to decrease in cv. Gamay cell cultures
following elicitation, and correlated with PPCK down-regulation (Hurtado-Gaitán et al. 2021). The
phosphorylation of PEPC was also reduced following elicitation (Hurtado-Gaitán et al. 2021). The total
extractable activity of PEPC was therefore measured for the VvPPCK stable transgenic lines generated
here.

The same cv. Gamay lines used for the timecourse analysis were selected and PEPC activity was
measured under the control conditions to test if a direct correlation existed between PPCK1 or PPCK2
overexpression and silencing with the total extractable activity of PEPC.

Strikingly, both cv. Gamay transgenic lines displayed greater basal PEPC specific activity, with a high
level of consistency between the three biological replicates (Fig. 6). Line PPCK2.1 overexpressing the
VvPPCK2 paralogue, which displayed reduced t-R production following elicitation (Fig. 4, Fig. 5B),
exhibited ca. 4.3-fold higher PEPC activity than the WT under control conditions (no elicitation). A similar
trend was also observed for the PPCK1.7 line overexpressing VvPPCK1, although with less enhanced
PEPC activity (ca. 2-fold) (Fig. 6), but higher t-R production than PPCK2.1 (Fig. 4). In contrast, the
silenced cv. Gamay line RNAi PPCK2.2 presented a 2-fold decrease PEPC activity in line with the
increased measured levels of the accumulated t-R upon 96 h elicitation (Fig. 4).

3.6. Overexpression of VvPPCK1 or VvPPCK2 led to a defective polyphenol biosynthesis phenotype in
cv. Gamay cell cultures

As the role proposed for PPCK and PEPC in the defence response following elicitation is related to the
redirection of PEP towards the shikimate and phenylpropanoid pathways, overexpression of either
VvPPCK gene was predicted to perturb not only stilbene biosynthesis, but also the wider pathways for
polyphenol biosynthesis. Thus, the total polyphenol content in the callus of cv. Gamay WT and the stable
transgenic lines was determined both for cell cultures under light/dark cycles and cultures maintained in
the dark.

All of the assayed transgenic cv. Gamay lines overexpressing either VvPPCK gene had a total phenol
content that was significantly lower within a 35–50% range compared to the WT under the light/dark
cycle conditions (Fig. 7A). The total amount of phenolics did not show any significant differences
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between the different transgenic lines assayed. For cell cultures grown in the dark, the WT displayed a
ca. 30% drop in total phenolics and the differences observed with the stable transgenic lines in the dark
were not significant, except for the PPCK1.7 line, which accumulated 35% lower total polyphenols than
the WT. This result could be mainly due to light-induced compounds, such as anthocyanins, as the cv.
Gamay cells accumulated a large amount of these pigmented polyphenols in response to light, with
lower anthocyanin production in the dark. The silenced cv. Gamay line RNAi PPCK2.2 also had a total
phenol content that was significantly lower within a 50% range compared to the WT under the light/dark
cycle conditions (Fig. 7B).

4. Discussion
4.1. VvPPCKs are key regulators of the biosynthesis of t-R and other polyphenols in grapevine cells
during the defence response following elicitation.

The elicitation of grapevine cells with MBCD alone, or combined with MeJA, led to a potent activation of
t-R biosynthesis (Bru et al. 2006; Lijavetzky et al. 2008)]. Production of t-R and other stilbenes by
grapevine cells is considered to form part of the general defence mechanism as these secondary
metabolites display marked antifungal and antimicrobial activities (Pezet R et al. 2004; Adrian and
Jeandet 2012). Among the genes differentially expressed following elicitation of grapevine cell cultures,
two paralogues of PPCK were strongly down-regulated [2], but their functional relation with t-R synthesis,
or other secondary metabolites, has never been reported. Thus, we carried out here a functional analysis
of these genes using transgenic approaches to shed light on their possible role in relation with t-R
production in grapevine cell cultures. Functional analysis through the overexpression of other genes
potentially involved in the production of t-R and other stilbenes, such as glutathione S-transferase or
resveratrol-O-methyltransferase, has been used successfully with grapevine cv. Gamay cell cultures, and
allowed the in vivo validation of their proposed roles (Martínez-Márquez et al. 2016, 2017)]. Here, despite
the difficulties to obtain transgenic grapevine cell lines overexpressing or silencing each of the two
VvPPCK paralogues, stable transformation was successfully achieved. The low efficiency of
transformation for VvPPCK1 and the limited number of lines achieved for VvPPCK2 (only cv. Gamay)
suggests that the two VvPPCK genes are essential for cell culture growth, and most probably finely
regulated to the extent that the attempts here to disturb their levels tended to be fatal to grapevine cells.
Furthermore, the generation of the PPCK RNAi lines revealed an even more severe cell death phenotype
when either PPCK gene was down-regulated. Notwithstanding this limitation, several stable transgenic
lines were obtained.

The analysis using RT-qPCR revealed a strong overexpression, from 3- to 32-fold more than the WT,
depending on the line (Fig. 3). However, only a single stable transgenic callus line was recovered for the
silencing of the VvPPCK2 gene, with no lines recovered that could be grown on for VvPPCK1 RNAi.
Moreover, we were able to test the effect of VvPPCK overexpression or silencing in seven different stable
transgenic lines in relation to the pathway of t-R production from early precursors in grapevine through
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measuring: (i) the effect on PEPC activity; (ii) the effect on t-R accumulation in mildly elicited cell
cultures, and (iii) the effect on the accumulation of total polyphenols.

Previous studies have shown the wide variety of roles of PPCK and PEPC in the C3 model plant
Arabidopsis thaliana. Most of the previous studies have focused in PEPC and/or PPCK gene expression
in different plant organs or cell cultures, and mainly in relation to salt and drought stress, or Pi deficiency
(Sánchez et al. 2006; Chen et al. 2007, 2008; CHEN et al. 2008; Gregory et al. 2009; Shi et al. 2015). PEPC
and PPCK have been implicated in responses to both biotic and abiotic stresses in C4, CAM and C3

plants (Amzallaget al. 1990; Li and Chollet 1994; Popova et al. 1995; González et al. 2003; Doubnerová
and Ryšlavá 2011; O’Leary et al. 2011). A higher PEPC level (quantity, activity or both) was proposed to
act in two ways. Firstly, greater PEPC activity enhances anaplerosis to support the biosynthetic process,
or, together with NAD-malate dehydrogenase (MDH) and NAD(P)-malic enzyme (ME), can provide an
alternative glycolytic bypass for the ADP-limited cytosolic pyruvate kinase (PK) to facilitate continuous
supply of pyruvate for the tricarboxylic acid cycle. Secondly, marked PEPC activity results in the
synthesis of organic acids, mainly malate, that can be excreted by roots into the rhizosphere to acidify
soil and chelate cations in response to nutrient deprivation or toxic metal stress (O’Leary et al. 2011). In
these cases, all PPCK genes, or at least one paralogue, were up-regulated, consistent with the protection
of PEPC activity from inhibition by malate and/ or increased sensitivity of PEPC to activation by glucose
6-phosphate.

In contrast, the possible roles of the decreased PEPC activity have received comparatively little attention
in the literature to date. In a previous study (Hurtado-Gaitán et al. 2021), we showed a down-regulation of
both VvPPCK transcripts in grapevine cell cultures and leaves in response to stress-induced by MBCD
and MeJA elicitors, which validated previous transcriptomic data reported by Almagro et al. (Almagro et
al. 2014). Furthermore, reduced PEPC activity was measured following elicitation with MBCD and MeJA,
in contrast to the wide variety of studies that have reported increased PEPC activity in response to
stress. Thus, our findings provide evidence for negative regulation of PPCK, and consequently
perturbation of the phospho-regulation of the allosteric properties of PEPC, in response to stress in a C3

plant.

A significant increase in basal PEPC activity under control conditions was linked with VvPPCK
overexpression in the stable transgenic grapevine cell culture lines generated and characterized here.
Likewise, the recovered RNAi-PPCK2 cv. Gamay line showed a significant decrease of the basal PEPC
activity (Fig. 6). Taking all the results and those reported in the literature together, it can be concluded
that there was a positive correlation between the expression level of PPCK and the activity level of PEPC
in this grapevine cell culture system. In A. thaliana AtPPCK1 null mutants(Meimoun et al. 2009) and
PPCK1 RNAi lines of K. fedtschenkoi (Boxall et al. 2017), low or no expression of PPCK, or a failure to
synthesise active PPCK, resulted in reduced phosphorylation of PEPC, and consequently an increase in
the sensitivity of PEPC to feedback inhibition by the allosteric regulator L-malate. In fact, no
phosphorylated PEPC was detected in the K. fedtschenkoi PPCK1 RNAi line that displayed the most
complete loss of PPCK1 transcript levels in the dark period, and PEPC was significantly more sensitive to

Page 12/26



feedback inhibition by malate (Boxall et al. 2017), These changes in the allosteric properties of PEPC
activity that are linked directly with changes in PPCK expression were expected to influence the fate of
PEP directly. Based on that previous knowledge, PEPC would be expected to change its allosteric
properties but not its enzymatic activity, which depends on the presence of allosteric effectors. As the
enzymatic activity was measured on crude extracts containing soluble metabolites, and malate itself is
an end product of the assay, the resulting in vitro activity may reflect the effect of the phosphorylation
level of PEPC closely as it occurs in vivo. Interestingly, the direction of the PEPC activity changes
correlated negatively with the observed effect on t-R accumulation upon mild elicitation, pointing to a
regulatory mechanism to divert carbon to the shikimate-phenylpropanoid-stilbenoid pathways when
PEPC is mostly dephosphorylated.

As PEP and erythrose 4-phosphate are the early precursors of all polyphenols due to their role as the
substrates that support the shikimate and phenylpropanoid pathways, changes in PEPC activity can be
predicted to have a direct effect on PEP availability for the synthesis of these secondary metabolites.
Moreover, the constitutive expression of VvPPCK1 or VvPPCK2 led to reduced absolute t-R production
following elicitation in two different grapevine cultivars (Fig. 4) and at all time points sampled following
elicitor addition (Fig. 5). All the assayed transgenic lines started to accumulate t-R at 24 h and showed
quite a flat accumulation pattern between 24 h and 72 h, with a discrete increase noted at 96 h. The
transgenic lines displayed a parallel temporal profile to the WT, but with an approximately 50% reduction
in t-R accumulation. Thus, t-R accumulation was not simply delayed in the transgenic lines in comparison
to the WT, but was also decreased in total accumulation from the earliest time point measured after
elicitation, and throughout the timecourse. The fact that the VvPPCK transgenic lines started to produce
t-R at the same time as WT suggested that the overexpression of the PPCK genes did not perturb
enzymatic activity at the level of the t-R biosynthetic pathway itself, but most probably limited substrate
availability and resulted in lower t-R production after the same elicitation time. Our findings were
therefore consistent with the conclusion that carbon supply towards the phenylpropanoid pathway was
reduced in the PPCK overexpression lines because greater PEPC activity stimulated by PPCK
overexpression led to more PEP being used for primary metabolism. In contrast, 2-fold greater t-R
accumulation was detected in the VvPPCK2 RNAi cv. Gamay line (Fig. 4), which revealed that reduced
PPCK led to a lower activity of PEPC, which allowed the redirection of PEP towards secondary
metabolism and, in consequence, enhanced t-R production.

These results agree with the original hypothetical predictions for the response of the grapevine cell
cultures to PPCK overexpression or silencing, and provide evidence for the functional role of PPCK in t-R
production.

Further support was provided by results for the effect of PPCK overexpression on the total polyphenolics,
other than stilbenes, content of the transgenic cell cultures (Fig. 7). The total content of polyphenols was
considerably lower in the transformed lines, although the differences were not evident when calli were
grown in the dark. As the anthocyanin content of plant cells is well known to be light-induced (Mohr et al.
1979), and, as judged by the fluctuating loss of pigmentation (Fig. 1C), total anthocyanin content was
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down-regulated upon both PPCK overexpression and in the PPCK2 RNAi line. The smaller difference
between the WT and transformed lines in the dark may be explained by the proportion of the total
polyphenols that was made up of the light-induced anthocyanins, which would be absent for the dark
samples.

4.2. Silencing PPCK may trigger a lethal phenotype
The functional analysis through PPCK silencing using RNAi constructs to generate grapevine stable
transgenic cell culture was challenging due to the difficulty encountered when attempting to recover
viable transgenic callus that could grow. In all, six transformation attempts were made with both
cultivars, two with each of the three RNAi constructs (Fig. 2). Only a single surviving stable line was
eventually recovered, but it grew very slowly compared to the wild type. The targeted silencing of the
CAM-associated PPCK1 gene in the obligate-CAM species K. fedtschenkoi resulted in lines that grew
efficiently using mostly C3 photosynthesis, and the lines were also able to be propagated by the leaf

margin clonal plantlet formation that is a unique feature of the Bryophyllum clade of the genus
Kalanchoë (Boxall et al. 2017). Thus, silencing this specific PPCK1 gene that functions to support CAM in
Kalanchoë did not prevent plant growth or clonal reproduction, in contrast to the findings here when
silencing either VvPPCK gene in grapevine cell cultures. It is noteworthy though that Kalanchoë
possesses four PPCK gene copies, and the CAM-specific PPCK1 gene silenced using RNAi is known to
be required for the circadian clock control of the highly abundant CAM PEPC form that functions in
primary CO2 assimilation in leaf mesophyll cells in the dark period (Boxall et al. 2017). Thus, silencing
any one of the other three PPCK genes in Kalanchoë may be found to impact negatively the overall
growth of the plant and its ability to form clonal plantlets. Furthermore, A. thaliana seed stocks for null
mutants of both PEPC or PPCK are viable and can be acquired from Nottingham Arabidopsis Stock
Centre (NASC, UK) (Feria et al. 2022). Feria et al. (Feria et al. 2022) reported that the AtPPCK1 null
mutant exhibited a dephosphorylated PEPC and a clear delay in growth and development, which
demonstrated an important role for PPCK in the growth and development of Arabidopsis. Here, we
attempted to silence each of the two VvPPCKs in grapevine cv. Gamay cell cultures, but the poor success
rate suggests that silencing either VvPPCK gene in grapevine cell cultures results in lethality. Lethality
could depend on the degree of target gene transcript silencing, and would have been less complete in
the surviving line that was recovered for VvPPCK2 RNAi. The transitory expression of the VvPPCK RNAi
constructs was also explored via the agroinfiltration of grapevine cv. Gamay leaves. However, lack of an
established and proven protocol for leaf agroinfiltration in V. vinifera prevented success with this
technique in our hands, and, importantly, leaves were not successfully infiltrated by either vacuum or
syringe injection methods.

As the expected phenotype associated with silencing either VvPPCK gene in grapevine cell cultures was
that t-R and other stilbenes, such as piceid, would be accumulated, it is possible that the increased
production of these compounds proved toxic in the early stages of cell growth following transformation.
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Indeed, we have also tried to overexpress stilbene synthase paralogues in these same grapevine cell
cultures without success, although other groups have reported success (Chu et al. 2017).

4. Conclusion
The functional analysis we present here, through both stable overexpression and hairpin RNA-mediated
RNAi silencing of two grapevine VvPPCK paralogues, VvPPCK1 and VvPPCK2, led to the following
conclusions. Firstly, the VvPPCK genes are essential in grapevine cell cultures, and any attempt to
perturb their expression level either through overexpression or RNAi silencing often resulted in lethality.
Lethality was most pronounced when we attempted to silence either VvPPCK gene, even if only one of
the two paralogs was blocked. Secondly, grapevine VvPPCK enzymes play an essential role in the
metabolic regulation steps that support enhanced biosynthesis of t-R and other polyphenols in response
to cell culture elicitation. This supports the conclusion that the VvPPCKs regulate carbon flux at a key
metabolic crossover point between primary and secondary metabolism. High PPCK activity supports
high PEPC activity, even in the presence of a building cellular concentration of the PEPC inhibitor malate,
whereas reduced PPCK activity leads to PEPC becoming dephosphorylated and so it is inhibited at low
malate concentrations and PEP can thus be used for secondary metabolism towards polyphenols. Our
findings therefore support a novel role of PPCK downregulation in the redirection of metabolism towards
enhanced t-R production by grapevine cell cultures when they are elicited into a stress state using MBCD.
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A: Schematic diagram of the T-DNA region of the binary plasmid used for the stable transformation
experiments. P35S: CaMV 35S promoter; nptII: neomicine phosphotransferase under the control of the
P35S promoter; T35S: CaMV 35S terminator; PPCK: phosphoenolpyruvate carboxylase kinase; LB: T-DNA
left border; RB: T-DNA right border. B:PCR amplification products of selected transformed lines. PCR
primers position are indicated by arrows in the construction diagram. The predicted PCR product size
was 1.2 Kb. C: Visual phenotype of cv. Gamay VvPPCK overexpression transformed lines showing major
pigmentation loss. D: Genotyping of transformed calli by PCR. WT: wild type; C+: plasmid DNA
harbouring the constructs was used as a positive control; PPCK1.7, PPCK1.10 and PPCK2.1: three
independent stable transgenic lines.

Figure 2

A: Schematic diagram of T-DNA region of the binary vectors pK7GWIWG2(II) used for the stable
transformation experiments. P35S: CaMV 35S promoter; nptII: neomycine phosphotransferase under the
control of the P35S promoter; T35S: CaMV 35S terminator; PPCK 1, 2 or ORF fragment: short fragment
for the gene specific hairpin RNA construct recombined within two attR regions in opposite orientations;
LB: left border; RB: right border. B:PCR screening of transformed A. tumefaciens colonies harbouring the
RNAi constructs. Each colony was tested with two PCR reactions: P35SFw (blue arrows)/Specific Rv to
PPCK1, PPCK2 or PPCKs (Black arrows) (Pair lanes) and T35S Rv (orange arrows)/ Specific Rv to PPCK1,
PPCK2or PPCKs (Black arrows) (Odd lanes). C: RNAi-PPCK2transformant in cv. Gamay.
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Figure 3

Relative transcript abundance of VvPPCK1 and VvPPCK2 for several independent transformed grapevine
callus lines and RNAi PPCK2.2cell line. Transcript levels were calculated using the EF1-alpha gene
transcript abundance as an internal standard. Represented values are the log2 of the transformant/WT
ratio, given as the mean of three biological replicates and the error bars as SD.

Page 21/26



Figure 4

Absolute quantitation of t-R production in WT and independent stable transgenic lines cell cultures
elicited with 5 mM MBCD for 96 h. Data are represented as normalized mg of t-R/g of fresh weight (FW)
of three biological replicates. t-R accumulation was absent in the non-elicited control cultures. The
statistical analysis (Student’s t-test) confirmed significant differences for all of the transgenic lines in
comparison to their respective WT. (* p-value ≤ 0.01).
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Figure 5

Timecourse of t-Raccumulation in the WT and VvPPCK overexpression transgenic lines elicited with 5
mM MBCD. A: Accumulation pattern over time after elicitation in the cv. Monastrell WT and stable
transgenic line PPCK1.2. B: Accumulation pattern over time after elicitation in the cv. Gamay WT and
stable transgenic line PPCK1.7 (overexpressing VvPPCK1) and PPCK2.1 (overexpressing VvPPCK2).
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Figure 6

Total extractable PEPC activity measurement in transformed PPCK1, PPCK2 and iRNA PPCK2 cv.
Gamay lines. Specific activity in U/mg protein of wild type (WT), overexpressing lines (PPCK1.7 and
PPCK2.1) and silenced line (RNAi PPCK2.2) in control conditions. Significant differences were estimated
by Student’s t-tests. (* p-value≤0.05, ** p-value ≤0.01).
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Figure 7

Total phenolics contents in grapevine Gamay WT and PPCK transformants (A) and RNAi PPCK2 (B)
during the photoperiod (grey)/in the dark (black). Phenolics content is expressed in mg.g-1 FW using a
gallic acid calibration curve. Significant differences were estimated with a Student’s t-test with a
significance value of 0.05 for three biological replicates and four technical measurements. (* p-value ≤
0.05 for the comparation of the light data, * p-value ≤ 0.05 for the comparation of light/dark production in
the WT). Photoperiod conditions were 16 h light, 8 h darkness.
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